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1. INTRODUCTION

Biodegradable polymers are a promising 
approach to solve environmental issues that 
arise with traditional plastics. They are 
subject to microbial degradation and can 
easily be degraded into harmless by-products 
such as carbon dioxide, water, and biomass 

[1]. These biodegradable polymers represent a 
sustainable choice by reducing the amount of 
plastic waste and limiting the harm to the 
environment. Biodegradable polymers are 
designed to avoid pollution, maintain natural 
resources, and progress towards a circular 
economy. Biodegradable polymers are 
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Abstract 

Biodegradable polymers present an environmentally safe alternative to 
reduce plastic waste by replacing traditional petroleum-based plastics. This 
review covered their classification, synthesis, properties, applications, and 
limitations, with examples of natural polymers, for example, starch and 
cellulose, and synthetic polymers like polylactic acid (PLA), 
polyhydroxyalkanoates (PHA), polybutylene succinate (PBS), and 
polycaprolactone (PCL). Different synthesis techniques, including bacterial 
fermentation, polymerization, and blending, were discussed for their 
advantages and disadvantages. These polymers have many uses in industry, 
including packaging, agriculture, biomedical applications, and textiles, but 
some limiting conditions exist, such as high processing costs, mechanical 
strength, and biological dependence for breakdown. To overcome these 
obstacles, a range of factors such as cheap feedstocks, genetic engineering, 
and improved processing, including green catalysts and nanocomposites, are 
worth investigating. It is also important to contextualize biodegradability in 
real-world cases that will shed light on the actual impact these polymers will 
have on the environment. If we continue this innovative research, amending 
policies, and work together as a sector, then biodegradable polymers will lead 
sustainable initiatives and drive us in the right direction towards a circular 
economy. 
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synthesized from renewable materials such 
as plant starch, cellulose, protein, and 
polyester from microbial fermentation.  

The most researched biodegradable polymers 
include polylactic acid (PLA), 
polyhydroxyalkanoates (PHA), polybutylene 
succinate (PBS), and polycaprolactone 
(PCL). Advances in polymer science and 
engineering have allowed these polymers to 
be modified for improved mechanical 
strength, thermal stability, and 
biodegradability for multiple applications.  

Biodegradable polymers can be found in uses 
such as packaging materials, agriculture, 
drug delivery systems, surgical sutures, and 
tissue engineering scaffolds. However, there 
are still some challenges like high production 
costs, low mechanical strength, and 
degradation in certain environmental 
conditions [2]. To counter these challenges, 
current research is aimed at designing low-
cost synthesis methods, enhancing polymer 
properties by blending and copolymerization, 
and improving the efficiency of 
biodegradation. 

The future of biodegradable polymers is in 
combining sophisticated biotechnological 
strategies with eco-friendly material design, 
with innovations like enzyme-catalyzed 
degradation, bio-based nanocomposites, and 
intelligent biodegradable polymers defining 
the next generation of sustainable materials. 
Government policies, industry efforts, and 
consumer consciousness are also 
contributing in a big way to encouraging the 
use of biodegradable polymers as an 
alternative to conventional plastics. 

Figure 1: Schematic representation of 
diverse biodegradable polymers and their 

applications [3]. 

1.1. Background and Context 

Plastics have played a major role in world 
pollution, with traditional petroleum-based 
polymers creating long-term environmental 
problems. Biodegradable polymers offer a 
solution that breaks down naturally, 
minimizing landfill build-up and ocean 
pollution [4]. These products are engineered to 
degrade through microbial activity, 
disintegrating into non-toxic by-products 
such as carbon dioxide, water, and biomass. 
The use of biodegradable materials is on the 
rise as a result of strict environmental 
regulations and consumer demand for 
environmentally friendly products. 

1.2. Objectives of the Study 

This review aims to: 

• To examine the different types of
biodegradable polymers.

• To discuss synthesis techniques and
material properties.
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• To analyze key applications in
various industries.

• To identify challenges and future
research directions. 

1.3. Importance of the Study 
• Mitigation of Plastic Pollution –

Biodegradable polymers minimize
the build-up of plastic waste in
landfills and oceans, solving
environmental issues worldwide.

• Promotion of Sustainable Material
Cycles – Naturally degradable
materials ensure a circular economy
and decrease long-term waste
management problems.

• Regulatory Compliance – More
government regulations on single-use
plastics render biodegradable options
indispensable for companies to
follow environmental policies.

• Support for Policymakers and
Researchers – A better grasp of
biodegradable polymers helps to
inform effective policies and research
towards better materials [5].

• Reduction of Fossil Fuel
Dependency – In contrast with
traditional plastics produced from
petroleum, biodegradable polymers
typically employ renewable raw
materials, minimizing dependence on
fossil fuels.

• Enhanced Consumer and Industry
Adoption – As sustainability is an
emerging market driver, companies
and consumers are turning to
environmentally friendly products,
propelling the need for biodegradable
materials.

