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ABSTRACT:  

There is a growing concern in the world use synthetic polymers, especially because the products 

produced from them are non-biodegradable and have greatly polluted the environment. 

Biodegradation of polymers by microbes has lately been postulated as the best environmentally 

friendly method to tackle this issue. This review aims at reviewing the recent developments in the 

bio degradation of polymers using microorganisms The review traces the metabolic pathways, 

enzymatic systems and novel techniques that have been used in the degradation of polymers 

including plastics. Also, the review gives possible trends, evolving issues, and probable 

biotechnological uses of polymers for the environmentally sound disposal of polymer wastes. 

 

Introduction 

Studying the capability of using microbes in breaking 

down polymers has subsequently been expanded as one 

of the most promising solutions for the increasing 

problem of plastic pollution. Since plastics have the 

potential to stay in the environment for centuries, 

advanced microbial programs are being worked out to 

improve the biodegradation existing techniques. This 

introduction presents the patterns of microbial 

biodegradation and the methods that have been adopted 

in an endeavour to enhance efficiency of a range of 

biodegradation processes and outputs. Different 

mechanisms are used by microbes to degrade plastics 

where microorganisms use metabolic pathways 

including surface abrasion and biofilm formation as a 

way of degrading the plastics (Muthukumaran et al., 

2024). Essential to this process are enzymatic systems, 

such as polyhydroxyalkanoate depolymerases which are 

involved with the degradation of the plastic material into 

smaller molecules in order to easily degrade them into 

simpler compounds (Dutta et al., 2023). This mechanism 

will be pertinent in solving plastic pollution through the 

use of bioremediation techniques. Microbes are also 

involved in the degradation of the plastic, and from the 

current literature different species of microbes including 

bacteria, fungi and extremophiles are considered as the 

good degraders of plastics (Pham et al., 2024; H. Sharma 

et al., 2024). These microorganisms possess different 

proficiency in their functions depending on the 

prevailing conditions of temperature and availability of 

nutrients for microbial degradation which has a strong 

impact on the efficiency of microbial degradation 

(Muthukumaran et al., 2024). Such interactions were 

crucial in identifying and comprehending the social 

relations of plastics in order to facilitate enhanced 

circumstances on enhancing plastic waste management 

as well as the environmental clean-up exercise. 

Biotechnological solutions have found their application 

in combating environmental issues and where in, genetic 

engineering and microbial consortia are coming up as 

two promising technologies to improve degradation rates 

and efficiency (Muthukumaran et al., 2024). Present-day 

studies involve the identification of new and efficient 

microorganisms from contaminated sources for the 

purpose of identifying new mechanisms of 

biodegradation that can improve the prospects of 

bioremediation (Pham et al., 2024). Such advances have 

a potential of enhancing the efficiency of waste disposal 

and pollution control the world over. Nonetheless, 

microbial approaches still have some limitations that 

hampers their effectiveness for real applications and 

hence requires more attention in order to improve this 

promising area of research. 

2. Types of Polymers and Their Environmental 

Impact 

Polymers’ effects on the environment depend on the type 

of polymers under consideration and their use of end of 
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life. The conventional petroleum-derived polymers 

include PVC and PS that have led to very many 

ecological problems such as the presence of 

microplastics in the environment and toxic chemicals 

emitted during the processing as well as during the 

degradation processes  (Seewoo et al., 2024; Singh et al., 

2023). Thus, the utilization of biodegradable polymers 

such as polylactic acid (PLA), and polyhydroxybutyrate 

(PHB) seemingly counterbalances the issues but comes 

with drawbacks associated with additives toxicity and 

the lack of recycling technologies (Pinaeva & Noskov, 

2024). Most of the petroleum-based polymers are found 

to have a high application in the current world economy 

and are known to cause environmental pollution, more so 

due to their ability to discharge fine particles of micro 

plastics in the food system and are a threat to health 

(Singh et al., 2023). On the other hand, bio degradable 

polymers from renewable sources have been helpful in 

the reduction of plastic waste problem even if there are 

issues of risk of using additives and efficiency of the 

process (Dhamija & Joshi, 2024; Pinaeva & Noskov, 

2024). In many cases, thermoplastic compounds, 

intrinsically containing risky flame retardants, have 

generation procedures that are to blame for well over 

90% of the ecological footprint (Baltrocchi et al., 2024). 

