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1. INTRODUCTION
The global proliferation of synthetic plastics has resulted in 
unprecedented levels of environmental pollution, posing severe risks 
to terrestrial and aquatic ecosystems alike. Conventional petroleum-
derived plastics such as polyethylene (PE), polypropylene (PP), 
polystyrene (PS), and polyethylene terephthalate (PET) are highly 
resistant to biological and chemical degradation, persisting in the 
environment for hundreds to thousands of years. The increasing 
accumulation of plastic waste in landlls, oceans, and soil is 
exacerbating ecological degradation, prompting researchers and 
policymakers worldwide to seek viable alternatives.

Biodegradable plastics-including polylactic acid (PLA), 
polyhydroxyalkanoates (PHAs), polyhydroxybutyrate (PHB), 
polycaprolactone (PCL), and polybutylene succinate (PBS)-were 
developed as environmentally responsible substitutes. These materials 
are designed to degrade through the action of living organisms, 
particularly microorganisms, under natural environmental conditions. 
However, a signicant limitation is that many biodegradable plastics 
degrade far more slowly under ambient conditions than under 
controlled industrial composting, thereby undermining their 
environmental promise.

Microbial degradation offers a biologically driven solution to this 
problem. Microorganisms such as bacteria, fungi, and actinomycetes 
possess unique metabolic capabilities that enable them to colonize, 
fragment, and mineralize biodegradable plastic polymers. The process 
involves the secretion of extracellular enzymes that hydrolyze complex 
polymeric chains into simpler monomers and oligomers, which are then 
assimilated as carbon and energy sources. This natural bioprocess not 
only accelerates the decomposition of plastic waste but also generates 
non-toxic by-products, making microbial degradation a sustainable 
cornerstone of next-generation waste management strategies.

Figure 1: Overview of Microbial Degradation Pathway for 
Biodegradable Plastics

Fig. 1. Stepwise microbial degradation pathway from plastic substrate 
to eco-friendly end products.

This research paper provides a comprehensive analysis of the 
mechanisms through which microbial degradation enhances the 
efciency of biodegradable plastics. It discusses the major microbial 
players, enzymatic pathways, surface biodeterioration processes, and 
the emerging frontier of bioengineered microbial solutions. 
Additionally, it presents structured data through tables and gures to 
elucidate the degradation dynamics observed in laboratory and eld 
studies.

2. ENZYMATIC BREAKDOWN
2.1 Overview of Enzymatic Mechanisms
Enzymatic breakdown constitutes the most critical and rate-
determining step in the microbial degradation of biodegradable 
plastics. Microorganisms respond to the presence of plastic substrates 
by upregulating the synthesis and secretion of extracellular hydrolytic 
enzymes capable of cleaving the ester, amide, or ether bonds within 
polymer chains. This depolymerization process converts high-molecular 
-weight polymers into low-molecular-weight fragments-oligomers, 
dimers, and monomers-that can subsequently be transported across the 
microbial cell membrane for intracellular metabolism.

The primary classes of enzymes involved in plastic degradation include 
cutinases, lipases, esterases, proteinases, laccases, and peroxidases. 
Among these, cutinases have attracted considerable scientic attention 
due to their thermostability and broad substrate specicity. Originally 
identied in plant-pathogenic fungi as enzymes that degrade plant 
cutin (a polyester present in the outer layer of plant cell walls), 
cutinases have since been found in numerous bacterial genera 
including Thermobida, Bacillus, and Pseudomonas. Their ability to 
hydrolyze ester bonds makes them particularly effective against 
polyester-based biodegradable plastics such as PLA, PCL, and PET.

2.2 Enzymatic Actors
Bacillus subtilis and Bacillus amyloliquefaciens are prolic producers 
of extracellular lipases and esterases. These serine hydrolases catalyze 
the hydrolysis of ester bonds within aliphatic polyesters, generating 
hydroxyl acids and diols as monomeric by-products. Lipases exhibit 
remarkable exibility in substrate recognition, allowing them to act on 
a broad range of polymeric substrates. The catalytic mechanism 
proceeds via a serine–histidine–aspartate triad that is highly conserved 
across lipase families and enables nucleophilic attack on the carbonyl 
carbon of ester linkages.

