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Abstract—The rapid increase in plastic waste from the 

pharmaceutical industry has drawn global concern due 

to its environmental persistence and contribution to 

microplastic pollution. Conventional polymeric 

materials, though cost-effective and durable, are non-

biodegradable and contribute significantly to landfill 

accumulation. To address this challenge, biodegradable 

packaging materials derived from renewable sources are 

being explored as eco-friendly alternatives for drug 

packaging. Materials such as polylactic acid (PLA), 

polyhydroxyalkanoates (PHA), starch-based polymers, 

and cellulose derivatives exhibit promising mechanical 

and barrier properties suitable for pharmaceutical use. 

This review highlights the recent advances, 

environmental impact, and challenges associated with 

biodegradable packaging materials, emphasizing their 

potential to revolutionize sustainable drug packaging 

and minimize plastic waste generation. 

 

Index Terms—Biodegradable packaging, 

pharmaceutical packaging, plastic waste reduction, 

sustainability, biopolymers 

 

I. INTRODUCTION 

 

1.1 Background of Pharmaceutical Packaging: 

Pharmaceutical packaging plays a crucial role in 

maintaining the safety, stability, and efficacy of drugs 

throughout their shelf life. Traditionally, packaging 

materials such as polyethylene (PE), polypropylene 

(PP), polyvinyl chloride (PVC), and polyethylene 

terephthalate (PET) have been widely used due to their 

durability and low cost¹. However, these petroleum-

based plastics are non-biodegradable, leading to 

severe environmental issues and waste management 

challenges². 

 

1.2 Environmental Concerns with Conventional 

Plastic Packaging: 

The global pharmaceutical sector contributes 

significantly to plastic waste production. It is 

estimated that approximately 300 million tons of 

plastic waste are generated annually, with a substantial 

portion derived from healthcare and pharmaceutical 

industries³. Improper disposal leads to long-term 

environmental contamination and microplastic 

formation, which pose health hazards to humans and 

ecosystems⁴. 

 

Table 1. Comparison between Conventional and 

Biodegradable Packaging Materials: 

Property 

Conventional 

Plastic (e.g., 

PE, PP) 

Biodegradable Materials 

(e.g., PLA, PHA) 

Source 
Petrochemical

-based 
Renewable/biobased 

Biodegradabilit

y 

Non-

biodegradable 

Biodegradable/compostab

le 

Recyclability Limited High potential 

Environmental 

Impact 

High (carbon 

footprint, 

persistence) 

Low (eco-friendly 

degradation) 

Cost Low 
Moderate to high 

(improving with scale) 

 

 
Fig. 1: life cycle of conventional plastic packaging vs 

biodegradable packaging, 
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1.3 Need for Sustainable and Biodegradable 

Alternatives 

The increasing environmental burden has led 

regulatory authorities and pharmaceutical companies 

to focus on sustainable packaging solutions⁵. 

Biodegradable polymers derived from renewable 

biomass sources such as starch, cellulose, and 

polylactic acid offer promising alternatives⁶. These 

materials can degrade under natural conditions into 

non-toxic by-products, reducing the accumulation of 

persistent plastic waste⁷. 

Moreover, the introduction of green chemistry 

principles and circular economy models supports the 

transition toward biodegradable and compostable 

materials for drug packaging⁸. However, challenges 

remain regarding material stability, moisture 

sensitivity, and large-scale industrial adaptation⁹. 

 

II. OVERVIEW OF BIODEGRADABLE 

PACKAGING MATERIALS 

 

2.1 Definition and Classification: 

Biodegradable packaging materials are defined as 

polymers capable of being decomposed by the action 

of living organisms, usually bacteria or fungi, into 

water, carbon dioxide, methane, biomass, and 

inorganic compounds¹⁰. These materials are either 

derived from renewable natural resources (biobased) 

or synthesized chemically to be biodegradable under 

specific environmental conditions¹¹. 

They are broadly classified into three categories: 

• Naturally derived biopolymers (e.g., starch, 

cellulose, chitosan) 

• Biodegradable synthetic polymers (e.g., 

polylactic acid, polycaprolactone) 

• Composite or blended polymers combining 

natural and synthetic components for improved 

performance¹². 

 

2.2 Key Characteristics and Performance 

Requirements: 

Pharmaceutical packaging materials must not only 

protect drugs from environmental factors such as 

moisture, oxygen, and light but also maintain 

mechanical integrity, stability, and chemical 

compatibility¹³. Biodegradable materials used in drug 

packaging are evaluated based on the following 

parameters: 

• Mechanical strength: Tensile strength and 

elasticity determine handling and sealing 

performance. 

• Barrier properties: Resistance to moisture, gases, 

and oils is essential to ensure drug stability. 

• Chemical compatibility: Packaging must not react 

with active pharmaceutical ingredients (APIs). 

• Transparency and printability: Important for 

labeling, branding, and patient information 

visibility. 

• Thermal processability: Ability to withstand 

sterilization and molding processes¹⁴. 

 

Table 2. Typical Properties of Biodegradable 

Polymers Used in Packaging 

Material 

Tensile 

Strengt

h 

(MPa) 

Water 

Vapor 

Transmissi

on Rate 

(g·m⁻²·day⁻

¹) 

Transparen

cy 
Remarks 

PLA 50–70 600–800 High 

Good 

mechanical 

but poor 

moisture 

barrier 

PHA 30–40 400–600 Moderate 

Biocompatib

le and 

compostable 

Starch-

based 
20–30 900–1200 Variable 

High 

hydrophilicit

y 

Cellulose 

derivativ

es 

40–60 500–700 High 

Excellent 

film-forming 

property 

Chitosan 30–50 700–900 
Semi-

transparent 

Antimicrobi

al property 

 

2.3 Regulatory and Safety Considerations: 

For biodegradable materials to be accepted in drug 

packaging, they must comply with stringent 

pharmaceutical and environmental regulations. The 

U.S. Food and Drug Administration (FDA), European 

Medicines Agency (EMA), and European Food Safety 

Authority (EFSA) provide guidelines for evaluating 

the safety, migration limits, and biocompatibility of 

packaging materials¹⁵. 

Biodegradable polymers must demonstrate: 

• Absence of toxic degradation products 

• Compatibility with pharmaceutical formulations 

• Stability under storage conditions 



© November 2025 | IJIRT | Volume 12 Issue 6 | ISSN: 2349-6002 

IJIRT 187404 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 4631 

• Compliance with pharmacopoeial standards (e.g., 

USP <661>, EP 3.1) ¹⁶ 

Furthermore, ISO 18606 and ASTM D6400 standards 

specify compostability and biodegradation criteria for 

packaging materials¹⁷. 

