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Abstract

Biodegradable plastics have emerged as a pivotal innovation in addressing the escalating environmental concerns associated
with conventional plastics. Their unique properties, including biocompatibility and controlled degradation, make them highly
suitable for various biomedical applications such as drug delivery systems, tissue engineering scaffolds, and implantable
devices. Despite their promise, significant challenges persist, including inconsistent biodegradation rates in physiological
environments, limited mechanical strength, and high production costs. Furthermore, regulatory hurdles and the need for
scalable manufacturing processes impede their widespread adoption. However, advancements in polymer synthesis,
nanotechnology integration, and biofabrication techniques present immense opportunities to enhance their performance and
applicability. This review explores the latest trends, challenges, Regarding the biomedical field's possibilities for biodegradable
polymers, highlighting the necessity of multidisciplinary research to fully realize their promise in healthcare.
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Introduction

Biodegradable plastics are a class of materials designed to
decompose naturally into environmentally benign substances,
such as water, carbon dioxide, and biomass, through the action
of microorganisms. Biodegradable plastics have emerged as a
pivotal solution, offering advantages in applications such as
drug delivery systems, surgical implants, and tissue engineering
scaffolds. These materials combine the dual benefits of eco-
friendliness and tailored performance, aligning with the growing
global emphasis on green innovation, “underscores that the
integration of A paradigm change in healthcare procedures
could result from the use of biodegradable plastics in medical
equipment, which could transform patient care while also
meeting environmental aims.

Research shows that biodegradable polymers can help reduce
persistent waste in the environment and support circular
material flows. Sustainable polymers, which are made from
renewable biomass like starch, cellulose, or polylactic acid,
offer a significant reduction in environmental impact by
integrating biodegradable or recyclable features®. Adoption of
sustainable polymers is also fueled by legislative and economic
forces. Globally, governments and organizations are enacting
strict laws to reduce plastic waste, such as prohibitions on
single-use plastics and incentives for eco-friendly products.
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Industries are compelled to innovate, as consumers increasingly
prefer eco-friendly products. Sustainable polymers provide a
competitive advantage by aligning with these evolving market
and policy demands. A study notes, Legislative measures have
been pivotal in accelerating the research and adoption of
biopolymers, ensuring compliance with future mandates®.

Systems for Drug Delivery: Polymers that can encapsulate
therapeutic compounds, have biocompatibility, and have
programmable degradation rates, such polylactic acid (PLA) and
polyglycolic acid (PGA), are essential for controlled medication
release.

These polymers form matrices or microspheres that gradually
degrade in vivo, releasing drugs at a predictable rate to maintain
therapeutic concentrations over extended periods. PLA, known
for its slow degradation, is ideal for long-term drug delivery,
while PGA, which degrades faster, suits applications requiring
rapid release. A study highlights, PLA and PGA-based systems
enhance drug efficacy by providing controlled release and
minimizing systemic toxicity®. Research notes, Functionalized
biodegradable nanoparticles significantly increase drug
accumulation in target tissues, reducing off-target effects®. The
combined use of these polymeric systems ensures enhanced
drug bioavailability, controlled release, and targeted delivery,
addressing key challenges in traditional drug administration
methods.
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This study aims to explore the latest advancements in
biodegradable plastics with a focus on their applications in
biomedicine. In doing so, the scope extends from fundamental
research insights to translational applications, offering a
comprehensive outlook on the field. As noted by Lee et al°,
understanding the interplay between material properties and
application demands is vital for driving innovation in
sustainable materials.

Table-1: Comparison of PLA and PGA in Drug Delivery

Applications.

Polylactic Acid Polyglycolic Acid
Property (PLA) (PGA)
Degradation Rate Slow Fast

Primary Long-term drug Short-term drug
Applications delivery delivery
Biocompatibility High High
. Protects unstable Better for
Drug Stability drugs hydrophilic drugs

Tissue Engineering: The foundation of regenerative medicine
is biodegradable scaffolds, which offer transient structures that
promote tissue growth, cell adhesion, and proliferation before
breaking down naturally in the body. Because of their
biocompatibility and adjustable rates of breakdown, materials
like collagen, polylactic acid (PLA), and polycaprolactone
(PCL) are used to create these scaffolds. Biodegradable
scaffolds improve tissue repair by giving cells structural support
and bioactive cues, and they aid in healing by emulating the
extracellular matrix (ECM) and directing tissue regeneration*.