Fungal species such as Aspergillus niger, Aspergillus tubingensis, and 
Penicillium simplicissimum secrete a diverse array of oxidative and 
hydrolytic enzymes that synergistically contribute to polymer 
degradation. Laccases produced by white-rot fungi catalyze the 
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oxidative cleavage of aromatic rings and aliphatic chains, generating 
reactive oxygen species that further destabilize polymer structures. 
Proteinases, while primarily known for peptide hydrolysis, have also 
demonstrated activity against certain polyamide-based bioplastics 
through nucleophilic substitution reactions at carbonyl groups.

2.3 Enzyme Kinetics and Efficiency Parameters
The kinetic efciency of enzymatic degradation is inuenced by 
multiple parameters, including substrate crystallinity, surface 
hydrophobicity, molecular weight, and the presence of additives or 
plasticizers. Semi-crystalline polymers such as PHB exhibit lower 
enzymatic susceptibility than amorphous counterparts because 
crystalline domains restrict enzyme access to cleavage sites. 
Temperature and pH also profoundly inuence enzyme activity; most 
microbial hydrolases demonstrate optimal activity at mesophilic 
temperatures (30–50 degrees C) and near-neutral pH (6.5–7.5), 
although thermophilic variants have been isolated from composting 
environments where temperatures frequently exceed 60 degrees C.

Recent studies have shown that co-enzyme systems, where two or 
more enzymes act in concert, can signicantly enhance degradation 
efciency. For instance, the combined action of a cutinase and a 
carboxylesterase on PLA lms resulted in a 47% increase in mass loss 
over 30 days compared to either enzyme applied individually, 
demonstrating the potential of enzymatic cocktails in industrial 
biodegradation applications.

Table 1: Major Microbial Enzymes Involved in Biodegradable 
Plastic Degradation

Table 1. Summary of key microbial enzymes, their producing 
organisms, substrate specificity, and degradation products.

3. MINERALIZATION AND ASSIMILATION
3.1 Cellular Uptake of Degradation Products
Following the extracellular enzymatic hydrolysis of biodegradable 
plastic polymers, the resulting low-molecular-weight fragments-
primarily monomers, dimers, and short-chain oligomers-are 
transported into the microbial cell via specic membrane transport 
proteins. Inside the cell, these compounds enter central metabolic 
pathways such as glycolysis, the tricarboxylic acid (TCA) cycle, and 
beta-oxidation. This intracellular catabolism is collectively referred to 
as assimilation, and it represents the stage at which the carbon and 
energy locked within the plastic substrate are ultimately recovered by 
the microbial community.

For lactic acid generated from PLA degradation, microbial cells 
convert it into pyruvate via lactate dehydrogenase, which then feeds 
into the TCA cycle as acetyl-CoA. Similarly, 3-hydroxybutyrate 
released from PHB degradation is oxidized to acetoacetate and 
subsequently cleaved into two acetyl-CoA molecules. These pathways 
not only provide energy in the form of ATP and NADH but also supply 
carbon skeletons for biosynthesis of cellular components, thereby 
supporting microbial growth and multiplication.

3.2 Aerobic vs. Anaerobic Mineralization
The terminal fate of carbon derived from plastic degradation depends 
on the redox conditions prevailing in the microenvironment. Under 
aerobic conditions, complete mineralization occurs: carbon is 
oxidized through the TCA cycle and electron transport chain to yield 
carbon dioxide (CO2) and water (H2O), with molecular oxygen serving 
as the nal electron acceptor. This process is thermodynamically 
favorable and generates the maximum amount of ATP per mole of 
substrate. Aerobic mineralization is the dominant pathway in well-

aerated soils, composting heaps, and surface water bodies.

Under anaerobic conditions-prevalent in waterlogged soils, sediments, 
landll interiors, and the gut of certain invertebrates-plastic-derived 
carbon undergoes fermentation and anaerobic respiration. 
Methanogenic archaea convert acetate and hydrogen produced by 
fermentative bacteria into methane (CH4) and CO2 through 
acetoclastic and hydrogenotrophic methanogenesis, respectively. 
While methane is itself a potent greenhouse gas, anaerobic 
biodegradation in engineered biogas facilities can be harnessed for 
energy recovery, converting plastic waste into a renewable fuel source 
alongside non-toxic digestate.

3.3 Role of Microbial Consortia in Mineralization
Effective mineralization of complex plastic polymers rarely depends 
on a single microbial species; rather, it is typically achieved by 
syntrophic consortia in which different organisms fulll 
complementary metabolic roles. Primary degraders attach to the 
plastic surface and perform initial depolymerization, releasing 
oligomers and monomers. Secondary consumers then assimilate these 
fragments, sometimes generating simpler compounds such as organic 
acids, alcohols, and hydrogen that are in turn consumed by tertiary 
degraders including methanogens or sulfate reducers. This trophic web 
ensures complete mineralization and prevents the accumulation of 
potentially inhibitory intermediate metabolites.