 

III. TYPES OF BIODEGRADABLE MATERIALS 

USED IN DRUG PACKAGING 

 

Biodegradable materials used in pharmaceutical 

packaging can be broadly categorized into natural 

polymers, biopolyesters, protein-based films, and 

composite/nanocomposite polymers. Each group 

offers distinct structural and functional advantages 

suited for specific drug delivery and packaging 

applications¹⁸. 

3.1 Natural Polymers: 

Natural biopolymers are obtained from renewable 

sources such as plants, animals, or microbial biomass. 

They are inherently biodegradable and generally 

regarded as safe (GRAS) for pharmaceutical 

applications¹⁹. 

3.1.1 Starch-Based Materials: 

Starch, composed of amylose and amylopectin, is one 

of the most studied biodegradable materials. It can be 

thermoplastically processed to form thermoplastic 

starch (TPS), which exhibits good film-forming and 

biodegradability properties²⁰. However, it has poor 

water resistance and mechanical strength, often 

requiring blending with PLA or PCL for stability²¹. 

3.1.2 Cellulose Derivatives:  

Cellulose and its derivatives (e.g., cellulose acetate, 

methylcellulose, and carboxymethylcellulose) are 

extensively used due to their excellent film-forming 

ability, mechanical stability, and compatibility with 

drugs²². They can form transparent films with good gas 

barrier properties and are often used for tablet coatings 

and blister film applications²³. 

3.1.3 Chitosan and Other Polysaccharides: 

Chitosan, derived from chitin (found in crustacean 

shells), exhibits antimicrobial, biodegradable, and 

biocompatible properties²⁴. It has been applied in the 

development of active packaging systems for 

moisture-sensitive drugs and wound dressing 

formulations²⁵. 

 

3.2 Biopolyesters: 

Biopolyesters such as PLA, PHA, and PCL are widely 

studied for packaging due to their tunable mechanical 

and barrier properties and ability to degrade into 

natural by-products²⁶. 

3.2.1 Polylactic Acid (PLA):  

PLA is synthesized via polycondensation or ring-

opening polymerization of lactic acid derived from 

corn or sugarcane²⁷. It is transparent, rigid, and 

exhibits good mechanical strength but poor water 

vapor barrier performance. PLA is suitable for 

forming blister packs, film coatings, and rigid 

containers²⁸. 

3.2.2 Polyhydroxyalkanoates (PHA, PHB): 

PHA and its most common form, PHB, are microbially 

synthesized polyesters obtained through bacterial 

fermentation of carbon-rich substrates²⁹. They are 

fully biodegradable, possess high crystallinity, and are 

suitable for capsule shells, sachets, and vial seals³⁰. 

3.2.3 Polycaprolactone (PCL): 

PCL is a synthetic aliphatic polyester known for its 

flexibility and slow degradation rate³¹. It is particularly 

useful in coatings, films, and multilayer systems, often 

blended with PLA or starch to improve mechanical 

properties³². 

 

 
Fig. 2: Chemical structures of PLA, PHA, and PCL 

with arrows indicating hydrolytic degradation sites. 

 

3.3 Protein-Based Films (Gelatin, Soy Protein, Zein): 

Proteins such as gelatin, soy protein isolate, and zein 

(from corn) are renewable and biodegradable, capable 

of forming flexible and transparent films³³. 

• Gelatin exhibits excellent oxygen barrier 

properties but is moisture-sensitive³⁴. 

• Soy protein films have good tensile strength and 

can be chemically modified for enhanced water 

resistance³⁵. 

• Zein, being hydrophobic, provides superior 

moisture barrier and has been used in capsule 

coatings³⁶. 
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3.4 Composite and Nanocomposite Biopolymers: 

Composite biopolymers are developed to overcome 

limitations of single-component materials. Blends of 

natural and synthetic polymers (e.g., PLA–starch, 

PHA–cellulose) improve flexibility, barrier properties, 

andthermalresistance³⁷.The incorporation of 

nanofillers such as nanoclay, cellulose nanofibers, or 

graphene oxide enhances mechanical strength, UV 

resistance, and antimicrobial performance³⁸. 

 

IV. FUNCTIONAL PROPERTIES OF 

BIODEGRADABLE PACKAGING MATERIALS 

 

The functionality of biodegradable packaging 

materials determines their suitability for protecting 

and preserving pharmaceutical products. Essential 

properties include mechanical strength, barrier 

efficiency, chemical compatibility, and stability. 

These parameters are critical to maintaining the 

integrity, safety, and shelf life of drugs during storage 

and transportation³⁹. 

4.1 Mechanical Strength and Flexibility: 

Mechanical strength is vital to ensure resistance 

against rupture, deformation, or leakage during 

handling and storage⁴⁰. Tensile strength, elongation at 

break, and Young’s modulus are commonly evaluated 

parameters. 

Biodegradable polymers such as PLA and PHA 

demonstrate high rigidity, while starch and protein-

based films are more flexible but mechanically 

weaker⁴¹. Mechanical properties can be optimized 

through blending, plasticization, and crosslinking. 

 

Table 3. Mechanical Properties of Selected 

Biodegradable Packaging Polymers: 

Material 

Tensile 

Strength 

(MPa) 

Elongation 

at Break 

(%) 

Modulus 

(MPa) 
Remarks 

PLA 60–70 5–10 
3000–

3500 
Rigid, brittle 

PHA 40–50 10–20 
1500–

2500 

Moderate 

flexibility 

PCL 25–35 400–600 500–700 High ductility 

Starch-

based 
15–25 40–80 200–400 

Poor 

mechanical 

stability 

Chitosan 30–50 20–40 
1000–

2000 

Antimicrobial 

surface 

Zein 40–60 5–15 
1200–

1600 

Brittle, 

smooth finish 

4.2 Moisture and Gas Barrier Properties: 

Barrier properties are essential for protecting 

moisture- and oxygen-sensitive pharmaceuticals. The 

Water Vapor Transmission Rate (WVTR) and Oxygen 

Transmission Rate (OTR) are used to quantify the 

barrier capacity of packaging materials⁴². 

