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The growing environmental burden associated with conventional petroleum-based 

plastics has intensified the need for sustainable alternatives. Biodegradable 

polymers, derived from renewable feedstocks or engineered for environmentally 

benign degradation, offer a viable solution aligned with green chemistry principles 

the eco-friendly development of biodegradable polymers, emphasizing strategies 

that minimize toxicity, energy consumption, and environmental impact throughout 

the polymer lifecycle. Key synthetic approaches, including enzymatic polymerization, 

solvent-free techniques, and the use of bio-based monomers such as polylactic acid 

(PLA), polyhydroxyalkanoates (PHAs), and starch-based polymers. The integration 

of green catalysts and process intensification technologies as a pathway to enhance 

polymer yield, biodegradability, and functional performance. Furthermore, the role 

of biodegradable polymers in biomedical devices, packaging, agriculture, and 

environmental remediation with a focus on life cycle assessment and circular 

economy implications. Challenges such as cost, scalability, mechanical limitations, 

and regulatory hurdles are needed to be addressed, along with emerging innovations 

in polymer modification, nanocomposites, and hybrid systems. This review provide 

a detailed understanding of how green chemistry principles can guide the 

sustainable design, production, and application of biodegradable polymers. It offers 

insights for researchers and industries seeking to develop environmentally 

compatible materials that support a circular economy. 
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INTRODUCTION 
Non-biodegradable polymers, commonly known as 
synthetic plastics, have become a significant 
environmental concern due to their persistence and 
accumulation in ecosystems [1]. These materials, derived 
from non-renewable sources, pose serious threats to the 
environment, leading to problems such as plastic pollution 
and resource depletion [2]. The extensive production and 
indiscriminate use of synthetic plastics have resulted in the 
accumulation of plastic waste, which adversely impacts 
both the environment and living beings [3]. 

While biodegradable plastics have been proposed as a 
solution to these issues, they may not be the panacea they 
are often claimed to be. Some biodegradable plastics may 
disintegrate into microplastics more rapidly than 
conventional plastics, potentially posing a new threat to 
soil environments [4]. Additionally, many biodegradable 

plastic products still contain additives or non-
biodegradable polymers to ensure minimum performance, 
which can undermine their ecological footprint [5]. 

The growing need for sustainable materials in 
industries such as packaging, biomedical, and agriculture 
has led to significant advancements in biopolymer-based 
solutions [6]. Biopolymeric composites, including 
polysaccharides like cellulose, chitosan, and starch, are 
emerging as ideal biodegradable packaging materials due 
to their wide availability, biocompatibility, and 
biodegradability [7]. These materials offer sustainable 
alternatives to conventional plastic packaging, addressing 
environmental concerns and aligning with global 
sustainability goal [8]. The food packaging industry, 
responsible for 40% of global plastic consumption, is at the 
forefront of this shift towards eco-efficient packaging 
derived from agricultural raw materials [9]. Novel 
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approaches include the use of mycelium-based foams and 
composites, which utilize agricultural waste and fungal  
growth to create biocomposites with diverse 
applications [10]. Additionally, the repurposing of sericin, 
a silk protein usually discarded by the textile industry, 
shows promise in food packaging and other food sector 
applications [11]. 

Green chemistry principles play a crucial role in the 
synthesis and development of biopolymers, offering 
sustainable alternatives to traditional petroleum-based 
polymers [12]. The shift towards biodegradable polymers 
aims to mitigate the environmental impacts associated 
with non-degradable synthetic polymers [13]. Green 
microbes, such as algae and cyanobacteria, have emerged 
as promising bio-factories for biopolymer production due 
to their ability to capture carbon dioxide and utilize solar 
energy efficiently [14]. 

Interestingly, the integration of green chemistry in 
enzymatic approaches has led to the development of bio-
catalysts, which are essential alternatives to 
environmentally unsafe chemical mechanisms [15]. This 
advancement has expanded the repertoire of green 
biological chemistry by increasing the diversity of 
biobased materials [16]. The use of bionanomaterials in 
food packaging has shown promise in improving food 
quality, safety, and shelf life while addressing 
environmental concerns [17]. 

This review highlights green chemistry’s role in 
biodegradable polymers, covering synthesis, properties, 
and applications. It discusses advancements in renewable 
feedstocks, biocatalytic processes, and cleaner 
polymerization, along with challenges in cost, scalability, 
and performance, emphasizing its potential for sustainable 
innovation. 
 
