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Abstract

The increasing environmental implications of conventional plastic packaging has led to a raising interest in biodegradable packaging
materials as sustainable alternatives. Biodegradable materials, derived from sustainable resources such as plant-based biopolymers and
natural fibers, offer significant environmental benefits, including reduced reliance on fossil fuels and decreased pollution. Various
techniques can be employed for forming biodegradable packaging films, including extrusion, solvent casting, compression molding
and electrospinning. To address the limitations of biodegradable materials compared to traditional plastics, modification techniques
such as esterification, etherification, and grafting can be employed. Innovative advancements like active and intelligent packaging
technologies can enhance the functionality and consumer engagement. This review explores the key properties, advancements, ap-
plications and challenges associated with biodegradable packaging materials, focusing on their effectiveness and sustainability in the
food packaging industry.
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1. Introduction

The packaging serves a multitude of crucial purposes in the modern food industry and in our daily lives [1]. It acts as a barrier of
protection safeguarding food products from physical damage, contamination and spoilage thereby preserving their quality, fresh-
ness and safety. Packaging also contributes substantially to extending the perishable commodities shelf life, reducing food waste
and enabling efficient distribution and storage throughout the supply chain [2]. Additionally, packaging provides essential infor-
mation to consumers, such as nutritional content, ingredients, allergen warnings, and expiration dates, empowering them to make
informed purchasing decisions and ensure food safety. It facilitates convenience and portability, making it easier for consumers to
transport, handle, and consume food products, whether at home, on-the-go, or in various settings [3].

Plastic-based food packaging has been widely used for its versatility, durability, and cost-effectiveness [4]. These plastic packaging
materials also have significant drawbacks and environmental consequences [5]. One of the main disadvantages of plastic-based
packaging of food is its persistence in the environment. Plastics accumulate in landfills, oceans, and ecosystems because they take
hundreds to thousands of years to break down [6]. Because of ingestion and entanglement, this accumulation seriously endangers
species and disrupts ecosystems and biodiversity. Moreover, millions of tons of plastic waste get generated annually as a conse-
quence of plastic packaging, contributing to the global plastic pollution catastrophe [7]. Improper disposal and inadequate recy-
cling infrastructure exacerbate this problem, leading to littering, pollution, and microplastic contamination in the environment,
waterways, and food chain. The problem is so serious that even plastics of micro scale have been detected in human blood [8],
human testis and semen [9]. Furthermore, a large portion of the manufacturing of plastic packaging utilizes fossil fuels, which
increases greenhouse gas emissions and adds to the impact of climate change. The extraction, manufacturing, and disposal of
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plastics consume significant energy and resources, further exacerbating environmental degradation and resource depletion [4].
These food packaging materials made of plastic frequently include dangerous chemicals like phehalates and bisphenol A (BPA),
which may penetrate into food and drink and pose health hazards, particularly when exposed to them for an extended period of
time [10]. The growing public awareness and demand for forced the development of biodegradable packaging materials.

A viable substitute for conventional plastic packaging is provided by biodegradable food packaging materials, which solve the
environmental issues related to plastic waste and pollution [11]. As these materials are made to naturally decompose over time into
non-toxic components, packaging waste has a lesser effect on the environment [12, 13]. One of the key advantages of biodegradable
food packaging materials is their ability to mitigate plastic pollution. Unlike traditional plastics, which persist in the environment
for hundreds of years, biodegradable materials undergo microbial degradation, returning valuable nutrients to the soil and water
[14]. This helps prevent littering, reduces landfill accumulation, and minimizes harm to wildlife and ecosystems. Moreover, bio-
degradable food packaging materials are often derived from renewable resources, such as plant-based biopolymers, agricultural
residues, or natural fibers [15, 16]. By utilizing renewable feedstocks, these materials reduce reliance on finite fossil fuels and
contribute to a more sustainable and circular economy. In addition to their environmental benefits, biodegradable food packaging
materials have some draw backs as their functionality and performance is inferior to traditional plastics. These materials need
optimum modifications to make them suitable for their application [17]. Advancements in research and development have led to
the emergence of innovative biodegradable packaging solutions, such as active and intelligent packaging technologies, which can
enhance food quality, extend shelf life, and improve traceability and safety [18]. Biodegradable food packaging materials hold great
promise as a sustainable alternative to plastic packaging, offering a pathway towards reducing plastic pollution, conserving re-
sources, and promoting a more environmentally friendly and resilient food system. This review provides an overview of advance-
ments in biodegradable food packaging.

2. Types of Biodegradable Materials

Several different types of materials have been utilized to develop biodegradable packaging materials some of these have been dis-
cussed below.