By incorporating growth factors, such as BMP-2 for bones or
VEGF for vascular tissues, scaffolds can further promote
targeted cellular responses. A study asserts, Material selection
and growth factor integration significantly impact the efficacy
of scaffolds in tissue-specific applications*.

Advanced fabrication techniques, including The mechanical
characteristics, porosity, and scaffold architecture can all be
precisely controlled via 3D printing and electrospinning. These
characteristics can be tailored to the distinct cellular milieu of

Table-2: Customizable Scaffold properties for Tissue applications.
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various tissues, guaranteeing the best possible integration and
performance. 3D-printed scaffolds enable patient-specific
designs that meet the physiological and anatomical requirements
of injured tissues, as evidenced by research®,

Biodegradable scaffolds’ ability to combine material properties
with growth factor delivery systems provides immense potential
for targeted tissue repair and regeneration, making them
invaluable in advancing personalized medicine.

Surgical Applications

Biodegradable films and barriers are innovative solutions
designed to prevent post-surgical adhesions by acting as
physical obstructions between tissues during the critical healing
phase. Made from materials like polylactic acid (PLA),
polyglycolic acid (PGA), or hyaluronic acid, these barriers
degrade safely gradually, removing the necessity for removal
procedures. Since adhesions can result in chronic pain and organ
failure, they are especially useful in procedures involving the
abdomen and pelvis. Because biodegradable barriers
temporarily separate healing tissues, they have dramatically
decreased the occurrence of adhesions in post-operative
scenarios™. Their effectiveness in a variety of surgical settings
is further increased by customization of their thickness, rate of
disintegration, and bioactive coatings.

Resorbable Stents in Cardiovascular Treatments

Resorbable stents represent a breakthrough in cardiovascular
therapy, particularly for treating coronary artery disease. Unlike
traditional metal stents, which remain permanently, these
devices are designed to provide temporary structural support to
blood vessels; gradually dissolving once healing is complete.
Typically composed of materials like poly-L-lactic acid (PLLA)
or magnesium alloys, resorbable stents mitigate long-term risks
such as inflammation, thrombosis, and restenosis associated
with permanent implants. The use of bioresorbable stents offers
the dual advantage of restoring arterial function and minimizing
late-stage complications, a study suggests*?. Furthermore, these
stents can be tailored to degrade in sync with individual healing
rates, ensuring optimal performance.

Tissue Type Key Requirements Material Recommendations Growth Factors

Bone High strength, slow degradation PCL, Hydroxyapatite BMP-2, TGF-B
Cartilage Elasticity, hydrophilicity Hydrogels, Collagen IGF-1, TGF-p
Vascular Tissue High porosity, biocompatibility PLA, PLGA VEGF, FGF
Skin Flexibility, rapid degradation Chitosan, Hyaluronic Acid EGF, PDGF
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Biodegradability Requirements

Biodegradable materials must degrade at a rate that aligns with
the application’s specific requirements. For example, tissue
engineering scaffolds should degrade gradually to allow new
tissue to replace the material. Polylactic acid (PLA) degrades
over 6-24 months via hydrolysis of ester bonds, making it
suitable for medium-term applications®. Polycaprolactone
(PCL), with a slower degradation rate of 24-36 months, is ideal
for long-term applications®.

Products of Degradation

Biodegradation byproducts need to be harmless and simple for
the body to process or eliminate. For example, PLA breaks
down into lactic acid, which the Krebs cycle naturally
metabolizes, reducing the possibility of toxicity?®. The Impact of
Environmental Elements.