Fundamentals of Biodegradable Polymers 
Biodegradable polymers are materials that can degrade as 
a result of microbial and enzymatic action, with 
degradation rates varying from hours to years depending 
on their molecular structure [18]. These polymers can be 
derived from renewable resources like corn starch or sugar 
cane, as in the case of poly(lactic acid) (PLA), or 
synthesized to mimic natural polymers (Figure 1) [19]. 
The fundamental characteristics of biodegradable 
polymers include their ability to reduce toxic and non-
degradable waste, tunable mechanical and physical 
properties, and biocompatibility [20]. Biodegradation 
process of these polymers involves a complex interplay 
between crystallization and hydrolysis reactions [21]. As 
the hydrolysis reaction cleaves polymer chains, it provides 
extra mobility for crystallization, which in turn makes the 
crystalline phase more resistant to further hydrolysis [22]. 
This phenomenon highlights the importance of 
understanding the degradation mechanisms and the 
parameters affecting the process, such as structure, 
morphology, and surface area [23]. 
 
 
 
 

Figure 1 
Different types of Biodegradable polymer and their 
structural investigation in green chemistry. 

 

Green Chemistry Principles in Biopolymer 
Development 
The integration of green chemistry principles in 
biopolymer development aims to mitigate the 
environmental impact associated with conventional 
polymer production, improve biodegradability, and 
promote circular material use [24]. Biopolymers, derived 
from renewable resources and capable of biodegradation, 
align inherently with green chemistry concepts [25]. Four 
central themes define this approach: use of sustainable 
raw materials, solvent-free and low-energy synthesis, 
catalytic advancements in green polymerization, and 
strategies supporting a circular economy and waste 
valorization (Figure 2) [26]. 

Sustainable Raw Materials 
Biopolymers are primarily derived from biomass-based 
feedstocks such as starch, cellulose, chitin, lignin, and 
microbial fermentation products. These sources are 
renewable, abundant, and biodegradable, making them 
preferable over fossil-derived monomers [27]. Polylactic 
acid (PLA) is synthesized from lactic acid obtained via 
bacterial fermentation of starch or sugar substrates, 
whereas polyhydroxyalkanoates (PHAs) are intracellular 
storage polyesters produced by microbial cultures under 
nutrient-limiting conditions [28]. The use of non-food 
lignocellulosic residues for monomer synthesis, such as 
furandicarboxylic acid for polyethylene furanoate (PEF), 
exemplifies a shift towards more sustainable, second-
generation biomass feedstocks [29]. 

Solvent-Free and Low-Energy Processes 
Minimizing solvent use and reducing energy input are key 
criteria in green biopolymer processing [30]. Bulk 
polymerization, solid-state polycondensation, and reactive 
extrusion are gaining attention as solvent-free and 
thermally efficient methods for biopolymer synthesis. 
These techniques reduce the emission of volatile organic 
compounds (VOCs), simplify processing, and improve 
scalability [31, 32]. Furthermore, microwave-assisted and 
ultrasound-assisted polymerization methods have  
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demonstrated enhanced polymerization efficiency at 
lower temperatures and shorter reaction times, reducing 
energy consumption and thermal degradation of 
monomers [30, 33]. 

Figure 2 
Synthesis of biodegradable polymers using the principle of 
green chemistry 

 

Catalysis in Green Polymerization 
Catalysis plays a critical role in achieving high selectivity, 
reduced reaction time, and energy efficiency in biopolymer 
synthesis. Enzyme-mediated polymerization, such as 
lipase-catalyzed polycondensation, offers mild reaction 
conditions and avoids toxic catalysts, making the process 
environmentally benign [34]. Similarly, organocatalysts 
and biocompatible metal catalysts (zinc, magnesium) are 
increasingly replacing traditional toxic catalysts in ring-
opening polymerization (ROP) of cyclic esters for PLA and 
PCL production [35]. The advancement of photo- and 
electrocatalytic systems further opens avenues for energy-
efficient and stimulus-responsive biopolymer synthesis 
[36]. 