Biopolymers derived from renewable resources, such as plants or microorganisms. They include polylactic acid (PLA) [19], poly-
hydroxyalkanoates (PHA) [20], Polyhydroxybutyrate (PHB) [15], Carrageenan [21] and starch-based polymers [22]. These mate-
rials offer good barrier attributes and mechanical strength, making them suitable for a variety of food packaging applications.
Natural fibers, such as cellulose [16], hemicellulose [23], and lignin [24] derived from plant sources and offer biodegradability and
renewability. These materials can be used to reinforce biopolymer matrices or as standalone packaging materials. Different biode-
gradable materials can be combined to form composite materials to achieve specific properties and functionalities. Biodegradable
polymers can be reinforced with natural fibers [16] or fillers [25] to enhance mechanical strength and barrier properties. Composite
materials offer versatility and customization options, allowing for tailored solutions to meet specific packaging requirements. Pro-
teins derived from plant or animal sources can be used to create biodegradable packaging materials with unique properties and
functionalities. Proteins such as whey protein [26], gluten [27], or casein [28] can be processed into films, coatings, or edible
packaging solutions. Protein-based biodegradable packaging materials offer advantages such as good barrier attributes, biocompat-
ibility, and potential for edible applications. These biodegradable materials offer alternatives to traditional plastic packaging,
providing sustainable options to reduce environmental impact and promote circularity in the food packaging industry.

3. Techniques to Develop Biodegradable Packaging

Various techniques have been employed to form biodegradable packaging materials. Some of them have been discussed below.
Figure 1 shows various techniques to develop biodegradable films.

Solution Casting: On the lab scale solution casting approach has been employed predominantly [29]. In this method biopoly-
mers to be used for film formation is dissolved in a solution along with the incorporation of other additives like plasticizers,
crosslinkers, nanoparticles/fibrils and other bioactive compounds. After appropriate mixing these solutions are cast in petri dishes
and vacuum dried to remove water. After drying the films are peeled and stored in desiccator tll further processing [30]. The
solution casting approach has its downside it cannot be used for large scale production of biopolymers. Solution casting method
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was utilized by Sutay et al. [31] to form plasticized hemicellulose films derived olive mill waste. Similarly Jaderi et al. [32] employed
casting approach to form Malva sylvestris flower gum films.

Extrusion. For large scale production of biodegradable materials extrusion have been employed. In extrusion biopolymers and
additives are mixed by application of high temperature, pressure and shear forces [33]. After blending the material is passed through
a narrow die to get the desired shape. Extrusion has proved to be suitable option for large scale production of biodegradable material
due to its continuous nature [34]. The extrusion technique was utilized by Faust et al. [35] to form pea protein isolate films using
a twin screw extruder. Bahcegul et al. [36] utilized twin screw extruder to develop biodegradable polymeric material from xylan
derived from corncobs.

Electrospinning: Electrospinning is an approach that can be employed at lab as well as at an industrial scale [37]. At first a
solution of biopolymers and additives is created after that the solution is filled in a syringe. A high voltage is applied between tip
and the collection plate of the syringe. A thin stream of the mixture emerges from the tip which is dried by the air. The dried
material form fibers which are deposited on the collection plate. An elevated temperature can be utilized to further dry the fibers
[38]. This method has a drawback that it cannot be utilized for formation of thin films [39]. Antimicrobial biodegradable films
based on poly (butylene adipate-co-terephthalate) has been developed using electrospinning [40].

Compression molding: Compression molding method can be utilized at any scale to form biodegradable films [41]. It involves

blending and molding biopolymers and additives. Either cold or hot compression can be applied to cure the films that is crosslink-
ing of biopolymers [42]. de Matos Costa et al. [43] utilized compression molding to form films based on Polybutylene succinate
and Polybutylene adipate-co-terephthalate.
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Figure 1. Various Techniques to Develop Biodegradable Films
The selection of a development method for packaging materials depends on the ingredients, desired attributes of the final product,
and production scale. The casting method is versatile but suitable only for small-scale production. Other methods have their
specific limitations like electrospinning requires electrically charged biopolymers, extrusion is unsuitable for biopolymers that de-
grade under compression methods, high temperatures, high pressures, or high shear rates are only appropriate for biopolymers that
set when compressed or heated. Figure 2 provides a comparison of the film forming methods.
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Figure 2. Comparison of the film forming methods

4. Properties and Characteristics

Biodegradable packaging materials exhibit several key properties essential for their effectiveness and sustainability in the food pack-
aging industry. Firstly, their biodegradability enables them to naturally break down into harmless components when exposed to
environmental conditions, reducing their environmental footprint and promoting circularity in the packaging lifecycle [44]. Ad-
ditionally, these materials can be engineered to provide adequate barrier properties [45, 46] mechanical strength, thickness and
opacity [32] ensuring the safety, quality, and freshness of packaged foods throughout their shelf life. The properties of biodegrada-
ble packaging materials play a pivotal role in balancing environmental considerations with functional requirements and regulatory
compliance in the development of sustainable packaging solutions for the food industry however they are inferior to the attributes
of plastic based packaging materials so there is a need to modify them.