Hydrophilic polymers (e.g., starch, gelatin) exhibit 

higher permeability, while hydrophobic ones (e.g., 

PLA, PCL, zein) provide better protection against 

gases⁴³. The incorporation of nanofillers or coatings 

can enhance these barrier characteristics⁴⁴. 

 

4.3 Chemical Compatibility with Drug Formulations: 

Packaging materials must be chemically inert and 

should not interact with the drug formulation⁴⁵. 

Migration or leaching of components from the 

packaging into the pharmaceutical product can 

compromise safety and efficacy⁴⁶. 

Biodegradable materials such as PLA and cellulose 

derivatives are known for their low reactivity and 

compatibility with solid and semi-solid dosage 

forms⁴⁷. Chitosan-based films also exhibit 

antimicrobial activity, providing an additional 

protective mechanism⁴⁸. 

 

4.4 Shelf-Life and Storage Stability: 

The stability of biodegradable packaging materials is 

influenced by temperature, humidity, and UV 

exposure⁴⁹. Degradation during storage may alter 

mechanical or barrier properties, affecting drug 

protection. Blending with more stable polymers, 

surface coating, or controlled storage conditions can 

extend the shelf life⁵⁰. 

Biodegradable polymers generally exhibit shelf 

stability ranging from 6 to 24 months, depending on 

composition and environmental exposure⁵¹. 

 

Table 4. Shelf-Life and Degradation Behavior of 

Selected Biodegradable Packaging Materials 

Material 

Storage 

Stability 

(Months) 

Main 

Degradation 

Factor 

Recommended 

Storage 

Condition 

PLA 18–24 
Hydrolysis at 

high humidity 
25°C, <40% RH 

PHA 12–18 
Microbial 

degradation 

20–25°C, dry 

area 

PCL >24 
UV 

degradation 
Cool, dark place 
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Material 

Storage 

Stability 

(Months) 

Main 

Degradation 

Factor 

Recommended 

Storage 

Condition 

Starch-

based 
6–12 

Moisture 

sensitivity 

Sealed, low 

humidity 

Chitosan 12–18 
Enzymatic 

degradation 
Ambient, dry 

Zein 18–24 
Photo-

oxidation 

Low-light 

storage 

 

V. MANUFACTURING TECHNIQUES AND 

INNOVATIONS 
 

The manufacturing of biodegradable packaging 

materials involves techniques that influence their 

mechanical, barrier, and aesthetic properties. Various 

processing methods such as film casting, extrusion, 

coating, and 3D printing enable the formation of 

materials suitable for different pharmaceutical 

packaging applications⁵². The selection of technique 

depends on polymer type, required functionality, and 

drug compatibility⁵³. 

5.1 Film Casting and Extrusion 

Film casting and extrusion are among the most 

commonly used processes for producing 

biodegradable films. 

• Solution casting involves dissolving or dispersing 

the polymer in a suitable solvent, spreading it onto 

a substrate, and evaporating the solvent under 

controlled conditions⁵⁴. 

• Extrusion utilizes heat and mechanical pressure to 

melt and shape thermoplastic polymers such as 

PLA and PCL into films, sheets, or containers⁵⁵. 

Film extrusion allows continuous large-scale 

production, while solution casting is advantageous for 

laboratory-scale and precision applications where film 

uniformity and thickness control are essential. 
 

 
Fig. 3: Film extrusion and solution casting processes 

5.2 Coating and Laminating Technologies: 

Coating technologies enhance barrier, aesthetic, or 

antimicrobial properties of biodegradable packaging 

films⁵⁶. Coatings may include natural waxes, cellulose 

derivatives, chitosan, or nano-based layers to reduce 

moisture permeability and improve mechanical 

durability⁵⁷. 

Laminating combines multiple layers (e.g., PLA with 

starch or PCL) to achieve multifunctional properties 

such as strength, flexibility, and barrier performance⁵⁸. 

 

5.3 3D Printing and Advanced Fabrication: 

Additive manufacturing (3D printing) has emerged as 

a revolutionary approach in designing customized, 

sustainable packaging⁵⁹. Using biodegradable 

filaments like PLA, it allows precise fabrication of 

personalized blister packs, tablet molds, and medical 

containers⁶⁰. 

The main advantages of 3D printing include: 

• On-demand customization 

• Reduced material waste 

• Ability to create complex geometries 

• Integration with smart packaging components 

(e.g., RFID, sensors) ⁶¹ 

However, process optimization is required to balance 

printability, surface smoothness, and mechanical 

properties. 

 

Table 5. Comparison of Conventional and Additive 

Fabrication for Biodegradable Packaging 

Parameter 

Conventional 

Methods 

(Extrusion/Casting) 

Additive 

Manufacturing 

(3D Printing) 

Scalability High Moderate 

Customization Limited High 

Surface Finish Smooth Variable 

Material 

Utilization 
Moderate waste Minimal waste 

Application Films, containers 

Custom drug 

packages, smart 

dispensers 

 

5.4 Smart and Active Biodegradable Packaging: 

Recent innovations focus on “smart” biodegradable 

packaging systems, which respond to environmental 
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or product-related changes to enhance drug safety and 

monitoring⁶². 

a. Active Packaging: 

Incorporates natural additives (e.g., essential oils, 

silver nanoparticles, or chitosan) that actively control 

microbial growth, oxidation, or humidity⁶³. 

 

b. Intelligent Packaging: 

Integrates biosensors or indicators that can signal drug 

degradation or temperature exposure⁶⁴. 

 

VI. ENVIRONMENTAL AND ECONOMIC 

IMPACT 

 

The shift toward biodegradable materials in 

pharmaceutical packaging aims to mitigate the 

ecological footprint caused by petroleum-based 

plastics. Evaluating their environmental and economic 

performance is essential to justify large-scale 

adoption. This section discusses biodegradability, 

compostability, life cycle assessment (LCA), cost 

factors, and waste management implications of 

biodegradable packaging⁶⁸. 

6.1 Biodegradability and Compostability 

Assessments: 

Biodegradability refers to the capacity of a material to 

be broken down by microorganisms into carbon 

dioxide, methane, water, and biomass under natural 

conditions⁶⁹. Compostability, a subset of 

biodegradability, requires complete disintegration 

within a defined time frame under industrial or home 

composting conditions⁷⁰. 

The rate of degradation depends on polymer structure, 

crystallinity, molecular weight, and environmental 

factors such as temperature and humidity⁷¹. 