2. CLASSIFICATION AND
PROPERTIES OF
BIODEGRADABLE POLYMERS 

Biodegradable polymers are classified into 
natural and synthetic polymers, each with 
distinct properties and mechanisms of 
degradation. Natural polymers such as starch, 
cellulose, and chitosan are environmentally 
friendly but possess lower mechanical 
strength. Synthetic polymers such as PLA, 
PHA, PBS, and PCL are specifically 
designed using chemical synthesis or 
microbial fermentation to have greater 
strength, flexibility, and durability but have 
to be degraded under controlled conditions 
[6]. They are applied in packaging, medical, 
and environmental applications. While 
natural polymers decay quickly by enzymatic 
hydrolysis, synthetic polymers need special 
conditions to degrade. Although synthetic 
biodegradable polymers have advantages, 
they experience problems such as high costs 
of production and reduced degradation, and 
hence research on hybrid materials for 
sustainability. 

2.1. Types of Biodegradable Polymers 

Biodegradable polymers can be divided into 
two main categories: natural biodegradable 
polymers and synthetic biodegradable 
polymers. These materials have been highly 
sought after as they can break down naturally 
to non-toxic by-products, thus lowering 
environmental pollution. Their sources, 
characteristics, and mechanism of 
degradation 

 Natural Biodegradable Polymers

Natural biodegradable polymers are obtained 
from renewable biological resources like 
plants, animals, and microorganisms. Some 
of these include starch, cellulose, and 
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chitosan, which are used extensively because 
they are biodegradable and environmentally 
friendly. Starch, which is derived from crops 
like corn, potatoes, and rice, is used 
extensively in packaging films and 
biodegradable plastics. Cellulose, the most 
common natural polymer, occurs in plant cell 
walls and is utilized in paper, textiles, and 
biomedical materials. Chitosan, which is 
obtained from chitin in the exoskeletons of 
crustaceans such as shrimp and crabs, is 
known for its biocompatibility and 
antimicrobial activity and is utilized in 
medical and pharmaceutical applications [7]. 

These biopolymers decompose by microbial 
activity, undergoing breakdown into the 
simpler compounds carbon dioxide, water, 
and biomass. Enzymatic hydrolysis is very 
important in decomposing them and thus 
making them compostable and eco-friendly 
disposed of. Despite this, the natural 
polymers tend to possess weaker mechanical 
characteristics, restricting them to 
applications involving high performance. To 
counter these, they tend to be used in 
combination with synthetic polymers or 
filled up with fillers to improve strength and 
durability. 

 Synthetic Biodegradable Polymers:

Synthetic biodegradable polymers, including 
polylactic acid (PLA), 
polyhydroxyalkanoates (PHA), polybutylene 
succinate (PBS), and polycaprolactone 
(PCL), are synthesized by controlled 
chemical synthesis or microbial 
fermentation. These polymers possess certain 
mechanical, thermal, and degradation 
properties, which suit them for wide 

industrial applications. PLA, sourced from 
renewable material such as corn starch or 
sugarcane, is extensively investigated and 
commercially exploited because of their 
good mechanical property, transparency, and 
biocompatibility. But it needs controlled 
composting conditions for effective 
degradation. PHA, produced by bacterial 
fermentation of biodegradable carbon 
sources, is a completely biodegradable and 
biocompatible substitute for petroleum-based 
plastics, but its high cost of production is an 
impediment to its widespread commercial 
use [8]. 

PBS, obtained via polycondensation of 
succinic acid and butanediol, is flexible and 
thermally stable and is a good alternative for 
short-term use. PCL, which is biodegradable 
polyester, finds application in drug delivery 
systems for controlled drug release, tissue 
engineering scaffolds, and biodegradable 
plastics. In spite of being biodegradable, it 
degrades under natural conditions very 
slowly and needs enzymatic activity to break 
down effectively. Hybrid material consisting 
of natural and synthetic polymers is being 
created to ensure maximum performance 
with environmental sustainability.  

Synthetic biodegradable polymers ensure 
better mechanical properties and stability 
than natural polymers. Nevertheless, they 
sometimes need controlled disposal 
conditions, like industrial composting or 
enzymatic breakdown, to ensure successful 
biodegradation. With advancing research, 
attempts are being made to create hybrid 
materials using natural and synthetic 
polymers to maximize performance with 
environmental sustainability. 
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Table 1: Classification of Biodegradable Polymers [9].

Type Example Source Biodegradation Mechanism 

Natural Starch, Cellulose, Chitosan Plant-based Enzymatic hydrolysis 

Synthetic PLA, PHA, PBS, PCL Microbial fermentation 
or chemical synthesis 

Microbial degradation 

2.2. Properties of Biodegradable Polymers 

Biodegradable polymers have a wide variety 
of properties that influence their performance 
and applicability in different uses. These 
properties can be categorized into four 
groups: physical, mechanical, thermal, and 
degradation properties. The knowledge of 
these properties is essential for the 
optimization of biodegradable materials for 
packaging, medical, agricultural, and 
environmental use. 