Circular Economy and Waste Valorization 
Incorporating circular economy concepts into biopolymer 
development involves designing materials for reuse, 
recyclability, compostability, or biodegradation. For 
instance, PLA and PHA-based products can undergo 
industrial composting, closing the material loop through 
biological degradation [37]. Furthermore, chemical 
recycling of biopolymers such as hydrolytic or enzymatic 
depolymerization of PLA into lactic acid enables recovery 
and reuse of monomers, minimizing resource depletion 
[38]. Additionally, waste valorization through the 
conversion of agricultural, marine, or food waste into 
polymer precursors offers a dual benefit of waste 
reduction and sustainable material generation. Chitosan, 
derived from crustacean shell waste, and cellulose 
nanofibers, derived from agro-wastes, serve as functional 
biopolymer components in packaging and biomedical 
applications [39, 40]. 

Innovative Synthesis Routes and Biotechnological 
Approaches 
The development of biodegradable polymers has 
significantly benefited from advances in biotechnological 
innovations and green chemistry. Traditional 
polymerization methods often involve high energy input, 

toxic solvents, and harsh conditions [41]. In contrast, 
emerging synthesis strategies emphasize environmentally 
benign processes, cost efficiency, and precise molecular 
control. Key innovations include biocatalytic 
polymerization, fermentation-based production, mild-
condition polymerization techniques, and genetic 
engineering approaches, all contributing to sustainable 
biopolymer development and scalability [42]. 

Biocatalytic Polymerization 
Biocatalysis employs enzymes or whole-cell catalysts to 
mediate polymerization reactions under ambient 
conditions, offering selectivity, reduced toxicity, and low 
energy consumption. Enzymes such as lipases, cutinases, 
and proteases have been widely applied in the synthesis of 
polyesters, polyamides, and polysaccharides [43]. 
Enzymatic ring-opening polymerization (eROP) of 
lactones like ε-caprolactone and lactide has gained 
attention for producing polymers with well-defined 
molecular weights and narrow polydispersity indexes 
(Figure 3a) [44]. Moreover, enzymatic polycondensation 
processes allow synthesis in solvent-free systems or green 
solvents, thus aligning with the principles of green 
chemistry [45]. 

Fermentation-Based Production 
Microbial fermentation represents a cornerstone for 
producing monomers and polymers using renewable 
feedstocks. Fermentation conditions refer to the specific 
environmental parameters, such as temperature, pH, and 
oxygen levels, that must be carefully controlled during the 
microbial production of polyhydroxyalkanoates (PHAs) to 
optimize their synthesis. PHAs are synthesized 
intracellularly by bacteria such as Cupriavidus necator, 
utilizing carbon sources including agricultural waste and 
lignocellulosic biomass (Figure 3b)  [46]. Similarly, lactic 
acid, the monomer for poly(lactic acid) (PLA), is 
commercially produced via lactic acid bacterial 
fermentation. Recent improvements in fermentation 
strategies such as fed-batch cultures, co-substrate 
utilization, and in situ product recovery have enhanced 
productivity, reduced substrate inhibition, and improved 
economic viability [47]. Additionally, synthetic biology 
tools now enable the tailored design of microbial chassis 
for enhanced metabolite flux towards polymer precursor 
synthesis [48]. 

Polymerization under Mild Conditions 
Polymerization under ambient or near-ambient conditions 
minimizes energy input and preserves sensitive functional 
groups. Room-temperature ring-opening polymerization 
(ROP) and organocatalyzed ROP have shown promise in 
generating aliphatic polyesters without the need for toxic 
metal catalysts (Figure 3c) [49]. The use of ionic liquids, 
deep eutectic solvents, and supercritical fluids as 
alternative reaction media further enhances sustainability 
by reducing environmental hazards. In addition, aqueous 
emulsion polymerization has been effectively employed 
for polysaccharide and protein-based biopolymer 
synthesis, allowing process scalability and water-based 
formulation development [50]. 

Advances in Genetic Engineering 
Genetic and metabolic engineering have revolutionized 
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biopolymer production by enabling the customization of 
microbial hosts for enhanced biosynthetic capacity. 
Engineering microbial pathways allows the direct 
biosynthesis of tailor-made polymers with modified chain 
lengths, side groups, or functionalities [51]. Recombinant 
Escherichia coli and Saccharomyces cerevisiae strains have 
been engineered to produce non-native PHAs, PLA 
oligomers, and novel co-polymers (Figure 3d) [52]. 
Additionally, CRISPR/Cas-based genome editing facilitates 
high-precision genetic modifications to optimize 
precursor production and pathway flux. Synthetic biology 
platforms integrating biosensors, dynamic control circuits, 
and pathway balancing have further improved yield and 
polymer properties while reducing byproduct formation 
[53]. 