Soil metagenomics studies have revealed that microbial communities 
around buried PLA lms exhibit signicantly elevated abundances of 
genes encoding PLA depolymerases, carboxylesterases, and 
alpha/beta-hydrolases compared to control soils, demonstrating in situ 
community adaptation to plastic substrates. The diversity of such 
communities correlates positively with the rate and completeness of 
mineralization, reinforcing the ecological value of maintaining 
microbial biodiversity in environments subject to biodegradable 
plastic disposal.

4. BIODETERIORATION OF PLASTICS
4.1 Definition and Significance
Biodeterioration refers to the physical and chemical deterioration of a 
material caused by the biological activity of microorganisms residing 
on or within its matrix. In the context of plastic degradation, 
biodeterioration constitutes the rst and often rate-limiting phase of 
the overall biodegradation process. It encompasses the physical 
colonization of the plastic surface, the generation of surface cracks and 
erosion, and the chemical modication of surface functional 
groups—all of which collectively increase the susceptibility of the 
material to subsequent enzymatic attack.

4.2 Mechanisms of Surface Colonization
Microbial colonization of plastic surfaces is initiated by the adsorption 
of conditioning layer molecules—proteins, polysaccharides, and 
lipids from the surrounding environment—onto the plastic surface. 
This organic lm modies surface energy and chemistry, rendering the 
substrate more hospitable to microbial adhesion. Pioneer colonizers, 
including Bacillus cereus, Pseudomonas putida, and Streptomyces 
species, adhere to the conditioned surface via non-specic 
hydrophobic interactions and electrostatic forces. Over time, these 
primary colonizers secrete extracellular polymeric substances (EPS)-a 
matrix of polysaccharides, nucleic acids, and proteins-that anchors 
cells to the surface and forms the scaffold of a mature biolm.

The biolm state confers several advantages that enhance degradative 
capacity. Localized enzyme concentrations within the biolm matrix 
are several orders of magnitude higher than those in the bulk aqueous 
phase, enabling more effective hydrolysis of polymer chains. The 
biolm also maintains a microenvironment of controlled pH and water 
activity that is optimal for enzyme activity. Furthermore, quorum 
sensing-a cell-density-dependent communication mechanism 
mediated by diffusible signaling molecules-coordinates the expression 
of degradative enzymes across the biolm community, ensuring 
synchronized and synergistic attack on the plastic substrate.

4.3 Physical and Chemical Surface Modifications
Biolm-embedded microorganisms induce both mechanical and 
chemical changes in plastic surfaces. Mechanical damage results from 
the penetration of fungal hyphae into microcracks and pores, exerting 
hydrostatic pressure that propagates fractures and dramatically 
increases the accessible surface area. Chemical deterioration involves 
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the production of organic acids (acetic, lactic, citric, gluconic) and 
biosurfactants that lower surface tension and mediate emulsication of 
hydrophobic polymer fragments, facilitating their interaction with 
aqueous extracellular enzymes.

Scanning electron microscopy (SEM) studies on PHB lms incubated 
with Bacillus sp. have demonstrated extensive surface pitting, channel 
formation, and granular erosion patterns within 21 days of incubation, 
corresponding to a 12–18% reduction in mass. Fourier-transform 
infrared spectroscopy (FTIR) analysis reveals progressive changes in 
the carbonyl peak intensity and shifts in C-O stretching frequencies, 
consistent with the hydrolytic cleavage of ester bonds throughout the 
polymer matrix. These physicochemical changes conrm that 
biodeterioration is not merely a supercial process but penetrates 
progressively into the polymer bulk.

Figure 2: Stages of Plastic Biodeterioration and Associated 
Microbial Activities

Fig. 2. Sequential stages of microbial biodeterioration in biodegradable 
plastics, from initial surface colonization to complete mineralization.