Under physiological conditions, biodegradable materials must
continue to exhibit predictable breakdown behavior. The rates
of degradation are greatly influenced by variables like pH,
temperature, and enzymatic activity. For instance,
polyhydroxyalkanoates (PHASs) can be tailored for particular
biomedical applications since they break down more quickly in
enzymatic environments®,

Maintaining Structural Integrity While Degrading: In order to
assist healing tissues, materials must have enough mechanical
strength during initial disintegration. Because PCL maintains its
mechanical qualities longer than PLA, it can be used in load-
bearing applications such as scaffolds for bone regeneration®.

Biocompatibility Requirements

Non-Toxicity: Biocompatible materials should not elicit
cytotoxic or systemic toxic effects. For example, PLA and PCL
have been extensively tested and proven safe for use in vivo, as
their degradation products are non-toxic®®.

Minimal Immune Response: Biocompatible materials should
not provoke significant inflammatory or immune reactions.
Polyethylene glycol (PEG)-modified biodegradable materials
are often used to reduce immune system activation, ensuring
compatibility with sensitive applications like drug delivery
systems®’.

Assistance with Cell Differentiation and Proliferation:
Materials used in tissue engineering and other applications need
to encourage cell adhesion, proliferation, and differentiation.
Techniques for surface modification, like coating with bioactive
peptides, enhance tissue integration and cellular interactions for
polymers like PLA%,

The compatibility of blood: Applications requiring blood

contact, like stents or vascular grafts, require materials that are
resistant to hemolysis and thrombosis. To improve
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hemocompatibility?®, polyurethanes and PLA-based materials
are comly changed.

Applications and Relevance

Drug Delivery Systems: Biodegradable and biocompatible
polymers such as PLA and poly(lactic-co-glycolic acid) (PLGA)
are widely used in drug delivery. Their ability to degrade into
non-toxic by-products ensures safe and sustained release of
therapeutics™.

Tissue Engineering Scaffolds: Scaffolds made from PCL and
PLA provide structural support while gradually degrading,
aligning  with  tissue  regeneration  timelines.  The
biocompatibility of these materials allows cells to adhere and
proliferate effectively .

Surgical Implants and Sutures: Biodegradable sutures made
from PLA degrade predictably, eliminating the need for removal
and reducing the risk of complications. The biocompatibility
ensures healing without significant immune response?.

Table-4: Properties and Requirements of Biodegradable Plastics
for Biomedical Applications.

Property Requirement Examples
Biodegradation _Tungble to PLA (6 months),
4 application (weeks
Time PGA (weeks)
to months)
Neutral pH to Polydioxanone
pH Compatibility avoid tissue y
(PDO)
damage

Toxicity of By- Non-toxic, easily Lactic acid from
products metabolized PLA degradation

Mechanical Properties of Biodegradable Plastics

Tensile Strength and Elastic Modulus: The tensile strength of
biodegradable plastics determines their ability to resist
mechanical forces without breaking, while the elastic modulus
indicates stiffness and the ability to recover from deformation.
Polylactic acid (PLA), one of the most commonly used
biodegradable plastics in biomedical applications, exhibits a
tensile strength between 50 and 70 MPa and an elastic modulus
ranging from 2.7 to 16 GPa, which makes it suitable for load-
bearing applications such as orthopedic screws and plates
(Middleton & Tipton, 2000). Polycaprolactone (PCL), on the
other hand, has a lower tensile strength (10-15 MPa) and an
elastic modulus of about 0.4 GPa, making it ideal for soft tissue
applications due to its flexibility®.

Flexibility and Toughness: Biodegradable plastics like
polyhydroxyalkanoates (PHAs) and polybutylene succinate
(PBS) are valued for their flexibility and toughness. For
example, PBS exhibits elongation at break values up to 300%,
which ensures it can withstand dynamic mechanical stresses in
soft tissue applications®.
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Degradation-Dependent ~ Stability:  The  ability  of
biodegradable plastics to retain mechanical integrity during the
initial phases of degradation is crucial for applications in tissue
regeneration and orthopedic implants, PLA maintains
mechanical stability for up to 6 months, providing adequate
support for healing tissues, while PCL’s slower degradation rate
of 24-36 months makes it suitable for long-term scaffolding
applications®.