 Mechanical Strength

Mechanical properties establish how a 
biodegradable polymer reacts when forces 
are applied to it, its resilience, and structural 
integrity. Three important mechanical 
features are tensile strength, flexibility, and 
durability. 

• Tensile Strength: Tensile strength is
the highest tension that a material will 
endure being elongated or drawn. 
Such natural biodegradable polymers 
as starch and cellulose contain lesser 
tensile strength than manufactured 
polymers as PLA and PCL, for which 
mechanical solidity is engineered in 
stronger forms [10]. 

• Flexibility: Highly flexible 
biodegradable polymers such as PBS 
and PCL are ideal for use in medical 
devices such as sutures and flexible 

packaging, whereas PLA is relatively 
rigid and brittle unless plasticized or 
mixed with other polymers. 

• Durability: Biodegradable polymers
such as polyhydroxyalkanoates
(PHA) are very resistant and
biodegradable and are thus well
suited for long-term use in
applications such as biomedical
implants and disposable consumer
goods, as they can tolerate repeated
mechanical stress without
appreciable performance loss.

 Thermal Properties

The thermal characteristics of biodegradable 
polymers are critical for their processing, 
storage, and use. Important thermal 
properties are melting points, glass transition 
temperatures, and heat resistance. 

• Melting Point: The melting point of
a polymer will decide when it goes
from solid to liquid state. PLA,
having a high melting point (150-
180°C), is best for thermal stability
fields such as 3D printing, whereas
PCL, having a low melting point
(~60°C), is fit for controlled drug
release and medical uses in hot
environments.

• Glass Transition Temperature
(Tg): The temperature of transition of
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polymer (Tg) is that at which the 
polymer changes from hard, glassy to 
soft, flexible [11]. PHA is flexible at -
30°C and PLA becomes brittle at 
55°C. 

• Heat Resistance: Thermally stable
biodegradable polymers such as
cellulose derivatives and PHAs
provide superior heat resistance,
withstanding high temperature
applications. Yet, starch bioplastics
lack thermal stability and can become
deformed by heat unless chemically
altered or processed with heat-
resistance polymers.

 Degradation Behavior

The biodegradability of polymers is based on 
whether they can degrade into non-toxic by-
products under certain environmental 
conditions. A number of factors affect the rate 
of degradation, such as microbial activity, 
humidity, temperature, and chemical 
composition. 

• Environmental Conditions:
Biodegradable polymers undergo
degradation at varied rates depending
on their surroundings. PLA and PBS
degrade effectively under industrial

composting conditions through high 
temperatures and microbial action, 
whereas PHA and cellulose-derived 
polymers undergo faster degradation 
in soil and sea environments with 
naturally occurring microbes [12]. 

• Enzymatic Degradation: 
Biodegradable polymers like chitosan 
and starch, which are natural, 
undergo breakdown through 
enzymatic hydrolysis, where the 
polymer chain is degraded into 
smaller molecules by the action of 
enzymes. Synthetic polyesters like 
PCL and PLA degrade mainly by 
hydrolysis and, subsequently, 
microbial activity. 

• Moisture and Oxygen Sensitivity:
Hydrophilic polymers such as starch-
based bioplastics can be broken down
by moisture, while hydrophobic
polymers such as PCL and PHAs
degrade more slowly in the absence
of moisture. The degradation process
is also influenced by the availability
of oxygen, with aerobic conditions
promoting the fast degradation of
PLA, whereas anaerobic conditions
do not promote degradation.

Table 2: Comparison of Natural and Synthetic Biodegradable Polymers [13]. 

Property Natural Polymers  
(e.g., Starch, Cellulose) 

Synthetic Polymers  
(e.g., PLA, PHA) 

Source Renewable (plants, 
animals) 

Chemically synthesized or 
microbially produced 

Biodegradability Fast degradation Slower degradation than natural 
polymers 

Mechanical Properties Generally weak Stronger, tunable properties 
Processing Cost Lower Higher due to complex synthesis 

Environmental Impact Fully biodegradable, 
eco-friendly 

Requires controlled disposal 
conditions 
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3. METHODOLOGIES AND 
FINDINGS 

Bacterial fermentation, polymerization, and 
blending techniques have resulted in the 
generation of biodegradable polymers for 
purposes of improving mechanical and 
thermal qualities and increasing 
sustainability. Polyhydroxyalkanoates 
(PHAs) are an example of the type of 
polymers produced through bacterial 
fermentation but have not seen widespread 
usage on larger scales due to high production 
costs [14]. In order to impart beneficial 
mechanical properties, polylactic acid (PLA) 
and polybutylene succinate (PBS) are being 
produced through polymerization methods 
such as ring-opening polymerization (ROP) 
and polycondensation. Mixing biodegradable 
polymers with renewable fillers, e.g., starch 
and cellulose, increases performance but 
needs to be optimized. Biodegradable 
polymers have a vital role to play in 
environmental sustainability, especially in 
packaging, agriculture, and the biomedical 
sector. They minimize plastic waste, enhance 
soil fertility, and offer nature-friendly 
substitutes for applications in medicine, e.g., 
sutures and drug delivery systems. 
Nonetheless, cost, scalability, and 
performance limitations pose problems, 
necessitating continued research in 
fermentation efficiency, catalyst 
optimization, and material compatibility in 
order to enhance commercial feasibility. 