5. ENHANCED DEGRADATION OF BIO-BASED PLASTICS
5.1 Polyhydroxybutyrate (PHB)
Polyhydroxybutyrate (PHB) is a natural polyester synthesized 
intracellularly by numerous bacterial species including Cupriavidus 
necator, Bacillus megaterium, and Azotobacter chroococcum as a 
carbon and energy storage polymer under nutrient-limiting conditions. 
As a bio-based plastic, PHB possesses excellent mechanical properties 
analogous to polypropylene and is highly susceptible to microbial 
degradation through the action of intracellular and extracellular PHB 
depolymerases. These enzymes, characterized by a serine-histidine-
aspartate catalytic triad, cleave the ester bonds of the PHB backbone to 
release 3-hydroxybutyrate monomers, which are rapidly metabolized 
by the degrading organisms.

Studies conducted in composting environments have demonstrated 
that PHB lms achieve 85–95% mass loss within 60–90 days under 
mesophilic composting conditions (35–45 degrees C, 55–65% 
moisture content), compared to only 15–25% under ambient soil 
conditions at 20–25 degrees C. This differential highlights the 
importance of environmental parameters in governing microbial 
activity and underscores the need to engineer disposal environments 
that maximize degradation efciency. The versatility of PHB 
degradation across diverse microbial taxa—including bacteria, fungi, 
and actinomycetes—makes it one of the most environmentally labile 
bioplastics currently available.

5.2 Polylactic Acid (PLA)
Polylactic acid (PLA) is derived from the fermentation of agricultural 
feedstocks such as corn starch, sugarcane, and cassava, making it one 
of the most commercially prominent bioplastics worldwide. Despite 
its bio-based origin, PLA is relatively resistant to microbial 
degradation at ambient temperatures due to its semi-crystalline 
structure and hydrophobicity. Degradation is primarily initiated by 
abiotic hydrolysis at elevated temperatures (above 55 degrees C), 
which reduces molecular weight and increases surface hydrophilicity, 
creating conditions favorable for microbial colonization.

Nevertheless, several microbial species have been reported to directly 
degrade PLA under mesophilic conditions. Amycolatopsis orientalis, a 
thermophilic actinomycete, produces a highly active serine protease 
that hydrolyzes the ester bonds of PLA at temperatures of 50–60 
degrees C. Trichoderma viride has also been identied as an effective 
PLA degrader in soil environments, producing proteinase K-like 
enzymes that attack the polymer surface. The degradation products-
primarily lactic acid and its oligomers-are non-toxic and are readily 

metabolized by a wide range of soil microorganisms, ensuring 
complete mineralization in well-managed composting systems.

5.3 Polyhydroxyalkanoates (PHAs) and Other Bioplastics
Polyhydroxyalkanoates (PHAs) represent a family of polyesters that 
encompasses PHB and its numerous copolymers, including poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and poly(3-
hydroxybutyrate-co-4-hydroxybutyrate) (P3HB4HB). The degree of 
microbial degradability varies across the PHA family depending on 
monomer composition, crystallinity, and the availability of specic 
depolymerases in the environment. Short-chain-length PHAs are 
generally more rapidly degraded than medium-chain-length variants 
due to their more regular crystalline structure, which paradoxically 
facilitates enzyme access through the generation of predictable 
cleavage sites.

Polycaprolactone (PCL), a synthetic but biodegradable aliphatic 
polyester, demonstrates excellent susceptibility to microbial 
degradation across a wide range of temperatures. Lipase-producing 
organisms including Rhizopus delemar and Penicillium funiculosum 
efciently degrade PCL in both soil and compost environments, 
achieving greater than 90% mass reduction within six months. 
Polybutylene succinate (PBS) and its adipate copolymers are degraded 
by lipases from Aspergillus and Cladosporium species, with 
degradation rates directly proportional to the degree of unsaturation 
and branching in the polymer chain.

6. BIOENGINEERED SOLUTIONS
6.1 Enzyme Engineering Approaches
The relatively slow rate of natural microbial degradation under 
ambient conditions has motivated extensive research into the 
engineering of enhanced microbial enzymes. Protein engineering 
strategies-including directed evolution, rational design, and 
computational design-are being deployed to improve the 
thermostability, substrate afnity, catalytic rate, and resistance to 
product inhibition of naturally occurring plastic-degrading enzymes. 
These engineered variants retain the biological origin and non-toxic 
action mode of their natural counterparts while demonstrating 
dramatically superior performance metrics.

A landmark achievement in this eld was the development of FAST-
PETase, an engineered variant of PETase derived from Ideonella 
sakaiensis, reported by researchers at the University of Texas in 2022. 
Through machine learning-guided protein design, ve mutations were 
introduced into the PETase active site, yielding an enzyme capable of 
degrading PET at ambient temperatures with a catalytic efciency 
approximately 1,100 times greater than the wild-type enzyme. While 
this work primarily targeted synthetic PET, the methodological 
framework it established has since been applied to the engineering of 
PLA- and PHB-degrading enzymes with comparable improvements in 
efciency.