For the second, biopolymers are considered a potential 

solution Biodegradable polymers However, the true 

versatility of polymers depends on the ways in which 

industrial processes evolve and the introduction of 

measures that would guarantee the safety of biopolymers 

for the environment. 

3. Microbial Degradation Mechanisms 

Biodegradation of polymers by microorganisms is an 

appealing method towards the reduction of plastics in the 

environment using the capabilities of diverse 

microorganisms. It is mainly bacterially executed, 

secondarily fungal, and algal enzymes that have the 

capacity to degrade polymers which are synthetic in 

nature. The important mechanisms include, microbial 

degradation of plastics comprises of several mechanisms 

and therefore bears some potential and risks as follows. 

Mechanical degradation is based on enzymatic 

mechanisms with microorganisms creating some special 

enzymes such as PET hydrolase and PCL-cutinase that 

are responsible for the depolymerization of polymers like 

PET and PCL correspondingly (Cai et al., 2023). 

Environmental Factors as humidity, temperature, and pH 

have a great impact on the rates of biodegradation 

(Khoshtinat, 2023). Furthermore, microorganisms are 

also important with the different sorts of bacteria cultures 

exhibiting very high efficiency of plastics degradation 

under laboratory conditions only (Dhiman et al., 2024; 

H. Sharma et al., 2024). Nevertheless, the biodegradation 

is a process which is not very straightforward here, 

because it can be hindered by some of the properties of 

plastics, including additives and plasticizers (Cai et al., 

2023). Some limitations persist and this includes the 

aspects concerning microbial processes and the actual 

development of enzyme cocktails that would increase the 

degree of degradation (Wang et al., 2024). Although 

microbial degradation can be considered as the potential 

way to manage with plastic waste problems, further 

studies are still required to improve such processes, 

taking into account all the drawbacks of synthetic 

polymers. 

3.1. Enzymatic Activity  

Hydrolases, esterases, and oxidases are examples of 

microbial extracellular enzymes that are important in 

decomposition processes, breaking down complex 

polymers into pieces. These enzymes may thus be 

produced by several microbes and thus important in 

nature and for industrial purposes. Enzymatic breakdown 

mechanisms prominently in biodegradation processes of 

large and sophisticated molecules and structures such as 

plastics and polysaccharides. For example, hydrolases 

enzymes assist in the breakdown of these 

macromolecules into simpler monomers as in the 

degradation of what is considered to be the most 

recalcitrant material such as polyethylene and PET 

(Mohanan et al., 2020). In addition, esterases and 

oxidases parts by splitting ester links and catalyzing 

oxidation reactions as the biodegradation further 

explained by (Fahmy, 2022). Microbial enzymes are 

widely used in different sectors like pharmacological, 

food processing sectors and bioremediation as they can 

efficiently work under mild reactions (Rai et al., 2023). 

Techniques for the identification of the enzymes 

themselves have also undergone changes such as 

microplate assays that experienced enhancements in the 

identification of positive microorganisms for industrial 

use (Neves Junior et al., 2020). However, it is established 

that enzymatic activity is important in the degradation of 
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polymers the processes are still a challenge in waste 

management as well as environmentalism.  

3.2. Microbial Species  

Microbial degradation of polymers, particularly plastics, 

is a critical area of research due to the environmental 

challenges posed by plastic pollution. Various bacterial 

and fungal species have demonstrated significant 

potential in breaking down complex plastic polymers 

through enzymatic processes.  

Bacterial Species are involved in the biodegradation of 

plastic polymers especially the Pseudomonas species. 

Ideonella sakaiensis, for example, has gained quite a lot 

of attention because of the fact that it can degrade 

polyethylene terephthalate (PET) and polyethylene (PE) 

by the help of specific enzymes (Mohan et al., 2024). 

Besides, Klebsiella pneumoniae et Bacillus sp. have been 

regarded as capable of degrading several types of 

plastics. These bacteria also uses both intracellular and 

extracellular enzymes to break down complex polymers 

into smaller substances that is also a part of 

biodegradation process (Mohan et al., 2024). 

Some of the fungi involved include Fusarium, 

Penicillium and Trichoderma, which possess 

considerable plastic degradation capability on PU and 

rubber. Research has demonstrated that the above fungi 

can attain and even surpass 90% of oxygen utilisation 

during the biodegradation process, making them very 

effective in the degradation of these materials (Ibrahim 

et al., 2024). However, these analysed fungal strains can 

grow on plastics especially without any pretreatment 

steps, indicating their versatility and possibility to be 

implemented in bio-degradation process to get rid of 

plastics pollution (Ibrahim et al., 2024). 