3.1. Synthesis and Processing Techniques 

Biodegradable polymers are manufactured 
by bacterial fermentation, polymerization 

methods, and blending or composite 
development. Bacterial fermentation yields 
polyhydroxyalkanoates (PHAs), a family of 
biodegradable polymers that are highly 
biocompatible and biodegradable. Large-
scale production is, however, limited by 
expensive costs and fermentation conditions. 
Polymerization methods such as ring-
opening polymerization (ROP) and 
polycondensation are critical for the 
generation of favourable mechanical and 
thermal properties [15]. Blending and 
composite formation enhance the 
characteristics of biodegradable polymers by 
the addition of natural fillers such as 
cellulose, starch, and chitosan or the blending 
of various biodegradable polymers. 
Nevertheless, limitations such as lowered 
mechanical strength in starch-PLA blends 
and increased interfacial adhesion in hybrid 
materials persist. Current research is centered 
on enhancing the efficiency of fermentation, 
optimizing catalysts for polymerization, and 
creating more effective compatibilizers and 
fillers for composite materials. 

3.1.1. Bacterial Fermentation 

Bacterial fermentation is a popular means of 
making polyhydroxyalkanoates (PHAs), 
which are a type of biodegradable polymer 
made by microorganisms [16]. PHAs are 
produced through microbial fermentation 
using renewable carbon sources like sugars, 
vegetable oils, and agriculture by-products. 
For example, Cupriavidus necator, 
Pseudomonas sp., and Bacillus sp. each store 
PHAs inside of the cell as granules when the 
organism is in carbon-rich, nutrient-limited 
conditions. The polymers serve as energy 
storages for the microorganism, and when 
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harvested can be used for industrial 
production. 

One of the greatest strengths of PHAs lies in 
their strong biocompatibility and 
biodegradability. In contrast to traditional 
plastics, PHAs degrade naturally in various 
environments, from soil to sea ecosystems, 
without producing toxic residues. Because 
they are biocompatible, PHAs find valuable 
applications in the medical field, including 
surgical threads, drug release systems, and 
tissue engineering scaffolds. PHAs are also 
applied in biodegradable packing materials 
and crop films, which provide a viable 
alternative to plastics derived from 
petroleum. 

Even with their promising properties, large-
scale PHA production is presently hindered 
by high production costs [17]. The 
fermentation process calls for target-specific 
bacterial strains, well-controlled 
environmental conditions, and high-value 
carbon feedstocks, which are more expensive 
compared to conventional plastic production. 
In addition, the extraction and purification 
steps entail the use of solvents or enzymatic 
hydrolysis, increasing the total production 
costs. In order to address these issues, 
researchers are looking at low-cost 
feedstocks, genetically modified bacteria to 
produce more PHA, and novel extraction 
technologies to render bacterial fermentation 
an economical process for producing 
biodegradable polymers. 

Table 3: Summary of Literature on Biodegradable Polymers [18]. 

Author Name Topic Covered Research Study Title 
Mohanty et al. 

[19](2022)  
Advancements in sustainable polymer development 
and biodegradable materials for reducing plastic 
pollution. Discussed synthesis techniques like 
bacterial fermentation and polymer blending, as well 

as challenges in commercial viability. 

Sustainable Polymers 

Moshood et al. 
[20](2022)  

Innovations in biodegradable plastic applications for 
sustainability, focusing on their use in packaging, 
agriculture, and biomedical sectors. Addressed high 
production costs and the need for improved 

processing techniques. 

Biodegradable Plastic 
Applications Towards 
Sustainability: A Recent 
Innovation in the Green 

Product 
Omerović et al. 

[21](2021)  
Integration of antimicrobial nanoparticles with 
biodegradable polymer composites for active food 
packaging. Examined their effectiveness in extending 
food shelf life and microbial contamination reduction 

while raising concerns about nanoparticle toxicity. 

Antimicrobial Nanoparticles 
and Biodegradable Polymer 
Composites for Active Food 

Packaging Applications 

Patwary et al. 
[22](2020)  

Properties and applications of biodegradable 
polymers, focusing on structural characteristics, 
degradation mechanisms, and practical uses. 
Suggested material modifications and hybrid 

composites to enhance polymer effectiveness. 

Properties and Applications 
of Biodegradable Polymers 

Qin et al. 
[23](2021)  

Transition of biodegradable plastics into 
biodegradable microplastics and their environmental 

A Review of Biodegradable 
Plastics to Biodegradable 
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implications. Raised concerns about degradation 
products potentially posing ecological risks, 
particularly in soil environments. Recommended 

long-term studies on environmental impact. 