5. Modifications of the Properties

Modification of the attributes of biodegradable packaging materials involves tailoring their characteristics to meet specific applica-
tion requirements and enhance their performance in various packaging contexts. Several strategies can be employed to modify the
properties of biodegradable packaging materials, including:

Additives and reinforcements. Incorporating additives such as plasticizers [47], fillers [25], or reinforcements [48] into bio-
degradable materials can improve their barrier attributes, mechanical strength, and thermal stability. For example, fillers such as
nanocellulose [49] or montmorillonite nanoparticles [50] can be added to biopolymer matrices to enhance their tensile strength
and gas barrier properties, making them suitable for flexible packaging applications. Plasticizers such as glycerol and sorbitol can
be incorporated to improve the properties of biodegradable films [32]. In a similar manner reforcements such as egg shell can be
employed to achieve desirable characteristics [51].

Blending and composite formation. Blending biodegradable polymers with other materials or creating composite structures
allows for the combination of different properties to achieve desired functionalities [52-54]. For instance, El Miri et al. [55] devel-
oped bionanocomposite films based of cellulose nanocrystals filled with alginate. In a similar manner polyvinyl alcohol and citric
acid composite films were produced by Wang et al. [56].
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Figure 3. Esterification (a), Etherification (b) and Grafting (c) of Hemicellulose

Chemical modifications: Esterification, etherification, and grafting are chemical modification approaches commonly utilized
to enhance the attributes and functionality of polymers, including biodegradable packaging materials. Esterification can improve
the compatibility, hydrophobicity, and thermal stability of polymers, thereby enhancing their barrier properties and mechanical
strength [57]. Etherification of these materials can enhance the flexibility, solubility, and compatibility of polymers, making them
more suitable for specific packaging applications [58]. Grafting process enhances the compatibility between biopolymers and
additives or to introduce functional groups for targeted applications leading to improved mechanical strength, adhesion, or com-
patibility with other materials [59]. Figure 3 shows esterification, etherification and grafting of hemicellulose [17].

Crosslinking and polymerization. Crosslinking [60] or polymerization [61] reactions can be employed to modify the molec-
ular structure of biodegradable polymers, leading to changes in their mechanical, thermal, and degradation properties. Figure 4
shows the crosslinking of hemicellulose films [17].

By tailoring the properties of biodegradable packaging materials to specific application requirements, it is possible to develop
sustainable packaging solutions that meet the evolving needs of the food industry while promoting environmental stewardship and
resource conservation
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Figure 4. Crosslinking of Hemicellulose Films
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6. Advencements

Advancements in biodegradable food packaging have led to the development of innovative solutions such as active and intelligent
packaging, which offer enhanced functionality beyond traditional passive packaging materials [62]. Figure 5 Shows Active and
Intelligent packaging systems for packaging.
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Figure 5. Intelligent and Active Food Packaging Systems

Active packaging systems are designed to interact with the packaged food or its environment to extend shelf life, maintain quality,
and improve safety [63]. Active packaging systems typically incorporate active components, such as oxygen scavengers [64], anti-
microbial agents [65], or ethylene scavengers [66], into the packaging material or the package itself. These components actively
interact with the packaged food or its surroundings to inhibit microbial growth, control ripening, or reduce oxidative reactions,
thereby extending the shelf life and preserving the quality of perishable foods. Biodegradable chitosan and gelatin films were formed
by Xu et al. [67] these films were incorporated with hop extract which not only enhanced the antioxidant activity of these films
but also proved effective against bacteria. Lian et al. [68] formed chitosan and pullulan active films by including thyme essential
oil. A substantial decline in E. coli activity was noted by the incorporation of thyme essential oil. Citric acid was incorporated in
PVA and starch based by Wu et al. [69] The activity of E. coli was sufficiently inhibited by the inclusion of citric acid. Table 1
provides a summary of effects of active materials on biopolymer based packaging