 

6.2 Life Cycle Analysis (LCA): 

Life Cycle Analysis evaluates the total environmental 

impact of a packaging material from raw material 

extraction to disposal⁷².Studies have shown that 

biodegradable polymers generally produce lower 

greenhouse gas (GHG) emissions, require less fossil 

energy, and generate fewer solid wastes compared to 

petroleum-based plastics⁷³. 

 

 

 

 

 

Table 6. Comparative LCA Metrics for Conventional 

vs. Biodegradable Packaging 

Parameter 

Conventional 

Plastics (PE, 

PP) 

Biodegradable 

Polymers 

(PLA, PHA) 

% 

Reduction 

Fossil Energy 

Demand 

(MJ/kg) 

80–90 45–55 35–45% 

Global 

Warming 

Potential (kg 

CO₂ eq./kg) 

2.5–3.0 1.4–1.8 40–50% 

Solid Waste 

Generation 

(kg/kg) 

0.05 0.01 80% 

End-of-Life 

Persistence 

(years) 

>100 <1 — 

 

 
Fig. 4: Comparing carbon footprint and energy 

consumption 

 

Additionally, integration of biodegradable polymers 

into a circular economy framework including 

composting, anaerobic digestion, and mechanical 

recycling can further minimize environmental 

impact⁷⁴. 

 

6.3 Cost Comparison with Conventional Packaging: 

While biodegradable materials currently have higher 

production costs, technological progress and large-

scale manufacturing are reducing this gap⁷⁵. Costs are 

influenced by raw material availability, processing 

complexity, and end-of-life management 

infrastructure⁷⁶. 

Despite initial investment, the long-term economic 

benefits include lower waste disposal costs, regulatory 

compliance, and enhanced brand sustainability⁷⁷. 
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6.4 Waste Management and Recycling Potential: 

Unlike traditional plastics, biodegradable materials 

can be managed through biological treatment 

processes such as composting or anaerobic digestion, 

reducing landfill burden⁷⁸. 

However, mixed waste streams and improper sorting 

can hinder biodegradation efficiency⁷⁹. Standardized 

labeling (e.g., OK Compost, EN 13432 certification) 

helps guide consumers and recyclers⁸⁰. 

Integration of mechanical recycling for PLA and 

chemical recycling for PHA are under development, 

offering hybrid solutions between biodegradability 

and recyclability⁸¹. 

 

Table 7. Waste Management Options for 

Biodegradable Packaging 

Disposal 

Method 

Suitable 

Polymers 
Advantages Limitations 

Industrial 

composting 

PLA, 

starch 

blends 

Rapid 

degradation 

Requires 

controlled 

conditions 

Home 

composting 

Starch, 

cellulose 

Simple, low 

cost 

Limited to 

small-scale 

waste 

Anaerobic 

digestion 

PHA, 

chitosan 

Biogas 

recovery 

Needs 

infrastructure 

Mechanical 

recycling 
PLA 

Closed-loop 

reuse 

Limited sorting 

efficiency 

Incineration 

with energy 

recovery 

All types 
Energy 

generation 

CO₂ emissions 

remain 

 

6.5 Policy and Market Implications: 

Global initiatives such as the European Green Deal, 

UN Sustainable Development Goals (SDG 12), and 

Extended Producer Responsibility (EPR) programs 

encourage adoption of biodegradable packaging⁸². 

Several pharmaceutical companies have pledged to 

reduce plastic waste by transitioning to biopolymer-

based packaging by 2030⁸³. 
 

VII. CURRENT CHALLENGES AND 

LIMITATIONS 
 

Despite the promising potential of biodegradable 

materials for pharmaceutical packaging, several 

technical, regulatory, and economic challenges hinder 

their widespread implementation⁸⁴. These challenges 

must be addressed to ensure that biodegradable 

alternatives meet the stringent safety, stability, and 

performance standards required by the pharmaceutical 

industry⁸⁵. 

7.1 Technical Limitations: 

Many biodegradable polymers exhibit poor 

mechanical strength, high moisture sensitivity, and 

limited thermal stability compared to conventional 

plastics⁸⁶. These deficiencies can compromise the 

integrity and shelf-life of pharmaceutical products. 

In addition, barrier properties (against oxygen, 

moisture, and light) are often inadequate, especially 

for moisture-sensitive drugs⁸⁷. Blending or coating 

with other polymers can improve performance but 

may reduce biodegradability⁸⁸. 
 

7.2 Compatibility with Pharmaceuticals: 

Packaging materials must not interact with the active 

pharmaceutical ingredients (APIs) or excipients, as 

such interactions can alter drug stability, potency, or 

release profile⁸⁹. Some biodegradable polymers may 

undergo hydrolysis or oxidation, leading to pH 

changes or release of degradation by-products that 

could affect sensitive drugs⁹⁰. 

Regulatory agencies require extractables and 

leachables (E&L) testing, which is often more 

complex for biodegradable systems due to their 

reactive nature⁹¹. 
 

7.3 Regulatory and Standardization Barriers: 

The pharmaceutical regulatory landscape lacks 

globally harmonized standards for biodegradable 

packaging⁹². While food-contact biodegradable 

materials are regulated under standards such as EN 

13432, ASTM D6400, and ISO 17088, equivalent 

pharmaceutical-specific guidelines are still evolving⁹³. 

Additionally, ensuring sterility, safety, and long-term 

stability under Good Manufacturing Practices (GMP) 

remains a major hurdle⁹⁴. Pharmaceutical companies 

must demonstrate equivalence in protection, safety, 

and performance to obtain regulatory approval for 

biodegradable materials⁹⁵. 
 

Table 8. Regulatory Framework Comparison for 

Biodegradable Packaging 

Region 
Regulatory 

Body 
Current Focus Gaps Identified 

USA 
FDA (21 

CFR) 

Limited 

recognition of 

bioplastics for 

pharma 

No specific 

biodegradation 

test for drugs 
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Region 
Regulatory 

Body 
Current Focus Gaps Identified 

EU 
EMA & 

EFSA 

Sustainability and 

eco-packaging 

Lack of 

harmonized 

validation 

protocols 

Japan PMDA 
Environmental 

safety 

Slow policy 

adoption 

India 
CDSCO, 

CPCB 

Plastic waste 

management 

Limited 

infrastructure 

for composting 

Global 
ISO, 

ASTM 

Biodegradability 

standards 

Non-pharma 

specific tests 

 

 
Fig. 5: Global regulatory frameworks 

 

7.4 Economic and Market Barriers: 

Although biodegradable materials reduce waste 

management costs in the long run, their initial 

production and processing costs remain high⁹⁶. 