Microplastics: Another 
Ecological Threat to Soil 

Environments? 

3.1.2. Polymerization Techniques 

Polymerization methods are very essential in 
the manufacture of biodegradable polymers, 
enabling one to obtain materials with the 
required mechanical, thermal, and 
degradation characteristics. Ring-opening 
polymerization (ROP) and polycondensation 
are among the most common polymerization 
methods for biodegradable polymers. 

Ring-opening polymerization (ROP) of 
polylactic acid (PLA), which is one of the 
most widely applied biodegradable 
polymers, is a very effective synthetic route 
[24]. It's a process of lactide monomer 
polymerization, which is obtained by 
fermentation of plant-derived sugars to lactic 
acid, a renewable feedstock. ROP is the 
preferred method because it produces high 
molecular weight PLA with improved 
mechanical features and thermal stability, 
and also allows better control over the 
molecular structure of the polymer, its 
crystallinity, and degradation rate, making 
PLA useful in areas such as biomedical 
implants, packaging, and fibers.  

ROP is typically catalyzed by a compound, 
e.g., tin (II) octoate, which facilitates the
polymerization reaction. On the other hand,
polycondensation is a widely used method of
synthesizing polybutylene succinate (PBS), a
biodegradable polymer known for its high
flexibility and tensile strength. PBS is the
result of the condensation reaction between
succinic acid and 1,4-butanediol resulting in

long poly(ester) chains with ester linkages. 
This process has tunable mechanical 
properties such that PBS has useful 
applications in biodegradable films, food 
packaging, and agriculture [25]. The 
advantage of polycondensation is that it 
allows the mechanical performance of the 
polymer to be enhanced by modifying the 
reaction conditions, e.g., temperature, 
pressure, and the catalyst, accordingly.  

While each of ROP and polycondensation 
involves successful polymerization process, 
their efficiencies and economic feasibility 
depend on feedstocks, reaction conditions 
and scaling of the process. Researchers are 
still looking for catalyst’s development, new 
sources of monomers and sustainable 
solvents to strengthen sustainability and 
economics of these polymerization 
processes.  

3.1.3. Blending and Composite 
Formation 

The processing of biodegradable polymers 
using blending and composite development 
approaches is well established to develop 
materials with enhanced mechanical strength 
and biodegradability, as well as overall 
performance. This involves blending 
biodegradable polymers with natural fillers 
or other polymers to create materials that 
exhibit improved properties for a wide range 
of suitable applications (e.g., packaging, 
biomedical implants, agricultural films, etc.). 

One approach is to use natural fillers (e.g., 
cellulose, starch, and chitosan) in 
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biodegradable polymer matrices [26]. These 
fillers enhance the polymer structure, 
increase the rate of biodegradation, and 
reduce the cost of the finalized product. For 
example, the addition of starch to polylactic 
acid (PLA) can improve biodegradability 
while maintaining tensile strength and 
flexibility. Cellulose nanofibers are similarly 
introduced into biodegradable polymers to 
improve mechanical strength and water 
resistance, particularly applicable for food 
packaging and disposable utensils. These 
natural fillers also allow for microbial 
degradation, meaning that these materials 
will degrade more easily in the environment. 

A frequent strategy is the development of 
hybrid materials in which both synthetic and 
naturally-occurring biodegradable polymers 
are combined with the purpose of combining 
good mechanical performance with 

sustainability. For example, PLA blended 
with either polyhydroxyalkanoates (PHA) or 
polybutylene succinate (PBS) results in a 
hybrid material that exhibits improved 
flexibility, toughness and heat stability. The 
hybrid approach is particularly attractive for 
applications requiring both strength and 
biodegradability, such as biomedical sutures, 
biodegradable bags, or biodegradable films 
[27]. 

Blending and composite forming techniques 
not only augment the physical and 
mechanical properties of biodegradable 
polymers but also aid in reducing dependence 
on petrochemical-based plastics. Current 
research seeks to develop bio-based 
compatibilizers, enhance dispersion of fillers, 
and enhance interfacial adhesion to ensure 
further increases in efficiency, durability, and 
industrial scale-up of these green materials. 

Table 4: Common Synthesis Methods and Applications [28]. 