Biodegradation of plastics by microorganisms and its 

mechanism works through enzymology which 

transforms a polymer into simple compounds which 

could be further degraded by enzymatic activities with an 

contributing to circular economy (Pham et al., 2024; H. 

Sharma et al., 2024) Some of them can be aerobic as well 

as anaerobic thus, they are capable to operate in 

numerous environment for polymer degradation (H. 

Sharma et al., 2024). Even though microbial degradation 

seems to be a viable solution to plastic pollution, there 

still exists a limitation in processes that can help augment 

the efficiency and sometimes, the scalability of the 

degradation processes. Further studies are therefore 

necessary in order to enhance the applicability of 

microbial systems in waste management and 

sustainability.  

4. Recent Innovations in Microbial Biodegradation 

4.1. Engineered Microbes  

New developments in microbial biodegradation over the 

recent past especially through the use of engineered 

microbes offer great solutions to environmental pollution 

especially plastics and petroleum products. Genetic 

engineering and synthetic biology have provided 

improved techniques to form microbes that can 

effectively metabolize various pollutants by improving 

the concept of bioremediation. Science technology has 

enhanced the efficiency of degrading plastics through a 

microbial technology technique. Advanced gene editing 

tools such as CRISPR system and TALENs have been 

used in enhancing the capability of the microorganisms 

to break down plastics by modifying the bacterial genes 

accurately to enhance the production and activation of 

the plastic degrading enzymes as explained by (Saini et 

al., 2024). In addition, bioengineering strategies include 

optimization of exoenzymes; aspects such as the stability 

and activity of the exoenzymes through the application 

of protein engineering. These enhancements are indeed 

useful for the correct disintegration of bioplastics which 

offers possible solutions to modern environmentalism 

dubbed ecological conservatism (Rahmati et al., 2024). 

The use of microbial consortia was identified as a useful 

tool in the enhancement of biodegradation of 

hydrocarbons and more importantly in the management 

of petroleum impacted environments. The present study 

also reveals high degradation rates can be achieved by 

using indigenous microbial consortia, which are complex 

biological systems containing multiple engineered 

microbial strains (Chen et al., 2023). These consortia are 

characterized by synergistic effects of the various 

microbes within the system; the hydrocarbon 

degradation efficiency is thus improved, and the overall 

bioremediation processes’ efficiency enhanced. This 

approach has the potential of future and more efficient 

methods as compared to traditional approaches in 

cleaning the environment. 
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Bioremediation processes are gradually incorporating 

GEMs to enhance selectivity towards certain 

contaminants, which will add value to this cost-effective 

and environmentally sustainable approach (P. Sharma et 

al., 2024). These GEMs are capable of releasing 

substances with the ability to break down or neutralize 

the contaminant quickly, consequently providing product 

solutions for environmental remediation. Nevertheless, 

the possible effects of the ecological environment of 

GEMs need to be critically assessed before they are 

released into the natural environment to avoid the 

unintended negative consequences on the environmental 

aspect of sustainability (P. Sharma et al., 2024). To some 

extent, engineered microbes offer novel strategies for 

biodegradation, however, since xenobiotics released in 

the environment target this form of life, continued 

research is necessary in evaluating the ecological effects 

of these microbes’ use. 

4.2. Synthetic Biology and Enzyme Engineering 

Recent innovations in microbial biodegradation 

biodegradation especially those in synthetic biology and 

enzyme engineering offer a lot of potential in managing 

environmental problems arising from plastic and 

petroleum pollution. Techniques in genetic engineering 

including CRISPR and TALENs have been used to 

engineer microbes to easily biodegrade synthetic 

polymers and bioplastics (Martín-González et al., 2024; 

Saini et al., 2024). Altogether, the bioengineering 

approaches have also improved on the MAT of microbial 

exoenzymes regarding their stability and efficiency to 

degrade plastics under different environmental 

factors(Rahmati et al., 2024). 

Most Important Innovations on Microbial 

Degradation 

Enzyme Engineering: With improved understanding of 

the plastics and these enzymes, protein engineering has 

improved the thermostability and substrate-binding of 

the plastics-degrading enzymes(Martín-González et al., 

2024; Rahmati et al., 2024). 

Genetic Modifications: Thanks to the application of 

tools for editing genes, scientists have been able to 

engineer precise introduction of degradation pathways 

into the microbial genome to enhance its biodegradation 

potential capabilities (Martín-González et al., 2024; 

Saini et al., 2024). 