Chemical Properties of Biodegradable Plastics

Biocompatibility: Biodegradable plastics must not provoke an
adverse immune response. Polymers like PLA and PCL degrade
into lactic acid and caproic acid, respectively, which are
naturally metabolized by the body, ensuring their compatibility
in applications such as drug delivery and temporary implants®.

Degradation Kinetics: The degradation of biodegradable
plastics is often governed by hydrolysis or enzymatic activity.
For example, PLA undergoes hydrolytic degradation into lactic
acid, which is then absorbed and metabolized. This degradation
occurs over 6 to 24 months, depending on the material's
molecular weight and crystallinity, making it suitable for
applications requiring controlled degradation®.

Surface Chemistry and Functionalization: Surface chemistry
plays a vital role in promoting cell attachment and tissue
integration. Techniques such as plasma treatment or the
incorporation of bioactive molecules can improve the
bioactivity of biodegradable plastics like PLA and PHAZ.
Functionalization with specific peptides or growth factors
enhances their ability to interact with biological tissues, making
them suitable for advanced tissue engineering applications.

Hydrophobicity and Water Absorption: Hydrophobic
biodegradable plastics, such as PCL, generally exhibit slower
degradation rates due to reduced water absorption. This property
can be modified to enhance biocompatibility and encourage
cellular interactions by introducing hydrophilic functional
groups®.

Applications in Biomedical Fields

Tissue Engineering Scaffolds: In order to create scaffolds that
offer structural support and break down gradually so that cells
can replenish the framework while tissue regenerates, PLA and
PCL are frequently used®.

Systems for Drug Delivery: Drug delivery systems employ
biodegradable plastics to deliver medicinal substances in a
regulated manner. Long-term medication delivery by PLA and
PCL microspheres guarantees steady therapeutic effects®.

Orthopedic Implants: Orthopedic devices like screws and pins
use PLA-based materials because they offer adequate
mechanical strength and decline predictably, obviating the need
for follow-up surgeries®'.
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Sutures and Wound Healing: Because of their superior
biocompatibility and controlled degradation, PLA and its
copolymers are utilized in surgical sutures and wound healing
materials®.

Table-5: Mechanical, Chemical, and Degradation Properties of
Biodegradable Plastics for Biomedical Applications.

Applications

Property Ideal Value/Range
. Bone plates,
Tensile 50-70 MPa fixation
Strength -
devices
. Sutures,
Elastic 0.1-2 GPa vascular
Modulus
grafts
- Drug
- Controlled for specific .
Hydrophobicity degradation delivery
systems
Heat
Thermal o sterilization
Stability Stable up to 200°C of mediical
devices
Desired e
Application Degradation Polymer Modification
. Example Strategy
Time
_ Weeks to Poly(lactl_c— Copol_ymer
Drug Delivery months co-glycolic ratio
acid) (PLA:PGA)
Tissue Months to Polylactic Increasing
Engineering years acid (PLA) | crystallinity
. Reducing
Sutures Days to POI.yegCO“C molecular
weeks acid (PGA) .
weight
Conclusion
A revolutionary development in  biomedical science,

biodegradable plastics provide environmentally friendly,
biocompatible solutions for a range of medical applications,
including wound healing materials, scaffolds for tissue
engineering, surgical instruments, and drug delivery systems.
High production costs, restricted mechanical qualities, and
regulatory obstacles prevent their widespread implementation,
despite their advantages in lowering environmental waste and
guaranteeing patient safety. Technological developments like
3D printing and electrospinning allow for the accurate
construction of customized structures with improved
characteristics like bioactivity and tunable degradation rates.
These polymers could transform patient care by combining
bioactive substances like growth factors and antimicrobials.
Next-generation ~ medical  technologies that  balance
environmental responsibility and patient care could result from
overcoming present obstacles through innovation and
teamwork.
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