Method Polymer Advantages Limitations 

Fermentation PHA Biocompatible, renewable Expensive production 

ROP PLA Good mechanical properties Brittle nature 

Polycondensation PBS High flexibility Requires high temperatures 

Blending PLA-starch blends Cost-effective Reduced mechanical strength 

3.2. Applications in Environmental 
Sustainability 

Biodegradable polymers are becoming 
increasingly popular as sustainable 
substitutes for common plastics in packaging, 
agriculture, biomedical, and textile 
applications. They degrade naturally by 
microbial action, improving crop yield and 
minimizing soil pollution. Biodegradable 

mulch films and slow-release fertilizers also 
improve crop yield and microplastic 
contamination. Biodegradable polymers also 
find applications in biomedical applications 
such as sutures and tissue engineering 
scaffolds [29]. In the fashion industry, 
biodegradable coatings and fibers substitute 
petroleum-based fibers, cutting down on 
microplastic contamination and sustainable 
fashion. With rising consumer consciousness 
and regulation, R&D in biodegradable 

56



J. Pharm. Res. Integr. Med. Sci.    Mandle et al.  

 

Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS) 
 ISSN: 3049-1681 | Vol. 02 Issue 03, March 2025 | pp. 47-64 

J. Pharm. Res. Integr. Med. Sci.  https://aktpublication.com/index.php/jprims/index

Journal of Pharmaceutical Research and Integrated Medical Sciences (JPRIMS) 
ISSN: 3049-1681, Vol. 02, No. 03, 2025 (pp.  47-64) 

polymers keeps advancing efficiency, 
strength, and usability, leading to a greener 
future. 

3.2.1. Packaging Industry 

Packaging industry is among the largest users 
of biodegradable polymers such as 
biodegradable films, shopping bags, and food 
containers. These products provide an 
environmentally friendly option over 
traditional plastic trash, degrading naturally 
by microbial action and leaving little residue 
in the environment. Biodegradable films, 
produced from polymers such as PLA, PHA, 
and starch-based products, find extensive 
application in food packaging, agriculture 
mulching, and disposable packaging. They 
degrade in a matter of months, drastically 
curbing plastic pollution [30]. 

Biodegradable shopping bags, produced 
using PLA, PBS, or starch-based polymers, 
break down faster when exposed to water, 
microorganisms, and heat, and are suitable 
for composting and minimizing landfill 
waste. Governments and companies globally 
have enacted regulations encouraging the use 
of biodegradable shopping bags to limit 
plastic waste build-up. 

Biodegradable food packaging, made from 
PLA, bagasse, and PHA, is resistant to heat 
and durable, while being safely disposable 
and biodegradable. They are now being used 
by restaurants, catering businesses, and 
takeout packages, helping reduce the use of 
single-use plastic worldwide. 

Biodegradable polymers are likely to have a 
significant role in the future of eco-friendly 
packaging, with research ongoing to enhance 
material properties, cost-effectiveness, and 
commercial-scale manufacturing for the 

boosting of the use and efficiency of 
biodegradable packaging globally. 

3.2.2. Agriculture 

Biodegradable polymers are being applied in 
agriculture more and more, specifically in 
mulch films and slow-release fertilizers [31]. 
These materials help promote eco-friendly 
farming techniques by increasing the yield of 
crops, conserving soil quality, and reducing 
pollution in the environment. In contrast to 
conventional plastic products, biodegradable 
versions break down in nature, with no need 
for expensive removal and disposal. Mulch 
films, which are produced using polylactic 
acid (PLA), starch blends, and polybutylene 
succinate (PBS), provide a more 
environmentally friendly option through the 
natural breakdown in the soil via microbial 
activity, increasing soil fertility and 
decreasing the cost of labor for film removal. 

Controlled-release fertilizers (CRFs) are 
another significant application of 
biodegradable polymers. Conventional 
fertilizers often lead to nutrient leaching, 
causing soil degradation and water 
contamination. Coatings based on 
biodegradable polymers like 
polyhydroxyalkanoates (PHAs) and 
polycaprolactone (PCL) give slow and 
consistent release of nutrients into soil, 
maximizing plant nutrient uptake, increasing 
crop yield, and minimizing loss of nutrients 
to water bodies [32]. 

Biodegradable polymers naturally degrade, 
thus eliminating soil pollution and 
microplastic accumulation. Traditional 
plastic waste from mulch films and coatings 
on fertilizers can persist in the environment 
for decades, causing the death of soil 
microbes and reducing soil fertility. 
Biodegradable polymer-based products are 
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gaining popularity as consumers require 
more environmentally friendly agricultural 
practices and environmental regulations 
tighten. 

3.2.3. Biomedical Applications 

Biodegradable polymers have revolutionized 
the biomedical field by introducing new 
solutions in sutures, drug delivery systems, 
and tissue engineering scaffolds. The 
materials are important in minimally invasive 
therapy, drug-controlled release, and 
regenerative medicine, presenting 
biocompatibility and controlled degradation 
appropriate for medical applications. 
Biodegradable sutures made up of 
polyglycolic acid (PGA), polylactic acid 
(PLA), or polycaprolactone (PCL) degrade in 
the body naturally, eliminating the need for 
secondary surgery to remove them and 
reducing long-term adverse effects. 
Biodegradable polymers are used in drug 
delivery systems as well, where they are used 
as carriers in controlled and sustained drug 
release. These systems are particularly 
beneficial in chemotherapy, antibiotic 
administration, and vaccine administration, 
where precise dosing over an extended period 
is important [33]. 