Microbial Consortia: Advanced bioassemblies of the 

microbial consortia enhanced the degradation values of 

difficult pollutants, which were found to be superior to 

that of the single strains  (Chen et al., 2023; Karakurt-

Fischer et al., 2023). However, important issues that are 

still important for integrating these technologies on a 

large scale and stabilizing the engineered microbial 

organisms are still remaining. 

 

4.3. Biodegradation Consortia  

New developments in microbial biodegradation 

particularly with consortia have brought out great 

prospects in regard to environmental pollutants. These 

new strategies profit from characteristics of such 

interactions between those complex microbial 

populations in increasing efficiency of the degradation 

and in defining a wider spectrum of pollutants that can 

be dealt with. Microbial consortia, including fungal-

bacteria combinations, are showing superiority in 

pollutant degradation, including petroleum 

hydrocarbons, with near-total removals of the pollutant 

in question. (Rezaei & Moghimi, 2024). Studies have 

shown that the degradation efficiency of polycyclic 

aromatic hydrocarbons and total petroleum 

hydrocarbons from enriched microbial consortia can be 

as high as approximately 100% (Lü et al., 2024). 

Interactions in consortia, like fungal hyphae that assist 

bacterial dissemination, co-metabolism, increase overall 

degradation, usually via pathways such as ring cleavage 

mechanisms. These microbial consortia have 

successfully applied in soil bioremediation for a wide 

range of contaminants, including heavy metals and 

pesticides (Rezaei & Moghimi, 2024), and new 

approaches-algae-bacteria consortia-have succeeded in 

achieving high removal rates of VOCs  (Cai et al., 2024). 

While promising, there is still a lot to overcome in terms 

of ecological implications and the optimization of the 

interactions occurring within the consortia; this field of 

study therefore needs extensive research to realize its full 

deployment potential in different environmental settings. 

5. Challenges in Microbial Polymer Degradation  

Microbial polymer degradation has many difficulties 

mostly stem from the properties of plastics and the 

microbes ability to degrade plastics. It is therefore 

pertinent to gain some insight into such challenges as a 
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way of facilitating the process of formulating the right 

strategies for biodegradation. 

Resistance of Plastics: Most of the synthetic polymers 

like PET and PE have low bio degradability because they 

are chemically and physically very stable and 

hydrophobic in nature (Dhiman et al., 2024; Kumar et al., 

2024). These plastics have a high molecular weight and 

what makes their chemical structure complicates the 

microbial ability to interact with and break down these 

plastics through enzymes (Vaishnav et al., 2024). 

Limitations of Microbial Enzymes: Microbial enzymes 

showed prospective results but, are versatile in nature 

and can be influenced by parameters such as temperature 

and pH which decrease the stability and activities of 

enzymes (Rahmati et al., 2024; Vaishnav et al., 2024). 

The rate at which microbes degrade enzymes also differs 

and it is known that different enzymes need certain 

conditions for their activity 

(Dhiman et al., 2024). 

Need for Advanced Techniques: These include 

advancements in protein engineering in particular with 

regards to enzymes, this includes modification immobile 

enzymes to increase efficacy of microbial degradation 

processes (Rahmati et al., 2024; Vaishnav et al., 2024). 

More advanced approaches to extremophiles and multi-

enzyme systems may be sought for further improvement 

and get rid of the existing imperfections in the 

degradation of plastics (Pham et al., 2024). Constant 

studies being conducted on microbial degradation 

mechanisms and enzyme engineering suggest that better 

solutions to the management of plastics wastes can be 

developed in the future. Nevertheless, the nature of 

plastic polymers and the environment they are exposed 

to are still the challenges which remain to be solved. 

6. Potential Applications and Future Directions  

6.1. Industrial Applications  

Microbial polymer degradation is a promising area of 

interest in many fields since it offers several potential 

uses mostly in the management of plastics which are a 

nuisance to the environment and creating biodegradable 

materials. The discussion of microbial method of 

breaking down plastics including plastics such as 

polythene shows the contribution of microorganisms 

towards solving environmental issues and enhancing the 

degradation of substances (Muthukumaran et al., 2024). 

Plastic Waste Management: Some microorganisms 

possess efficient pathways of degrading polythene thus 

can help to address the problem of plastics in the 

environment (Muthukumaran et al., 2024). 