Figure 3 
(a) Synthesis of biodegradable polymer using enzymatic 
polymerizations; (b) Synthesis of biodegradable polymer 
using fermentation process; (c) Synthesis of biodegradable 
polymer using polymerizations under mild conditions; and 
(d) Synthesis of biodegradable polymer using genetic 
engineering. 

 

Advancements in Biodegradable Polymers 
The growing environmental concerns associated with 
persistent synthetic polymers have stimulated extensive 
research in biodegradable polymer materials. 
Biodegradable polymers, derived from renewable or 
synthetic sources, can undergo microbial or enzymatic 
degradation under controlled conditions [54]. Recent 
advancements in this field have focused on improving 
mechanical strength, barrier properties, biodegradability, 
and cost-efficiency. The most prominent biodegradable 
polymers include poly(lactic acid) (PLA), 
polyhydroxyalkanoates (PHA), starch-based polymers, 
polycaprolactone (PCL), and their blends and composites 
[55]. 

Poly(lactic acid) (PLA) 
PLA a synthetic biodegradable polymer derived from 
renewable resources, such as corn starch or sugarcane, 
making it a sustainable alternative to petroleum-based 
plastics, is one of the most extensively studied 
biodegradable polyesters synthesized via 
polycondensation or ring-opening polymerization of lactic 
acid, typically obtained through microbial fermentation of 
carbohydrate feedstocks [56]. PLA exhibits high tensile 
strength, good processability, and transparency, making it 
suitable for packaging, biomedical, and agricultural 

applications [57]. However, its inherent brittleness, low 
thermal resistance, and slow degradation under ambient 
conditions have prompted modification strategies, such as 
copolymerization, plasticization, and blending [58]. Recent 
research focuses on stereocomplex PLA formation to 
improve crystallinity and thermal stability [59]. 

Polyhydroxyalkanoates (PHA) 
PHAs are a diverse family of microbial polyesters 
synthesized by numerous bacterial species as intracellular 
carbon and energy storage compounds. PHAs, such as 
polyhydroxybutyrate (PHB) and its copolymers (PHBV), 
offer excellent biodegradability, biocompatibility, and 
thermoplastic behavior [60]. However, limitations such as 
high production costs, narrow processing windows, and 
brittleness hinder large-scale deployment [61]. Recent 
developments have focused on metabolic engineering of 
microbial strains, use of low-cost substrates (agro-
industrial waste), and in situ product recovery strategies 
to enhance yield and reduce production cost [62]. 

Starch-Based Polymers 
Starch, a naturally abundant polysaccharide, is 
biodegradable, inexpensive, and widely available from 
agricultural sources. Thermoplastic starch (TPS) is 
developed by destructuring native starch in the presence 
of plasticizers (glycerol, sorbitol), forming processable 
polymers with limited mechanical and water-resistance 
properties (Figure 4c) [63]. To overcome these limitations, 
starch is often blended with synthetic biodegradable 
polymers like PLA or PCL, or reinforced with nanofillers to 
enhance tensile strength and barrier properties [64]. 
Modified starch derivatives such as starch esters and graft 
copolymers also exhibit improved hydrophobicity and 
functional performance [65]. 

Polycaprolactone (PCL) and Other Aliphatic Polyesters 
PCL is a synthetic biodegradable polyester synthesized via 
ring-opening polymerization of ε-caprolactone. It exhibits 
high flexibility, low melting point (~60 °C), and good 
compatibility with other polymers, making it ideal for drug 
delivery, tissue engineering scaffolds, and packaging [66]. 
Its slow degradation profile complements faster-
degrading polymers like PLA in composite systems. Other 
aliphatic polyesters, such as poly(butylene succinate) 
(PBS) and poly(butylene adipate-co-terephthalate) 
(PBAT), are also gaining attention due to improved 
toughness and processability, especially in flexible film 
applications [67]. 