Table 1. A summary of effects of Active Materials on Biopolymer based Packaging

Biopolymer Active Material Effects References
Chitosan Pine needle extract High antioxidant effect was noted. [70]
Methylcellulose Silver nanoparticles Bacterial growth was inhibited [71]
Poly(lactic acid)/ Poly(caprolactone)  thymol, carvacrol Enhanced antioxidant activity was observed. [72]
Gelatin Rosmarinic acid Bacterial growth was inhibited [73]
Polylactic acid thymol, kesum, curry Bacterial growth was inhibited [74]
Polyvinyl alcohol Pomegranate peel extract  Bacterial growth was inhibited [75]
Sodium lactate/whey protein isolate E-Poly lysine Bacterial growth was inhibited [76]
Fish gelatin Haskap Berry Extracat radical scavenging activity was enhanced [77]
Chitosan/Carboxymethyl Cellulose ZnO nanoparticles Bacterial and Fungal activity was sufficiently controlled. [78]
Chitosan Black plum peel extract DPPH inhibition was enhanced and bacterial growth was controlled [79]
Sodium alginate Zn0 nanoparticles A decline in bacterial count was observed. [80]
Hydroxypropyl methyl cellulose Thymus daenensis EO Bacterial growth was inhibited [81]

L. Lactoferrin, Lysozyme, . -
Whey protein isolate and the Lactoperoxidase Bacterial growth was inhibited [82]

Sensors and indicators are incorporated into intelligent packaging to give real-time information about the state of the packaged
goods [83]. These technologies represent significant advancements in the field of food packaging, offering benefits in terms of food
preservation, quality assurance, and consumer convenience. Intelligent packaging incorporates sensors [84] and indicators [85]
that give precise information regarding the state of the product in its packaging, including its Freshness, temperature, gas compo-
sition, moisture content. These technologies allow for monitoring and control of critical parameters throughout the supply chain,
enabling timely interventions to maintain food safety and quality. Jamréz et al. [86] formed furcellaran and gelatin-based films
with the incorporation of extract from pu-erh and green tea. Jung et al. [87] utilized 2-amino-2-methyl-1-propanol and chitosan
as a carbon dioxide indicator to monitor quality of fermented foods. Pucci et al. [88] developed biodegradable PLA and PBS films
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with temperature indicator by incorporating 4,4" -bis(2-benzoxazolyl) stilbene. Vu et al. [89] incorporated redox dyes in biopoly-
mers to act as oxygen indicators. Table 2 provides a summary of effects of intelligent materials on biopolymer based packaging.

Table 2. A summary of effects of Intelligent Materials on Biopolymer based Packaging

Biopolymer Intelligent Material Effect References
Chitosan/Polyvinyl Alcohol Anthocyanin Change of color provided spoilage indication. [90]
Hydroxy propyl methylcellulose/ Anthocyanin Change of color provided spoilage indication. [91]
K-carrageenan

Cellulose acetate nanofibers Alizarin Change of color provided spoilage indication. [92]
Glucomannan/Polyvinyl alcohol Betacyanin pH change was indicated by change of color. [93]
Polylactide/Poly hydroxybutyrate B-carotene, Chlorophyll, Curcumin, Lutein ~ Change in temperature changed the color. [94]
Agar Arnebia euchroma root Change of color provided spoilage indication. [95]
Bacterial cellulose nanofibers Anthocyanin Gas production changed the color. [96]
Cellulose-Polyvinyl alcohol Acidochromic dye pH change was indicated by change of color. [97]
Furcellaran, gelatin Green tea extract pH change was indicated by change of color. [86]

Succinylated chitosan and hydroxy- Color change indicated change of carbon dioxide

. Bromocresol blue and methyl red . [98]
propyl chitosan concentration.
A s ) Krasch.
G’Zf]:msm sphaerocephala Krase Anthocyanins NH; presence changed the color. [99]
Chitosan and agarose Anthocyanins Change of color provided spoilage indication. [100]
Low-acyl gellan gum Silver Nanoparticles Color changed with the presence of H.S. [101]
Alginate Molybdenum trioxide nanoparticles Color changed with the presence of H.S. [102]