Inconsistent feedstock availability, dependence on 

agricultural raw materials, and limited industrial-scale 

facilities further restrict market competitiveness⁹⁷. 

Moreover, consumer perception and market awareness 

regarding biodegradable pharmaceutical packaging 

are still developing⁹⁸. 

 

VIII. FUTURE PROSPECTS AND RESEARCH 

DIRECTIONS 

 

The future of biodegradable packaging for 

pharmaceuticals lies in technological innovation, 

material optimization, and global policy support. The 

convergence of polymer science, nanotechnology, and 

green chemistry is expected to overcome current 

limitations and drive sustainable transformation in the 

pharmaceutical packaging industry⁹⁹. 

8.1 Material Innovation and Polymer Engineering: 

Advancements in bio-based polymer synthesis and 

copolymerization techniques are expected to enhance 

the performance of biodegradable packaging 

materials. Blending natural polymers (e.g., starch, 

chitosan, cellulose) with synthetic biodegradable 

polymers (PLA, PHA, PBS) can yield materials with 

balanced mechanical and barrier properties¹⁰⁰. 

Moreover, development of functionalized 

biopolymers with active groups enables controlled 

degradation rates, drug compatibility, and surface 

tunability¹⁰¹. 

 

Table 9. Emerging Material Innovations for 

Biodegradable Drug Packaging 

Innovation Type 
Example 

Material 
Key Feature 

Potential 

Application 

Polymer Blends 

PLA–PCL, 

PLA–

starch 

Enhanced 

flexibility 

and durability 

Blister 

films, vials 

Nanocomposites 

PLA–

nanoclay, 

PHA–TiO₂ 

Improved 

barrier and 

UV 

resistance 

Light-

sensitive 

drug packs 

Bioactive 

Additives 

Chitosan, 

essential 

oils 

Antimicrobial 

and 

antioxidant 

Wound 

dressing 

packaging 

Functionalized 

Polymers 

PEG-

grafted 

PLA 

Controlled 

degradation 

and stability 

Oral solid 

dose 

containers 

Biopolymer 

Coatings 

Wax, zein, 

cellulose 

Moisture and 

oxygen 

barrier 

Strip and 

sachet 

films 

 

8.2 Integration of Nanotechnology: 

Nanotechnology offers transformative possibilities for 

biodegradable pharmaceutical packaging. 

Incorporation of nanofillers (e.g., nanoclay, cellulose 

nanofibers, ZnO, SiO₂ nanoparticles) enhances 

mechanical strength, thermal stability, and barrier 

efficiency without compromising biodegradability¹⁰². 

In addition, nanosensors can be integrated into 

biodegradable matrices for intelligent monitoring of 

temperature, pH, or oxidation, providing real-time 

information on drug condition and integrity¹⁰³. 

 

Table 10. Role of Nanotechnology in Biodegradable 

Packaging 

Nanomateria

l Type 
Function Benefits Example 

Nanoclay 

Gas and 

moisture 

barrier 

Improves 

shelf life 

PLA–

nanoclay 

composites 
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Nanomateria

l Type 
Function Benefits Example 

ZnO 

nanoparticles 
Antimicrobial 

Prevents 

contaminatio

n 

Chitosan–

ZnO films 

SiO₂ 

nanoparticles 
Reinforcement 

Enhances 

mechanical 

strength 

PLA–SiO₂ 

blend films 

Nanocellulos

e 

Biocompatibilit

y 

Improves 

flexibility 

PHA–

nanocellulos

e sheets 

Quantum 

dots 
Smart sensing 

Drug 

stability 

monitoring 

Intelligent 

blister 

packaging 

 

 
Fig. 6: Nanoparticle integration 

 

8.3 Smart and Intelligent Packaging Systems 

Future pharmaceutical packaging will merge 

biodegradability with intelligence, offering 

responsive, traceable, and sustainable solutions. Smart 

packaging may include: 

• Color-changing indicators for temperature or 

humidity changes¹⁰⁴ 

• Biosensors for drug degradation or microbial 

contamination¹⁰⁵ 

• RFID/NFC-enabled tracking for supply chain 

monitoring¹⁰⁶ 

 

Table 11. Emerging Smart Biodegradable Packaging 

Technologies 

Smart 

Function 

Technology 

Used 

Biopolymer 

Base 
Application 

Temperature 

sensing 

Thermochromic 

dyes 

PLA, 

cellulose 

acetate 

Cold-chain 

packaging 

Smart 

Function 

Technology 

Used 

Biopolymer 

Base 
Application 

pH 

monitoring 

Anthocyanin 

pigment 

indicators 

Chitosan, 

starch 

Stability 

monitoring 

Antimicrobial 

response 

Nano-silver or 

ZnO 
PHA, PLA 

Sterile 

packaging 

RFID/NFC 

traceability 

Biodegradable 

electronic tags 
PLA, PCL 

Trackable 

medicine 

packs 

Self-healing 

coatings 

Dynamic 

covalent bonds 

PCL 

composites 

Prolonged 

shelf life 

 

8.4 Circular Economy and Sustainable Manufacturing: 

The concept of a circular bioeconomy is central to 

future biodegradable packaging development¹⁰⁷. 

Utilizing waste biomass (e.g., corn husks, algae, food 

residues) as feedstock can reduce dependency on food-

based crops and lower overall carbon footprint¹⁰⁸. 

Emerging green synthesis methods including 

enzymatic polymerization and solvent-free processing 

are gaining importance for environmentally 

responsible production¹⁰⁹. 

 

Table 12. Strategies for Sustainable Manufacturing of 

Biodegradable Packaging 

Strategy Approach 
Expected 

Outcome 

Biomass 

valorization 

Use of agricultural waste 

feedstock 

Reduced carbon 

footprint 

Green 

polymerization 

Enzyme or catalyst-

assisted synthesis 

Energy-

efficient 

production 

Closed-loop 

recycling 

Mechanical/chemical 

recycling of PLA 

Resource 

conservation 

Waste-to-

polymer routes 

Algae or microbial 

fermentation 

Non-food 

feedstock 

utilization 

Life cycle 

optimization 

Integration of LCA in 

design phase 

Improved 

sustainability 

index 
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8.5 Policy, Standardization, and Industry 

Collaboration: 

Effective policy implementation and cross-sector 

collaboration are critical for accelerating adoption. 