Biopolymer Production: Microorganisms have the 

ability of synthesizing biodegradable polymers which 

include polyhydroxyalkanoates (PHA) and polylactic 

acid (PLA) which has wide uses in packaging, medical, 

and biofuel sectors (Saharan et al., 2024). 

6.2. Environmental Bioremediation  

Environmental bioremediation is becoming more 

progressive as novel approaches in biological methods 

that will address pollution are discovered. Some of the 

progress achievements include the use of 3D bioprinting 

which is a significant improvement on the approach used 

in bioremediation, microbial mediated solutions, and 

genome modification tools which makes the 

bioremediation strategies more effective and versatile.  

3D Bioprinting in Bioremediation: The 3D bioprinting, 

it is possible to design the specific bioremediation 

systems that are most efficient to pollutant degradation. 

Besides, with this technology, it is possible to develop 

self-sustaining bio-based materials for microbial growth 

and pollutants absorption for environmental 

remediation(Finny, 2024).  

Microbial Bioremediation Techniques: Toxicity and 

pollutions are solved by fungi and bacteria; the 

development in recent years enhanced the efficiency of 

fungi in degrading the toxic wastes (Thirumalaivasan et 

al., 2024). Cyanobacteria are especially efficient in 

degrading all kinds of contaminants Due to their 

metabolic versatility (Al Mamun & Rahman, 2024). 

Genome Editing Applications: Both CRISPR and 

TALEN techniques have been employed to enhance the 

capabilities of microorganisms in targeting and 

degrading complex pollutants more effectively. These 

genetic engineering approaches have the potential to 

improve bioremediation process efficiencies by an order 

of magnitude and help overcome the challenges posed by 

these persistent contaminants (V. Sharma et al., 2024). 

While such development gives promising solutions, 

challenges remain in the scaling of these technologies for 
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widespread application and their environmental 

compatibility. Further research will be needed to 

overcome such hurdles to fully realize the potential of 

bioremediation in environmental management. 

6.3. Bioplastic Production 

Bioplastics production opens up a very promising avenue 

in the direction of sustainable materials, utilizing organic 

wastes along with microbial processes. Future directions 

in the production of bioplastics involve improvement in 

yield and reduction in cost of production, apart from 

bringing improvement in properties to rival conventional 

plastics. Some microorganisms such as Escherichia coli 

and Pseudomonas are capable of synthesizing a few 

biodegradable polymers, including PHA and PLA. 

Genetic engineering is being developed to enhance 

microbial efficiency and yield by overcoming the 

production challenge faced nowadays (Saharan et al., 

2024). 

Utilization of Organic Waste : Besides solving waste 

disposal problems, the conversion of organic waste to 

bioplastics also helps to overcome the problem of the 

utilization of food crops in bioplastics production (Z. Ali 

et al., 2024). Studied show that it is possible to achieve 

improved bioplastic synthesis from different organic 

substrates from using mixed microbial cultures 

(Sudhakar et al., 2024). 

Algal Bioplastics: Algae represent a renewable 

feedstock for bioplastics, with potential for direct 

conversion methods that minimize waste. The economic 

feasibility of algal bioplastics is being assessed, with 

pilot-scale developments anticipated to enhance 

commercial viability (Sudhakar et al., 2024) 

Life Cycle Assessment and Sustainability: They 

enable circular economy through utilization of renewable 

raw materials and general proper disposal of final 

products in Bioplastics (S. S. Ali et al., 2023). Further 

studies must be directed towards the disposal of such 

nanomaterials at the end of their service and further 

investigate toxicity for their safety on the environment 

(S. S. Ali et al., 2023; Thomas et al., 2023) 

Although bioplastics have the potential to revolutionize 

the current plastics market, issues like cost of production 

and mechanical properties need to be solved so as to 

bring out the commercial and utilitarian aspects of 

bioplastics 

7. Conclusion 

Biodegradation of polymers by microorganisms is 

among the most informative core issues in addressing the 

problem of plastic pollution and promoting the 

sustainable disposal of wastes. Recent progresses in 

genetic engineer and enzyme, microbial biodegradation 

course; medium optimization, and microbial consortia 

have enhanced the knowledge on microbial 

biodegradation. Though, challenges like, slow 

degradation rate and applicability in a larger system 

represent as strong barriers to this kind of application. 

For the next studies it is crucial to overcome these 

limitations by the use of synthetic biology, 

bioengineering and environmental microbiology as a 

base for creating efficient large- scale microbial 

strategies for degradation of polymers. 
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