6.2 Microbial Strain Improvement and Consortium Engineering
Beyond individual enzyme engineering, researchers are pursuing 
whole-organism strategies to enhance degradative capacity. Metabolic 
engineering of microbial strains involves the overexpression of genes 
encoding plastic-degrading enzymes, deletion of competing metabolic 
pathways, and optimization of enzyme secretion signals to increase 
extracellular enzyme yield. In Bacillus subtilis, the overexpression of a 
cutinase gene under the control of a strong constitutive promoter 
resulted in a threefold increase in extracellular cutinase activity and a 
concomitant twofold acceleration of PLA lm degradation compared 
to wild-type strains.

Synthetic ecology-the deliberate construction of dened microbial 
consortia with complementary degradative functions—represents a 
promising systems-level approach to optimizing biodegradation. A 
rationally designed consortium comprising a surface colonizer, an 
enzyme producer, and a mineralizer has been shown to achieve 
synergistic degradation rates that exceed the sum of activities of 
individual consortium members. Mathematical models of consortium 
dynamics, incorporating parameters such as enzyme diffusion, 
substrate availability, and inter-species metabolite exchange, are being 
developed to guide the rational design of optimal consortia for specic 
plastic substrates and environmental conditions.

6.3 Immobilized Enzyme Systems and Bioreactor Applications
Immobilized enzyme technologies offer an alternative approach to 
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deploying engineered plastic-degrading enzymes in practical 
applications. By covalently attaching puried enzymes to solid 
supports such as silica nanoparticles, magnetic beads, or biochar, it is 
possible to create reusable catalytic systems that maintain enzyme 
activity over extended periods without the requirement for live 
microbial cultures. Immobilized cutinase preparations have 
demonstrated sustained activity over 20 operational cycles in 
continuous-ow bioreactor systems, with PLA degradation 
efciencies exceeding 80% per cycle.

Bioreactor designs specically optimized for microbial plastic 
degradation include rotating drum reactors that maximize plastic-
microbe contact area, airlift reactors that maintain optimal oxygen 
transfer for aerobic degradation, and anaerobic continuously stirred 
tank reactors (CSTRs) congured for biogas recovery from anaerobic 
plastic mineralization. Integration of these bioreactor systems into 
existing waste management infrastructure could dramatically improve 
the end-of-life efciency of biodegradable plastic packaging and 
single-use items.

7. ENVIRONMENTAL AND ECOLOGICAL IMPLICATIONS
7.1 Soil Microbiome Interactions
The introduction of biodegradable plastics into soil environments does 
not occur in isolation; it occurs within a complex web of soil microbial 
interactions. Several studies have investigated the impact of PLA and 
PHB amendment on soil microbial diversity and function, with 
generally positive ndings. The availability of plastic-derived carbon 
as a substrate tends to stimulate the growth of plastic-degrading 
specialists and their associated metabolic guilds, without causing 
large-scale disturbance to the broader soil microbiome. In some 
contexts, the organic acids released during plastic degradation have 
been shown to enhance soil fertility by acidifying localized 
microenvironments and liberating mineral nutrients from soil 
particles.

However, the accumulation of partially degraded plastic fragments-
particularly in the early phases of biodeterioration-may temporarily 
alter soil aggregate stability, water retention, and aeration. These 
physical changes can transiently affect the activity of non-degradative 
soil microbial communities, including nitrogen xers and mycorrhizal 
fungi. Long-term eld studies are therefore essential to fully 
characterize the ecological trade-offs associated with large-scale 
biodegradable plastic deployment and to establish evidence-based 
disposal guidelines that protect soil ecosystem health.

7.2 Aquatic and Marine Environments
In aquatic and marine environments, the biodegradability of 
bioplastics is considerably more variable than in terrestrial contexts. 
Low temperatures (2–15 degrees C in deep ocean waters), reduced 
enzyme availability, UV light limitations, and altered microbial 
community composition collectively slow the degradation process. 
Studies on PLA and PHB lms submerged in seawater at 15 degrees C 
report mass loss rates of only 1–3% over 180 days, far below the rates 
observed in composting environments. This discrepancy has important 
implications for the management of bioplastic-containing consumer 
products that may enter waterways through mismanaged waste 
streams.