In tissue engineering, the biodegradable 
scaffolds of polymer serve as a temporary 
structure for tissue regeneration, cell 
proliferation, and cell attachment. These are 
developed from collagen, PLA, or 
polyhydroxyalkanoates (PHAs), which play 
an ECM-mimicking function inducing tissue 
growth and cell growth. The scaffold 
eventually gets spontaneously dissolved 
while it gets absorbed in the body without 
resulting in immune rejection. Biodegradable 
polymers have a significant advantage in 
biomedical applications, as they can degrade 

at controlled rates, which can be adjusted to 
suit healing processes or therapeutic needs. 
Researchers are still working on these 
materials to make them more effective and 
safer for medical use. 

3.2.4. Textile Industry 

The textile industry is shifting towards 
biodegradable polymers as more 
environmentally friendly options compared 
to traditional synthetic clothes. Synthetic 
materials like polyester and nylon are 
petroleum-based materials that contribute to 
microplastic pollution and landfills wastage. 
Biodegradable polymers offer a sustainable 
option as they easily degrade in nature and 
provide sustainable fashion. 

Biodegradable polymers are used in the 
production of eco-friendly fibers, such as 
polylactic acid (PLA),
polyhydroxyalkanoates (PHAs), and 
regenerated cellulose [34]. The fibers ensure 
breathability, moisture transport, and 
durability, thus an appropriate substitute for 
consumers seeking eco-friendly clothing. 
Biodegradable polymer-based coatings, such 
as chitosan, alginate, and bio-based 
polyurethane, also provide eco-friendly 
alternatives, reducing chemical residue and 
pollution during production and textile 
disposal. 

Biodegradable polymers also reduce the 
reliance on fossil fuels, as they are derived 
from renewable plant-based feedstocks. This 
shift lowers carbon emissions and allows for 
a circular economy, as garments can be 
composted or recycled in a more efficient 
manner. The increasing demand for 
sustainable and responsible fashion has 
accelerated the adoption of biodegradable 
textiles, with innovations such as 
biodegradable sneakers, compostable 
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packaging, and bio-based dyeing processes 
enhancing the sustainability of the sector. 
With technology and research continuing to 
advance, the use of biodegradable polymers 
in textiles is expected to grow, offering a 
potential solution to the environmental 
challenges of the fashion sector. 

Table 5: Applications of Biodegradable 
Polymers in Sustainability [35]. 

Industry Application Benefits 

Packaging Bags, food 
containers, 

films 

Reduces 
landfill waste, 

compostable 
Agriculture Mulch 

films, 
controlled-

release 
fertilizers 

Decomposes 
naturally, 

minimizes soil 
pollution 

Biomedical Sutures, 
drug 

delivery, 
scaffolds 

Biocompatible, 
controlled 

degradation 

Textile Eco-friendly 
fibers, 

coatings 

Reduces 
petroleum-

based fibers 
usage 

4. DISCUSSION

The discussion section describes the role of 
biodegradable polymers in limiting plastic 
pollution and promoting sustainability in 
packaging, agricultural, and health care 
sectors. It discusses synthesis processes like 
bacterial fermentation, polymerization, and 
blending, with their advantages and 
disadvantages [36]. Biodegradable polymers 
are essential for curbing microplastic build-
up and complying with governance policies, 
but their application is marred by high 
manufacturing costs. The future research 

must target cost-effective PHA synthesis, 
improving mechanical properties, hybrid 
composite development, and optimizing 
processing using green catalysts and 
sustainable solvents. Complete 
biodegradability studies under real-world 
conditions are also necessary to confirm their 
environmental implications. 

4.1. Interpretation and Analysis 

This sub-section critically evaluates the 
synthesis, properties, and applications of 
biodegradable polymers with focus on key 
techniques such as bacterial fermentation, 
polymerization (ROP and polycondensation), 
and blending. Each of these techniques has its 
own strengths and weaknesses; for example, 
PHAs produced by fermentation are very 
biocompatible but costly, ROP provides high 
control over PLA properties but requires 
modification to address brittleness, and 
blending enhances mechanical strength but 
complicates compatibility [37]. Biodegradable 
polymers find applications in packaging, 
agriculture, and biomedical uses, offering 
sustainable options to petroleum-derived 
plastics. Their utility, however, is dependent 
on degradation rates, cost, and scalability. 
Although they are sustainable, issues with 
performance persist, including reduced 
mechanical strength, high production cost, 
and processing constraints. For instance, 
PLA-starch blends improve biodegradability 
but compromise mechanical strength, and 
PBS is prepared at high temperatures, 
increasing the cost. 

4.2. Implications and Significance 

This section examines the wider effect of 
biodegradable polymers on industry and 
sustainability. 
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• Environmental Impact:
Biodegradable polymers play a 
significant role in controlling plastic 
pollution because they degrade 
naturally by microbial action [38]. 
Their application in packaging and 
agriculture assists in lowering soil 
and water pollution. Biodegradable 
shopping bags and mulch films assist 
in preventing microplastic 
accumulation in the environment. 