Regulatory harmonization between agencies such as 

FDA, EMA, and ISO can establish clear guidelines for 

biodegradability testing, safety validation, and 

performance assessment¹¹⁰. 

Moreover, public-private partnerships (PPPs) and 

academic–industry collaborations can drive scalable 

innovations and pilot projects for biodegradable 

pharmaceutical packaging¹¹¹. 

 

8.6 Vision for 2030–2050: 

By 2030, it is projected that over 40% of 

pharmaceutical packaging could incorporate 

biodegradable or bio-based materials, aided by global 

sustainability mandates¹¹². 

By 2050, advancements in smart biopolymer systems, 

nanocomposites, and AI-driven design optimization 

could lead to fully biodegradable, intelligent, and 

circular packaging ecosystems¹¹³. 

Key milestones include: 

• Complete replacement of non-degradable blister 

materials with bio-based alternatives 

• Development of globally accepted 

biodegradability certification standards 

• Integration of digital tracking with compostable 

smart tags 

• Zero plastic waste targets under UN Sustainable 

Packaging Goals 

 

 
Fig.7: Roadmap from 2025 to 2050 

IX. CONCLUSION 

 

The rapid accumulation of non-biodegradable plastic 

waste from pharmaceutical packaging poses a 

significant environmental challenge. Biodegradable 

materials derived from renewable resources, such as 

polylactic acid (PLA), polyhydroxyalkanoates (PHA), 

starch-based polymers, chitosan, and cellulose 

derivatives, present a viable solution to mitigate this 

issue. 

This review highlights the progress, potential, and 

limitations of biodegradable packaging for drug 

delivery applications. Through advancements in 

biopolymer synthesis, nanocomposite technology, and 

smart packaging systems, these materials can achieve 

mechanical and barrier properties comparable to 

traditional plastics. Furthermore, the integration of 

green manufacturing, circular economy principles, and 

regulatory harmonization is crucial for large-scale 

industrial adoption. 

While challenges remain particularly regarding cost, 

moisture sensitivity, and pharmaceutical compatibility 

ongoing research is expected to overcome these 

hurdles. The synergy between technological 

innovation, policy support, and environmental 

responsibility will shape the next generation of 

sustainable pharmaceutical packaging systems. 

In conclusion, biodegradable packaging materials 

offer a transformative pathway toward a greener, safer, 

and circular pharmaceutical ecosystem, significantly 

contributing to global plastic waste reduction and 

achieving the United Nations Sustainable 

Development Goals (SDGs) for 2030 and beyond. 

 

REFERENCE 

 

[1] Chiellini E, Solaro R. Biodegradable polymeric 

materials. Adv Mater. 2002;14(5):393–396. 

[2] Niaounakis M. Biopolymers: Processing and 

Products. Elsevier; 2014. 

[3] Geyer R, Jambeck JR, Law KL. Production, use, 

and fate of all plastics ever made. Sci Adv. 

2017;3(7):e1700782. 

[4] Narancic T, Verstichel S, Chaganti SR, Morales-

Gamez L. Life cycle assessment of biobased 

packaging materials. J Clean Prod. 

2020;268:122126. 



© November 2025 | IJIRT | Volume 12 Issue 6 | ISSN: 2349-6002 

IJIRT 187404 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 4639 

[5] Piemonte V. Bioplastic production and 

environmental impact. J Polym Environ. 

2011;19(4):988–1001. 

[6] Shen L, Worrell E, Patel MK. Environmental 

impact of biobased polymers. Environ Sci 

Technol. 2010;44(6):2082–2090. 

[7] Siracusa V. Food and pharmaceutical packaging: 

challenges and trends. Trends Food Sci Technol. 

2019;85:12–24. 

[8] Walker S, Rothman R. Life cycle assessment of 

biodegradable polymers. Polymers (Basel). 

2020;12(5):1025. 

[9] Arrieta MP, López J, Hernández A. Processing 

of biodegradable polymer films. Polym Degrad 

Stab. 2014;108:307–318. 

[10] Rhim JW, Park HM, Ha CS. Bio-

nanocomposites for packaging. Prog Polym Sci. 

2013;38(10–11):1629–1652. 

[11] Ghosh SK, Ray S. Barrier properties of 

biodegradable films. J Polym Environ. 

2020;28(4):1345–1360. 

[12] Reddy MM, Vivekanandhan S, Misra M, 

Mohanty AK. Biodegradable plastics for 

sustainable packaging. Prog Polym Sci. 

2013;38(10–11):1653–1689. 

[13] Sung SY, Sin LT, Tee TT. Smart biodegradable 

packaging systems. Polymers (Basel). 

2020;12(5):1027. 

[14] Elsabee MZ, Abdou ES. Chitosan-based active 

films. Mater Sci Eng C. 2013;33(4):1819–1841. 

[15] Rhim JW, Wang LF. Edible intelligent 

packaging indicators. Carbohydr Polym. 

2013;96(1):71–81. 

[16] Villanova JC, Oréfice RL. Barrier enhancement 

by lamination of biopolymers. J Appl Polym Sci. 

2007;104(3):1440–1448. 

[17] Melocchi A, Parietti F, Loreti G. Additive 

manufacturing of biodegradable packaging. Eur 

J Pharm Biopharm. 2020;151:108–121. 

[18] Jamróz W, Szafraniec J, Kurek M. 3D printed 

drug delivery systems with biodegradable 

polymers. Int J Pharm. 2018;543(1–2):102–111. 

[19] Desai KG, Park HJ. Drug–polymer interaction 

studies in biodegradable packaging. Int J Pharm. 

2005;304(1–2):98–109. 

[20] Wypych G. Handbook of Material Compatibility 

and Durability. ChemTec Publishing; 2018. 

[21] FDA. Guidance for Industry: Extractables and 

Leachables for Pharmaceutical Packaging 

Systems. 2021. 

[22] EMA. Guideline on Plastic Immediate 

Packaging Materials. 2020. 

[23] EFSA. Scientific Opinion on Biodegradable 

Packaging for Food and Pharmaceuticals. 

2022. 

[24] ASTM International. Standard Specification for 

Compostable Plastics (ASTM D6400-19). 

2019. 

[25] ISO 17088:2021. Specifications for 

Compostable Plastics. 

[26] European Commission. The European Green 

Deal. 2020. 

