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Abstract- Polylactic acid (PLA) is one of the most 
commercially used biodegradable polymers produced from 
renewable biomass sources. Even though PLA can be 
composted under controlled industrial conditions. Still, it 
persists in marine and natural environments, continues to 
cause environmental concern. This review examines the 
microbial and enzymatic pathways responsible for the 
degradation of PLA and related polyester, focusing on the 
structural biology of polyester hydrolases, thermophilic 
depolymerases, marine microbial ecology, degradation 
kinetics, and strategies in recombinant enzyme development. 
Advanced analytical techniques, metagenomic screening 
platforms, and protein engineering approaches are examined 
to bridge laboratory insights with real-world biodegradation 
outcomes. The review synthesizes findings from over fifteen 
peer-reviewed sources and identifies future directions for 
sustainable polymer management.  
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1. Introduction 

Current figures place with annual plastic production now 
reaching 390 million metric tons, the world faces a mounting 
crisis of over 6.3-billion-ton mark [Geyer et al.,2017]. 
Biodegradable polymers like PLA have been developed as 
sustainable alternatives due to their renewable sources and 
compostability nature [Auras et al., 2010]. Even though, it is 
biodegradable in nature, degradation efficiency is highly 
environment-dependent and it varies substantially in response 
to shifting environmental factors. While industrial 
composting uses high temperature to trigger rapid hydrolysis, 
thus resulting in slow degradation due to the cold and a 
scarcity of useful microbes. [Tokiwa & Calabia, 2006].  

2. Chemical Structure, Crystallinity, and 
Physicochemical Determinants 
Poly Lactic Acid is an aliphatic thermoplastic biopolymer 
produced by chemically linking lactide molecules through 
ring-opening polymerization. The degradation 
characterization of PLA is influenced by many factors 
including stereochemistry [L- and D- isomers], molecular 
weight distribution, and physicochemical properties like 
glass transition temperature (~60°C), and surface 
morphology [Drumright et al., 2000]. Crystalline regions 
limit enzyme accessibility, while amorphous regions are 
more sensitive to degradation [Karamanlioglu et al., 2017]. 
Whereas, composting conditions facilitate bulk erosion 
throughout the polymer’s structure and more sensitive to the 
hydrolytic degradation of PLA in seawater remains largely 
confined to the surface. 

3. Microbial Ecology of Polyester Degradation 
Microbial degradation is initiated with surface colonization 
and develops a stable biofilm. Bacteria and fungi secrete 
enzymes that target and break ester linkages into oligomers 
and monomers [Shah et al., 2008]. Common bacteria like 
Bacillus, Pseudomonas, Thermus, and actinomycetes have 
the natural ability to polyester-degradation [Tokiwa & 
Calabia, 2009]. In Marine environments, microbial activity 
is reduced at lower metabolic rates due to temperature 
limitations, this results the delay in initiation of measurable 
degradation. 

4. Polyester Hydrolases: Structure–Function 
Relationships 
Most polyester hydrolases typically belong to the α/β-
hydrolase fold family and which usually classify Ser–His–
Asp catalytic triad [Wei & Zimmermann, 2017]. Structural 
studies shows that substrate-binding grooves are uniquely 
tailored to the dimensions of the polymer chain. Mutagenesis 
studies show that even minor alterations in active-site 
residues can drastically influence catalytic turnover. By using 



Journal Publication of International Research for Engineering and Management (JOIREM) 
Volume: 04 Issue: 03 | Mar-2026 

ISSN (O) 3107-6696 

 

© 2026, JOIREM      |www.joirem.com|        Page 2         ISSN (O) 3107-6696 

directed evolution, it has further pushed these limits 
successfully in enhancing thermostability and substrate 
affinity [Arnold, 1998; Austin et al., 2018]. 

5. Thermophilic Depolymerases and Industrial 
Relevance 
Thermophilic enzymes work optimally at or above the glass 
transition temperature of PLA, where taking merit of the 
increased mobility in the polymer chains [Jarerat et al., 
2006]. The high catalytic efficiency at 50–70°C range, 
enzymes align perfectly for the industrial composting and 
bioreactor-based recycling strategies. Thermostability is 
driven from increased salt bridges and hydrogen bonding 
networks create a particularly resilient and compact tertiary 
structures. 

6. Polyhydroxyalkanoate Depolymerases as Model 
Systems 
PHA depolymerases serves as a mechanistic groundwork for 
understanding the polyester breakdown pathways 
[Jendrossek & Handrick, 2002]. These extracellular 
enzymes start by surface erosion, releasing 3-
hydroxybutyrate monomers for microbial assimilation. 
Comparing these two types of enzymes which highlights the 
structural analysis between PHA depolymerases and PLA 
hydrolases for conserved catalytic motifs. 