• Industrial Significance:
Biodegradable products are 
beneficial for industries such as food 
packaging, pharmaceuticals, and 
textiles. Their application in sutures, 
drug delivery, and compostable 
packaging is supportive of world 
sustainability. The transition to 
biodegradable alternatives supports 
regulatory policies that encourage 
reduced plastic usage [39]. 

• Economic Considerations: 
Although they are beneficial, 
biodegradable polymers are 
economically disadvantaged due to 
higher production costs compared to 
conventional plastics. Improvements 
in fermentation efficiency, catalyst 
optimization, and renewable 
feedstocks can improve commercial 
competitiveness and reduce costs of 
production. 

4.3. Gaps and Future Research Directions 
• Cost Reduction Strategies: 

Increased cost of production in PHA 
synthesis discourages 
commercialization; the focus needs to 
be on low-cost feedstocks and genetic 
engineering for better yield. 

• Material Optimization: Improving
mechanical properties, interfacial
adhesion, and creating hybrid
composites for improved flexibility,
strength, and degradation control [40].

• Advanced Processing Techniques:
Investigating emerging
polymerization strategies, sustainable
catalysts, and environmentally
friendly solvents for scalable and
efficient manufacture.

• Long-term Biodegradability
Studies: Performing actual
environment degradation tests in
marine and landfill environments to
evaluate true environmental effects.

5. CONCLUSION

Biodegradable polymers represent a green 
alternative to traditional plastics with 
substantial environmental advantages by 
mitigating plastic pollution and facilitating 
green material innovation. This review 
discussed their categorization, methods of 
synthesis, behavior, and industry applications 
in packaging, agriculture, biomedical, and 
textiles. Although these polymers have great 
potential, difficulties with high production 
costs, inferior mechanical properties, and 
condition-dependent degradation hinder 
large-scale implementation. Improvements in 
low-cost feedstocks, gene modification, and 
environmentally friendly process 
technologies are instrumental in making 
them more commercially feasible. Long-term 
biodegradation studies must be conducted to 
predict their actual effect on the environment 
under practical scenarios. Enhanced 
synergies among research, industry, and 
policy decision-makers will fast-track 
innovation and large-scale applications. By 
overcoming these issues, biodegradable 
polymers can become central to meeting 
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sustainability objectives, diminishing 
reliance on fossil fuels, and moving towards 
a circular economy. 

5.1. Summary of Main Insights and 
Conclusions 

This review points out the critical 
contribution of biodegradable polymers 
towards ensuring environmental 
sustainability through presenting 
environmentally friendly alternatives to 
petroleum-derived plastics. The research 
analyzes crucial synthesis methods like 
bacterial fermentation, ring-opening 
polymerization (ROP), polycondensation, 
and blending of polymers, each with specific 
merits and drawbacks. Although PHAs are 
highly biocompatible, their expense of 
production restricts commercialization. PLA, 
although very common, needs to be altered to 
counter brittleness, and polymer blending, 
although enhancing mechanical strength, 
tends to pose compatibility problems. 
Biodegradable polymers are used in 
packaging, agriculture, and medicine, 
reducing plastic pollution and supporting 
regulatory policies. High production costs, 
mechanical performance, and processing are 
still major impediments to universal 
acceptance. 

5.2. Reiteration of the Importance of the 
Review 
• Rising Plastic Waste Concern:

Rising plastic waste issues around the
world require sustainable solutions.

• Significance of Biodegradable
Polymers: Crucial for minimizing
environmental footprint and ensuring
sustainability.

• Comprehensive Evaluation: The
review analyzes synthesis

procedures, material characteristics, 
usage, and shortcomings. 

• Potential for Plastic Replacement:
Emphasizes the ability of
biodegradable polymers to replace
traditional plastics.

• Identification of Research Gaps:
Hinges on cost minimization,
material development, and studies on
biodegradability.

• Foundation for Future
Advancements: Serves as a guide for
enhancing biodegradable polymer
technology.

• Enhancing Commercial Viability:
Addressing key challenges can boost
industrial adoption.

• Strengthening Environmental and
Industrial Impact: Breaking barriers
will increase sustainable material
uses.

5.3. Recommendations 
• Cost-Effective Feedstocks: Use

agricultural residue and renewable
resources to reduce costs.

• Genetic Modifications: Increase
bacterial strains to produce higher
yields of PHAs and more efficient
production.

• Advanced Polymerization
Techniques: Develop new methods
with green catalysts and eco-friendly
solvents for green production.

• Material Optimization: Improve the
mechanical properties, interfacial
adhesion, and form hybrid
composites with enhanced strength
and controlled biodegradation.

• Long-Term Biodegradability
Studies: Test real-world degradation
in marine and landfill conditions to
confirm environmental implications.
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• Industry-Research-Policy
Collaboration: Strengthen
interaction between researchers,
industries, and policymakers to push
innovation and commercialization.

• Large-Scale Adoption: Develop
strategies to scale up the application
of biodegradable polymers in
packaging, agriculture, healthcare,
and other industries.
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