[27] Ellen MacArthur Foundation. Global 

Commitment Report on Sustainable Packaging. 

2023. 

[28] European Bioplastics. Market Data 2024: 

Bioplastics in Packaging. 2024. 

[29] UNEP. Sustainable Packaging Vision 2050. 

2023. 

[30] Xu J, Guo BH. Microbial synthesis of 

biopolymers from waste biomass. Biotechnol 

Adv. 2010;28(6):1056–1065. 

[31] Koller M. Green manufacturing of PHA 

bioplastics. Chem Biochem Eng Q. 

2018;32(4):413–425. 

[32] Yates MR, Barlow CY. Life cycle assessments 

of biodegradable plastics. Resour Conserv 

Recycl. 2013;78:54–66. 

[33] Bastioli C. Handbook of Biodegradable 

Polymers. Smithers Rapra; 2021. 

[34] Briassoulis D, Pikasi A, Hiskakis M. 

Biodegradability in waste management. Waste 

Manag. 2019;85:305–317. 

[35] Ruj B, Pandey A. Challenges in composting of 

biodegradable plastics. J Environ Manage. 

2019;240:320–329. 

[36] Ghosh SK, Pal S. Advances in green 

manufacturing of biodegradable polymers. J 

Clean Prod. 2021;320:128789. 

[37] Goyanes A, Basit AW. 3D printing and RFID 

integration in drug packaging. Int J Pharm. 

2020;586:119566. 

[38] Gómez E, Michel F, Montero I. Biodegradable 

polymers for pharmaceutical packaging 

applications. Eur Polym J. 2019;118:321–334. 



© November 2025 | IJIRT | Volume 12 Issue 6 | ISSN: 2349-6002 

IJIRT 187404 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 4640 

[39] Huneault MA, Li H. Morphology and properties 

of biodegradable polymer blends. Polymer. 

2007;48(1):270–280. 

[40] Auras R, Harte B, Selke S. An overview of 

polylactides as packaging materials. Macromol 

Biosci. 2004;4(9):835–864. 

[41] Drumright RE, Gruber PR, Henton DE. 

Polylactic acid technology. Adv Mater. 

2000;12(23):1841–1846. 

[42] Avérous L, Pollet E. Biodegradable Polymers. 

Springer; 2012. 

[43] Sudesh K, Abe H, Doi Y. Synthesis and 

properties of polyhydroxyalkanoates: biological 

polyesters. Prog Polym Sci. 2000;25(10):1503–

1555. 

[44] Bugnicourt E, Cinelli P, Lazzeri A, Alvarez V. 

Polyhydroxyalkanoate (PHA): a promising 

biodegradable polymer for packaging. Polymers 

(Basel). 2014;6(2):579–597. 

[45] Peelman N, Ragaert P, De Meulenaer B, Adons 

D. Application of biopolymers in packaging. 

Trends Food Sci Technol. 2013;32(2):128–141. 

[46] Koller M, Niebelschütz H, Braunegg G. 

Strategies for PHA production from waste 

materials. Appl Microbiol Biotechnol. 

2013;97(7):2503–2520. 

[47] Hottle TA, Bilec MM, Landis AE. Biopolymer 

life cycle assessment. Environ Sci Technol. 

2013;47(22):12641–12650. 

[48] Chandra R, Rustgi R. Biodegradable polymers. 

Prog Polym Sci. 1998;23(7):1273–1335. 

[49] Shah AA, Hasan F, Hameed A, Ahmed S. 

Biological degradation of plastics. Biotechnol 

Adv. 2008;26(3):246–265. 

[50] Iwata T. Biodegradable and bio-based polymers: 

future prospects. Polym J. 2015;47:527–536. 

[51] Chiellini E, Corti A, D’Antone S. 

Biodegradation of thermoplastic materials. 

Polym Degrad Stab. 2007;92(7):1373–1382. 

[52] Ahmed J, Varshney SK. Polylactide-based 

biopolymers: packaging applications. Innov 

Food Sci Emerg Technol. 2011;12(5):609–620. 

[53] Scarfato P, Di Maio L, Incarnato L. Recent 

advances in biodegradable polymer films for 

food and pharma. Polymers (Basel). 

2019;11(6):939. 

[54] Nampoothiri KM, Nair NR, John RP. Polylactic 

acid (PLA): synthesis, properties and 

applications. J Polym Environ. 2010;18(1):1–11. 

[55] Tsuji H. Poly(lactic acid) stereocomplexes: 

formation and properties. Macromol Biosci. 

2005;5(7):569–597. 

[56] Zhao X, Cornish K, Vodovotz Y. Biodegradable 

natural rubber–PLA composites. J Appl Polym 

Sci. 2013;130(6):3823–3830. 

[57] Avella M, De Vlieger JJ, Errico ME. 

Biodegradable starch/clay nanocomposite films. 

Food Chem. 2005;93(3):467–474. 

[58] Arvanitoyannis IS. Totally and partially 

biodegradable polymer blends based on starch. J 

Macromol Sci Part C. 1999;39(2):205–271. 

[59] Tharanathan RN. Biodegradable films and 

composite coatings from renewable sources. 

Trends Food Sci Technol. 2003;14(3):71–78. 

[60] Hedenqvist MS, Tunc S. Barrier properties of 

chitosan-based films. J Agric Food Chem. 

2007;55(11):4601–4606. 

[61] Park SY, Marsh KS, Rhim JW. Characteristics 

of biodegradable chitosan films. Food Sci 

Biotechnol. 2002;11(6):620–625. 

[62] Arrieta MP, López J, Ferrándiz S, Kenny JM. 

Biodegradable PLA–PHA blends for packaging. 

Polym Test. 2013;32(4):760–768. 

[63] Ojijo V, Ray SS. Super-toughened 

biodegradable PLA blends. Prog Polym Sci. 

2014;39(1):168–193. 

[64] Phuong VX, Martin O, Averous L. 

Biodegradable thermoplastic polyesters for drug 

packaging. Polym Int. 2003;52(3):343–352. 

[65] Gupta AP, Kumar V. New emerging trends in 

synthetic biodegradable polymers. Eur Polym J. 

2007;43(10):4053–4074. 

[66] Kale G, Kijchavengkul T, Auras R. 

Compostability of bioplastic packaging 

materials. Polym Test. 2007;26(8):1049–1061. 

[67] Ruj B, Pandey A. Challenges in composting of 

biodegradable plastics. J Environ Manage. 

2019;240:320–329. 