Composites and Blends 
Blending and compounding biodegradable polymers with 
fillers, fibers, or nanomaterials is a widely adopted 
strategy to enhance functional performance and reduce 
material costs [68]. PLA/PHA, PLA/PCL, starch/PCL, and 
PBS/PBAT blends exhibit improved toughness, elongation 
at break, and controlled degradation profiles [69]. 
Additionally, incorporation of natural fibers (cellulose, 
lignin, kenaf, flax) or nano-reinforcements (nanoclays, 
cellulose nanocrystals, graphene oxide) significantly 
enhances mechanical, thermal, and barrier properties 
while maintaining biodegradability [70]. These composite 
systems are particularly attractive for biomedical, 
packaging, and agricultural films [68]. 
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Environmental and Life Cycle Analysis 
Understanding the environmental performance of 
biodegradable polymers requires a holistic life cycle 
perspective. While these materials are promoted as 
sustainable alternatives to petroleum-based plastics, their 
ecological impact depends on multiple factors such as 
feedstock source, production methods, biodegradation 
conditions, and end-of-life (EoL) management [71]. Life 
Cycle Assessment (LCA) is a standardized tool for 
evaluating these impacts across production, use, and 
disposal stages. This section highlights critical aspects 
including environmental footprint, end-of-life scenarios, 
and toxicity/ecotoxicity profiles of biodegradable 
polymers [72]. 

Environmental Impact of Biodegradable Polymers 
Biodegradable polymers derived from renewable 
resources generally exhibit lower greenhouse gas (GHG) 
emissions, energy consumption, and fossil fuel 
dependency compared to conventional plastics [71]. PLA 
production results in up to 50–75% less CO₂ emission per 
kilogram of material compared to polyethylene 
terephthalate (PET) [73]. Similarly, PHA and starch-based 
polymers show improved environmental indicators when 
produced from agricultural waste or byproducts [74]. 
However, the upstream impacts of land use change, water 
consumption, and fertilizer application during biomass 
cultivation must be carefully considered. Industrial-scale 
production processes can also contribute to 
eutrophication and acidification, particularly if powered 
by non-renewable energy sources [75]. 

End-of-Life Scenarios 
End-of-life treatment significantly influences the overall 
sustainability of biodegradable polymers. Common EoL 
pathways include industrial composting, home 
composting, anaerobic digestion, mechanical recycling, 
and incineration with energy recovery. Among these, 
industrial composting under controlled temperature and 
humidity remains the most effective biodegradation route, 
particularly for PLA and PHA [76]. However, many 
biodegradable polymers fail to degrade efficiently in 

natural environments such as marine or soil ecosystems 
due to suboptimal conditions, leading to fragmentation 
rather than mineralization. Additionally, recycling streams 
may be contaminated by biodegradable polymers, 
affecting the quality of mechanically recycled materials if 
not properly separated. Hence, an integrated waste 
management strategy is essential for maximizing 
environmental benefits [77]. 

Toxicity and Ecotoxicity 
While biodegradable polymers are generally considered 
safe, their degradation products and additives 
(plasticizers, stabilizers, residual monomers) may pose 
toxicity and ecotoxicity risks [78]. Studies have shown that 
some PLA and PHA degradation byproducts, including 
lactic acid and 3-hydroxybutyrate, are non-toxic and 
naturally metabolized [79]. However, the presence of 
metal-based catalysts (tin or zinc compounds used in 
polymerization) or nano-reinforcements (nano-silver, 
nanoclays) can introduce adverse effects on aquatic and 
soil biota [80]. Moreover, the accumulation of microplastic-
like fragments from incomplete biodegradation may also 
disrupt trophic chains. Therefore, comprehensive 
ecotoxicological assessments, including bioassays on 
aquatic invertebrates, algae, and soil microorganisms, are 
crucial for evaluating the environmental compatibility of 
emerging biodegradable polymers [81]. 

Applications of Biodegradable Polymers 
Biodegradable polymers have garnered significant 
industrial and academic interest due to their potential to 
replace conventional petroleum-derived plastics across 
multiple sectors. Their ability to decompose via microbial, 
enzymatic, or hydrolytic mechanisms under natural or 
controlled environments renders them ideal for 
sustainable applications [82]. Recent advancements in 
material design, processing technologies, and composite 
formulation have further broadened their functional 
applications in packaging, agriculture, biomedicine, 
textiles, and consumer products [83].  