7. Applications of biodegradable Packaging

Innovations in food packaging have reached new heights with the advent of various cutting-edge films and coating materials, each
with specific applications to enhance food preservation and consumer satisfaction. Anti-sprouting films, utilizing polymeric carriers
infused with natural anti-sprouting agents like essential oils, are used to extend the shelf life of potatoes and other sprout-prone
produce, providing a sustainable alternative to conventional fogging techniques [103]. High-performance UV-blocking films pro-
tect packaged foods such as dairy and beverages from photooxidation, ensuring prolonged shelf life and quality retention [104].
Nano-engineered films, incorporating nanomaterials, are applied to improve the mechanical strength and barrier properties of
packaging for fragile items like snacks and baked goods [105]. Two-dimensional materials like nano-cellulose and metal nanopar-
ticles are used to enhance the thermal and mechanical properties of packaging for perishable items like fruits and vegetables [106].
Multi-shaded films find application in the confectionery industry, making products like candies more visually appealing [107].
Taste and odor-masking films are particularly useful for packaging nutritious yet strong-smelling foods such as garlic, onions, and
durian, improving consumer acceptance [108]. Oxygen [109] and water [110] resistant films are essential for packaging fresh
produce, meats, and fermented foods, maintaining optimal freshness and quality [111]. Transparent films are ideal for packaging
products like meat and seafood, allowing consumers to inspect the product visually [112]. The emergence of 2D and 3D printed
films enables precise customization for high-end products and specialty foods [113]. Super-hydrophobic/hydrophilic films are used
in applications requiring anti-fouling and self-cleaning properties, such as ready-to-eat meals [114]. Smart pH-sensitive films pro-
vide real-time monitoring of food spoilage, crucial for perishable goods like seafood and dairy products [115]. Multilayer films,
integrating barrier, active, and control layers, are versatile for packaging a wide range of food items, from dry goods to liquids
[116]. Active films enriched with antimicrobials and antioxidants are applied to packaging for fresh produce and meats to enhance
food safety [117]. Plasticized [118] and cross-linked [119] are used in applications requiring flexibility and durability, such as
packaging for processed foods and snacks. These advancements collectively herald a new era of innovation in food packaging
technology, promising enhanced sustainability, functionality, and consumer satisfaction across the globe.

8. Future Directions and Challenges

The implementation of biodegradable packaging involves addressing key challenges and advancing the development, adoption and
scalability of sustainable packaging solutions. While biodegradable packaging holds great promise for reducing environmental
impact and promoting circularity in the packaging industry several challenges need to be overcome to realize its full potential.
These challenges include technological limitations, regulatory barriers, market demand and end-of-life management considera-
tions.
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There is a need to heavily fund research and development in order to overcome the drawbacks of biodegradable packaging mate-
rials. Mechanical strength and barrier qualities can be enhanced by ongoing developments in biopolymer technology, such as the
production of novel polymers like polylactic acid (PLA) and polyhydroxyalkanoates (PHA). Furthermore, the overall performance
of biodegradable films can be enhanced by the development of nanocomposites using nanotechnology. Research collaborations
between academic institutions, business partners, and government organizations could accelerate the development of economical
and efficient sustainable packaging solutions. It is essential to have strong legal frameworks and uniform guidelines for biodegrada-
ble packaging materials. International organizations and governments need to collaborate to establish regulations that guarantee
environmental sustainability, quality, and safety. A circular economy for plastics, for instance, is the goal of programs like the
European Union's Plastics Strategy, which can be extended to include biodegradable materials. Involving stakeholders in the reg-
ulatory process can help create certification programs that increase customer confidence and make choosing biodegradable pack-
aging solutions easier. Targeted consumer education initiatives are necessary to raise awareness of the environmental advantages of
biodegradable packaging alternatives and drive market demand for them. Acceptance can be enhanced by interacting with custom-
ers on social media and showcasing successful biodegradable packaging case studies in marketing campaigns. To guarantee that
consumers have access to reasonably priced and highly effective biodegradable products, manufacturers, merchants, and waste
management firms must work together. End-of-life management considerations are essential for ensuring the effective disposal,
recycling, and composting of biodegradable packaging materials. While biodegradation offers a promising solution to reduce pack-
aging waste, infrastructure and logistical challenges exist in implementing widespread composting or recycling facilities. Investment
in infrastructure development, improving collection and sorting processes, and promoting circular economy models to close the
loop on biodegradable packaging materials is necessary to and maximize resource recovery.

9. Conclusion

Biodegradable packaging materials represent a promising solution to the environmental challenges posed by traditional plastic
packaging. With advancements in biopolymers, natural fibers, and protein-based materials, these sustainable alternatives offer
potential benefits such as reduced pollution, renewable sourcing, and improved food safety and quality. However, the successful
implementation of biodegradable packaging requires overcoming several challenges, including technological limitations, regulatory
barriers, market acceptance, and effective end-of-life management. Future efforts must focus on continued innovation, harmonized
regulations, consumer education, and infrastructure development to fully realize the potential of biodegradable packaging. By
addressing these challenges, the packaging industry can move towards a more sustainable and circular economy, minimizing envi-
ronmental impact while meeting the functional needs of food packaging.
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