Marine microbial communities nevertheless possess specialized 
plastic-degrading capabilities that are slowly being elucidated. 
Marine-derived isolates of Bacillus and Marinobacter genera have 
demonstrated PHB depolymerase activity at salinities up to 35 ppt, and 
certain psychrophilic Pseudomonas strains can degrade PCL at 
temperatures as low as 4 degrees C. The marine plastic degradome-the 
collective set of microbial genes encoding marine plastic-degrading 
enzymes-is now being proled through large-scale metagenomics 
studies, with the goal of identifying cold-active, salt-tolerant enzymes 
suitable for in situ bioremediation of marine plastic pollution.

8. DISCUSSION
The evidence reviewed in this paper demonstrates unequivocally that 
microbial degradation is the principal biological mechanism through 
which biodegradable plastics are converted from persistent waste 
materials into harmless environmental constituents. The process is 
mediated by a taxonomically and enzymatically diverse community of 
microorganisms whose collective degradative potential encompasses 
a broad spectrum of polymeric substrates, environmental conditions, 
and metabolic pathways. The efciency of this process, however, is 

highly variable and depends on a complex interplay of biological, 
chemical, and physical factors.

A critical insight emerging from recent research is that the intrinsic 
biodegradability of a polymer—dened by its chemical structure and 
physical properties—is a necessary but not sufcient determinant of its 
actual degradation rate in the environment. The availability, activity, 
and diversity of appropriate microbial degraders in the disposal 
environment are equally important determinants. This insight argues 
strongly for a holistic approach to bioplastic lifecycle design that 
considers not only material properties but also the microbial ecology of 
intended disposal environments.

The bioengineering frontier offers exciting possibilities for 
overcoming the kinetic limitations of natural microbial degradation. 
Machine learning-assisted enzyme design, directed evolution, 
metabolic engineering, and synthetic consortium construction are 
converging to produce increasingly powerful biological tools for 
plastic waste management. However, the deployment of engineered 
microorganisms and enzymes outside of contained industrial settings 
raises legitimate biosafety and ecological concerns that must be 
carefully evaluated through rigorous risk assessment frameworks 
before large-scale environmental release.

From a policy perspective, the ndings of this review support the 
development of performance-based standards for biodegradable 
plastics that require demonstration of acceptable degradation rates in 
relevant disposal environments—not just under idealized industrial 
composting conditions. Such standards would create regulatory 
incentives for the optimization of bioplastic formulations and for the 
development of managed disposal systems that harness the full 
degradative potential of microbial communities. Interdisciplinary 
collaboration between microbiologists, materials scientists, 
environmental engineers, and regulatory bodies will be essential to 
translate laboratory ndings into scalable, real-world impact.

9. CONCLUSION
This paper has provided a comprehensive examination of the roles 
played by microbial degradation in improving the efciency of 
biodegradable plastic breakdown. Five principal mechanisms have 
been identied and analyzed: enzymatic hydrolysis of polymer chains 
by microbially secreted extracellular enzymes; mineralization and 
assimilation of degradation products as microbial carbon and energy 
sources; biodeterioration of plastic surfaces through biolm formation 
and mechanical-chemical damage; enhanced degradation of bio-based 
plastics including PHB, PLA, and PHAs across diverse environmental 
settings; and bioengineered optimization of natural microbial enzymes 
and consortia for accelerated and industrially applicable degradation.

Together, these mechanisms constitute a multi-stage biological 
cascade that, when operating under favorable conditions, can convert 
recalcitrant plastic polymers into carbon dioxide, water, methane, and 
microbial biomass within timescales compatible with responsible 
waste management. The organisms most central to this process-
members of the genera Bacillus, Pseudomonas, Aspergillus, 
Trichoderma, Thermobida, and Ideonella-represent invaluable 
biological resources for biotechnology and environmental science.

The convergence of microbiology, polymer chemistry, protein 
engineering, and ecological science is creating unprecedented 
opportunities to address the global plastic pollution crisis through 
biologically driven solutions. Future research should prioritize the 
discovery of novel plastic-degrading microorganisms from 
underexplored ecosystems, the development of next-generation 
engineered enzymes with enhanced properties, the characterization of 
degradation kinetics under realistic environmental conditions, and the 
design of integrated bioplastic waste management systems that 
synergize microbial and physicochemical degradation processes. 
Ultimately, microbial degradation offers humanity a sustainable and 
environmentally harmonious pathway toward a world free of 
persistent plastic pollution.
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