 
Table 1 
Overview of Biodegradable Polymers – Classification, Synthesis, Properties, and Applications 
Polymer Type Classification Chemical 

Formula  
Synthesis Route Degradation 

Process 
Major 
Applications 

Advantages Disadvantages 

Poly(lactic acid) (PLA) Aliphatic 
polyester 

(C3H4O2)n Ring-opening 
polymerization of 
lactide or direct 
polycondensation 
of lactic acid 

Hydrolysis 
followed by 
microbial 
degradation 

Packaging, 
biomedical 
implants, 
textiles, 3D 
printing 

Renewable 
source, 
compostable, 
high 
mechanical 
strength 

Brittle, low 
thermal 
resistance, 
slow 
degradation in 
natural 
environment 

Polyhydroxyalkanoates 
(PHA) 

Microbial 
polyester 

[O-CH(R)-
CH2-CO]n 

Fermentation of 
sugars or lipids 
using bacteria 
(e.g., Cupriavidus 
necator) 

Enzymatic 
and 
microbial 
degradation 

Packaging, 
agriculture 
films, drug 
delivery, tissue 
engineering 

Biocompatible, 
thermoplastic, 
fully 
biodegradable 

High 
production 
cost, variability 
in properties 

Starch-based Polymers Polysaccharide-
based 

(C6H10O5)n Blending or 
grafting with 
synthetic 
polymers; 
plasticization 

Enzymatic 
degradation 
by amylases 
and 
microbial 
action 

Packaging, 
agricultural 
mulch films, 
disposable 
tableware 

Abundant, 
low-cost, 
biodegradable 
under ambient 
conditions 

Poor 
mechanical 
strength, high 
water 
sensitivity 
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Polycaprolactone (PCL) Aliphatic 
polyester 

(C6H10O2)n Ring-opening 
polymerization of 
ε-caprolactone 

Hydrolysis 
followed by 
microbial 
action 

Drug delivery 
systems, tissue 
scaffolds, 
orthopedic 
devices 

Biocompatible, 
flexible, slow 
degradation 
(good for long-
term 
applications) 

Low melting 
point, slow 
degradation 
rate 

Cellulose Derivatives 
(e.g., cellulose acetate) 

Natural 
polymer 
derivative 

(C6H10O5)n 
with acetyl 
groups 

Chemical 
modification of 
cellulose using 
acetic anhydride 

Enzymatic 
degradation 
by cellulases 
and 
microbial 
breakdown 

Films, textiles, 
packaging, 
pharmaceuticals 

Renewable, 
biodegradable, 
good film-
forming ability 

Limited water 
resistance, 
requires 
modification 
for enhanced 
properties 

Polyglycolic acid (PGA) Aliphatic 
polyester 

(C2H2O2)n Ring-opening 
polymerization of 
glycolide 

Hydrolytic 
degradation 

Surgical sutures, 
tissue 
engineering 

High strength, 
fast 
degradation 
rate 

Brittle, high 
crystallinity, 
expensive 

Poly(butylene 
succinate) (PBS) 

Aliphatic 
polyester 

(C8H12O4)n Polycondensation 
of succinic acid 
and 1,4-
butanediol 

Hydrolytic 
and 
microbial 
degradation 

Packaging, 
mulch films, 
textiles 

Good 
mechanical 
properties, 
processable 

Costly, 
moderate 
degradation 
rate 

Chitosan Polysaccharide (C6H11NO4)n Derived from 
deacetylation of 
chitin 

Enzymatic 
(lysozyme) 
and 
microbial 
degradation 

Drug delivery, 
wound healing, 
food packaging 

Biocompatible, 
antimicrobial, 
film-forming 

Insoluble at 
neutral pH, 
limited 
mechanical 
strength 

Packaging 
The packaging industry remains the largest consumer of 
biodegradable polymers, particularly poly(lactic acid) 
(PLA), starch-based polymers, polyhydroxyalkanoates 
(PHA), and polybutylene succinate (PBS) [84]. These 
materials offer high transparency, processability, and 
barrier properties against moisture and gases, making 
them suitable for food packaging, films, trays, and 
disposable containers [85]. Active packaging systems 
integrating antimicrobial agents, oxygen scavengers, and 
nano-reinforcements further extend shelf life and reduce 
food spoilage. Biodegradable films are increasingly 
preferred for single-use applications, aligning with 
regulatory bans on non-degradable plastics [86]. 