[68] Briassoulis D, Pikasi A, Hiskakis M. 

Biodegradability in waste management. Waste 

Manag. 2019;85:305–317. 

[69] ASTM International. Standard Specification for 

Compostable Plastics (ASTM D6400-19). 

2019. 

[70] ISO 17088:2021. Specifications for 

Compostable Plastics. 



© November 2025 | IJIRT | Volume 12 Issue 6 | ISSN: 2349-6002 

IJIRT 187404 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 4641 

[71] EFSA. Scientific Opinion on Biodegradable 

Packaging for Food and Pharmaceuticals. 2022. 

[72] FDA. Guidance for Industry: Extractables and 

Leachables for Pharmaceutical Packaging 

Systems. 2021. 

[73] EMA. Guideline on Plastic Immediate 

Packaging Materials. 2020. 

[74] European Commission. The European Green 

Deal. 2020. 

[75] Ellen MacArthur Foundation. Global 

Commitment Report on Sustainable 

Packaging. 2023. 

[76] European Bioplastics. Market Data 2024: 

Bioplastics in Packaging. 2024. 

[77] UNEP. Sustainable Packaging Vision 2050. 

2023. 

[78] Arikan EB, Ozsoy HD. Bioplastics and 

environmental impacts. Adv Polym Technol. 

2015;34(4):21522. 

[79] Othman SH. Bio-nanocomposite packaging 

materials: properties and applications. J Food Sci 

Technol. 2014;51(10):2055–2076. 

[80] Rhim JW, Park HM, Ha CS. Bio-

nanocomposites for packaging. Prog Polym Sci. 

2013;38(10–11):1629–1652. 

[81] Rhim JW, Wang LF. Intelligent packaging 

indicators. Carbohydr Polym. 2013;96(1):71–

81. 

[82] Sung SY, Sin LT, Tee TT. Smart biodegradable 

packaging systems. Polymers (Basel). 

2020;12(5):1027. 

[83] Elsabee MZ, Abdou ES. Chitosan-based active 

films. Mater Sci Eng C. 2013;33(4):1819–1841. 

[84] Goyanes A, Basit AW. 3D printing and RFID 

integration in drug packaging. Int J Pharm. 

2020;586:119566. 

[85] Xu J, Guo BH. Microbial synthesis of 

biopolymers from waste biomass. Biotechnol 

Adv. 2010;28(6):1056–1065. 

[86] Koller M. Green manufacturing of PHA 

bioplastics. Chem Biochem Eng Q. 

2018;32(4):413–425. 

[87] Walker S, Rothman R. Life cycle assessment of 

biodegradable polymers. Polymers (Basel). 

2020;12(5):1025. 

[88] Yates MR, Barlow CY. Life cycle assessments 

of biodegradable plastics. Resour Conserv 

Recycl. 2013;78:54–66. 

[89] Piemonte V. Bioplastic production and 

environmental impact. J Polym Environ. 

2011;19(4):988–1001. 

[90] Narancic T, Verstichel S, Chaganti SR. Life 

cycle assessment of biobased packaging 

materials. J Clean Prod. 2020;268:122126. 

[91] Geyer R, Jambeck JR, Law KL. Production, use, 

and fate of all plastics ever made. Sci Adv. 

2017;3(7):e1700782. 

[92] Niaounakis M. Biopolymers: Processing and 

Products. Elsevier; 2014. 

[93] Bastioli C. Handbook of Biodegradable 

Polymers. Smithers Rapra; 2021. 

[94] Ghosh SK, Pal S. Advances in green 

manufacturing of biodegradable polymers. J 

Clean Prod. 2021;320:128789. 

[95] Li W, Choi WJ, Lee CW. Green polymerization 

and solvent-free synthesis. Green Chem. 

2022;24(7):2723–2740. 

[96] Singh N, Hui D, Singh R, Ahuja IP. Recycling 

of polymer waste for sustainable packaging. 

Compos Part B Eng. 2017;115:409–422. 

[97] Peelman N, Ragaert P. Circular economy 

perspectives in bioplastic packaging. Resour 

Conserv Recycl. 2020;162:105019. 

[98] Alvarado Chacon F, Bilo F, Bianchin G. 

Industrial composting of biodegradable 

polymers. Waste Manag. 2021;119:105–116. 

[99] Bastioli C. Handbook of Biodegradable 

Polymers. Smithers Rapra; 2021. 

[100] Reddy MM, Vivekanandhan S, Misra M, 

Mohanty AK. Polymer blending for sustainable 

packaging. Prog Polym Sci. 2013;38(10–

11):1653–1689. 

[101] Arrieta MP, López J, Hernández A. 

Functionalization of biodegradable polymers. 

Polym Degrad Stab. 2014;108:307–318. 

[102] Rhim JW, Park HM, Ha CS. Bio-

nanocomposites for packaging. Prog Polym Sci. 

2013;38(10–11):1629–1652. 

[103] Sung SY, Sin LT, Tee TT. Smart biodegradable 

packaging systems. Polymers (Basel). 

2020;12(5):1027. 

[104] Rhim JW, Wang LF. Intelligent packaging 

indicators. Carbohydr Polym. 2013;96(1):71–

81. 

[105] Elsabee MZ, Abdou ES. Chitosan-based active 

films. Mater Sci Eng C. 2013;33(4):1819–1841. 



© November 2025 | IJIRT | Volume 12 Issue 6 | ISSN: 2349-6002 

IJIRT 187404 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 4642 

[106] Goyanes A, Basit AW. 3D printing and RFID 

integration in drug packaging. Int J Pharm. 

2020;586:119566. 

[107] Walker S, Rothman R. Life cycle assessment of 

biodegradable polymers. Polymers (Basel). 

2020;12(5):1025. 

[108] Xu J, Guo BH. Microbial synthesis of 

biopolymers from waste biomass. Biotechnol 

Adv. 2010;28(6):1056–1065. 

[109] Koller M. Green manufacturing of PHA 

bioplastics. Chem Biochem Eng Q. 

2018;32(4):413–425. 

[110] EMA. Guideline on Plastic Immediate 

Packaging Materials. 2020. 

[111] Ellen MacArthur Foundation. Global 

Commitment Report on Sustainable 

Packaging. 2023. 

[112] European Bioplastics. Market Data 2024: 

Bioplastics in Packaging. 2024. 

[113] UNEP. Sustainable Packaging Vision 2050. 

2023. 

 