7. Recombinant Production and Enzyme 
Engineering 
Recombinant expression in Escherichia coli serves as an 
efficient platform for producing large quantities of enzymes 
that breakdown polyester [Madison & Huisman, 1999]. 
Purification is done through affinity chromatography that 
facilitates kinetic characterization. Strategic tools like 
directed evolution and computational modeling specifically 
improve catalytic efficiency, substrate binding, and 
thermostability [Arnold, 1998]. Immobilized enzyme 
systems serve as critical strategy to shield enzymes from 
degradation by enhancing operational stability for industrial 
deployment. 

8. Enzymatic Hydrolysis Mechanism and Kinetics 
Hydrolysis occurs in two stages: first, via nucleophilic attack 
by the enzyme’s active-site serine acts as a ester carbonyl 
carbon, forming an acyl-enzyme intermediate followed by 
hydrolytic cleavage [Wei & Zimmermann, 2017]. The 
enzyme’s performance defined by its binding affinity (Km) 
and turnover rate (Vmax) is not fixed constant according to 
polymer crystallinity and molecular weight. By applying 
Arrhenius-based models reveals that strong temperature 
dependence of reaction rates. 

9. Marine Environmental Modeling 
Marine degradation is shaped by many factors like salinity, 
UV radiation, microbial diversity, and hydrodynamic 
conditions [Karamanlioglu & Robson, 2013]. They 
typically rely on first-order kinetic models to commonly 
applied to describe mass loss over time. However, field 
studies show that there is a persistent tension between our 
experimental predictions and the outcomes actually observed 
in real world marine environments. 

10. Analytical and Characterization Techniques 
FTIR spectroscopy identifies the chemical signature of ester 
bond cleavage, DSC monitors shifts in crystallinity while, 
GPC tracks molecular weight reduction respectively. These 
internal changes are further done by SEM imaging, which 
provides a visual record of soil erosion examines surface 
erosion [Shah et al., 2008]. CO₂ evolution remains a 
benchmark for quantifying mineralization, offering a 
quantitative bridge between theoretical biodegradation and 
the actual carbon turnover observed in the system.  High 
throughput genomic and transcriptomic tools now act as a 
functional mapping of the marine microbiome, uncovering 
the diverse array of genes which perform to breaking down 
the complex polymers. 

11. Environmental and Ecotoxicological 
Considerations 
When degradation is incomplete, it can contribute to 
microplastic [Song et al., 2017]. Life cycle studies remind us 
that it’s true environmental impact depends on proper waste 
management infrastructure [Auras et al., 2010]. As PLA 
degrades physically, the long-term biological ‘cost’ of its 
chemical byproduct in the ocean remains a critical unknown.  

12. Future Research Directions 
The integration of Metagenomic and meta transcriptomic 
analysis can provide a high-resolution map of the marine 
enzymatic landscape from uncultured marine microbes. 
Synthetic biology has transformed our ability to construct or 
to assemble engineered microbial consortia with the specific 
metabolic machinery needed to tackle the most persistent 
plastic bond. The future of material science lies in the synergy 
of digital protein engineering and ecological modelling, 
allowing us to test the biodegradability efficiency of new 
polymers in a virtual ocean before a single molecule is even 
developed. 

13. Conclusion 

Polylactic acid (PLA) represents a significant shift in polymer 
engineering, providing a scalable pathway to reduce our 
reliance on persistent, petroleum-derived synthetics. While 
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frequently categorized as a straightforward solution, PLA 
exhibits a nuanced degradation behavior that shifts 
significantly when transitioned from controlled composting 
to the erratic conditions of the open ocean. There is a stark 
contrast between the optimized heat of a compost facility and 
the stagnant reality of the sea. In industrial settings, heat acts 
as a catalyst that 'softens' the material, but in the frigid open 
ocean, that thermal spark is missing leaving microbial 
populations to struggle against a polymer that remains 
stubbornly locked in its glassy state. The enhanced 
performance of thermophilic catalysts highlights a critical 
design principle: the development of next-generation 
bioplastics must couple polymer chemistry with enzyme 
optimization to ensure that the material is physically 
accessible when the biological 'attack' begins. Bridging the 
gap between the lab and the ocean is a task of translation. We 
are taking the 'quiet logic' of the benchtop and asking it to 
perform in the 'loud complexity' of the natural world. A 
sustainable future requires this dual-lens perspective: where 
we use the power of computational design not to ignore the 
environment, but to finally, accurately, and honestly meet its 
demands. Only by subjecting our innovations to the erratic 
demands of the natural world can we ensure that we are truly 
reducing the ecological burden on our planet’s most 
vulnerable habitats. 
The transition from a lab-grown theory to a reliable 
environmental tool is our greatest collaborative challenge. 
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