Agriculture 
In agriculture, biodegradable polymers provide an eco-
friendly alternative to conventional polyethylene-based 
materials. Applications include mulch films, seed coatings, 
controlled-release fertilizers, and plant pots [87]. 
Biodegradable mulch films made from PLA, PCL, or starch-
based materials degrade naturally in soil, eliminating the 
need for post-harvest retrieval and disposal [88]. 
Moreover, biodegradable hydrogels and polymer-
encapsulated agrochemicals enhance water retention and 
nutrient delivery, contributing to sustainable agricultural 
practices [89]. PHA-based materials also show potential 
for biodegradable seedling trays and root protectors. 
Mulch films are biodegradable polymer sheets placed on 
the soil to retain moisture, suppress weeds, and protect 
crops [90].  

Biomedical Applications 
Biodegradable polymers have revolutionized biomedical 
engineering by enabling the design of temporary implants, 
drug delivery systems, and tissue engineering scaffolds 
[91]. Their biocompatibility, tunable degradation rates, 
and mechanical adaptability make them suitable for 
various clinical uses. PLA, PCL, and their copolymers 
(PLGA) are widely employed in resorbable sutures, 
orthopedic fixation devices, cardiovascular stents, and 
nanocarriers for drug/gene delivery [92]. Additionally, 

PHA and chitosan-based scaffolds promote cellular 
adhesion and tissue regeneration, making them suitable 
for bone, cartilage, and skin engineering. Innovations such 
as 3D-bioprinting and smart biodegradable polymers 
responsive to pH, temperature, or enzymes are expanding 
the scope of personalized medicine [93]. 

Textiles and Consumer Goods 
Biodegradable polymers are gaining traction in the textile 
and consumer goods sectors as sustainable alternatives to 
synthetic fibers. PLA-based fibers exhibit favorable 
mechanical strength, breathability, and moisture 
management, making them suitable for non-woven fabrics, 
sportswear, and hygiene products [94]. Similarly, starch 
and cellulose-derived polymers are used in biodegradable 
diapers, cosmetic packaging, and household items [55]. 
Consumer preference for eco-labeled products is also 
driving the adoption of biodegradable polymers in 
stationery, cutlery, furniture, and 3D-printed items. 
Continuous improvements in processing technologies, 
composite formulation, and durability control are 
facilitating wider commercial deployment [95]. 

Figure 
(a) Applications of Biodegradable Polymers; (b) 
Applications of Biodegradable Polymers in packaging; (c) 
Applications of Biodegradable Polymers in agriculture; and 
(d) Biomedical applications of Biodegradable Polymers. 
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CONCLUSION AND FUTURE DIRECTIONS 
Biodegradable polymers developed through green 
chemistry principles offer a sustainable solution to plastic 
pollution. Integrating renewable resources, 
environmentally benign synthesis, and circular economy 
strategies can enhance their ecological and functional 
performance. Despite current challenges, continued 
innovation and policy support are vital for their broader 
industrial usages and long-term environmental benefits. 
Using natural catalysts to polymerize monomers under 
mild conditions, this method offers energy savings and 
better control over polymer structure and degradation 
rates. Genetically modified microorganisms can produce 
bio-based monomers from renewable resources, enabling 
the shift from fossil-based to sustainable polymer 
production. Synthetic biology allows the design of 
microorganisms that produce custom monomers, making 
polymer production more scalable and cost-effective. 
These polymers can recover from damage, extending their 
usability, which is crucial for medical and packaging 
applications. Adding antimicrobial agents like silver 
nanoparticles enhances the material's usefulness in 
medical products, though it must not affect 

biodegradability. Introducing specific functional groups 
can improve polymer stability, adhesion, and interactions 
with biological systems, enhancing applications like drug 
delivery and tissue engineering. Integrating nanoparticles 
or graphene boosts the mechanical strength and thermal 
stability of biodegradable polymers, expanding their use in 
high-performance applications like drug delivery. 
Incorporating bioactive molecules such as growth factors 
or antimicrobial peptides makes these polymers ideal for 
biomedical uses, including wound healing and tissue 
regeneration. Combining biodegradable polymers with 
materials like hydrogels or conductive polymers can create 
systems that offer smart functionality, such as responsive 
implants or antimicrobial packaging. Regulatory 
frameworks from organizations like ASTM and ISO are 
needed to standardize biodegradable polymers, ensuring 
safety for medical, packaging, and consumer applications. 
Overcoming economic barriers such as higher production 
costs compared to conventional plastics—requires scaling 
up production and leveraging government incentives and 
consumer demand for sustainable products. As the 
demand for eco-friendly solutions grows, addressing the 
high cost of bio-based polymers and improving their 
performance will be critical for market success. 
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