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ABSTRACT  

The application of conventional plastic food packaging has skyrocketed over the last 
couple of decades, necessitating a shift towards biodegradable options for the 
continued sustainability of food systems. The researchers look into putative solutions 
for bio-polimer food packaging using biological, biotechnological and computer 
science-oriented methods. The use of certain natural bio-polymers such as cellulose, 
chitosan or starches offer some form of package, which is environmentally friendly 
as it enhances food and safety while also serving as a barrier to microbial invasion. 
Innovations in biotechnology, such as the microbial synthesis of 
polyhydroxyalkanoates (PHA) and the synthesis of polylactic acid (PLA), improve the 
industrial applicability and the functional characteristics of the biodegradable food 
packaging. Strategies using informatics like artificial intelligence for material and 
design optimization, and block-chain technology for supply chain tracking further 
enhance the practicality of maybe sustainable packaging. The ramifications of the 
biodegradable food package go beyond the benefits to the environment; they range 
from enhanced food safety, decreased leaching of harmful substances, to prolonging 
shelf-life of the goods. No single solution exists for managing the costs, 
performances, and practical industrial requirements, which calls for more active 
policies and cooperative scientific research. The researchers encourage different 
domains of innovation to collaborate to complete the outlined objectives directed 
toward shaping the food systems and the environment. 
Keywords: Biodegradable food packaging, biopolymers, bioplastics, microbial 
synthesis, artificial intelligence, sustainability, food safety, supply chain 
optimization, environmental impact, circular economy.  

 
INTRODUCTION 

The impacts of traditional food packaging on the environment, largely composed of 

synthetic plastics, are gradually becoming clear (Behera et al., 2022). The near 

total lack of biodegradability, and plastic packaging’s ability to remain in ecosystems 

for extended periods, means their widespread use is a significant concern. This 

damage causes multi-facetted ecological imbalances which drive biodiversity and 

food security loss. Plastic from under-packaged products pose the same problem 

as its use take centuries to fully degrade, and over the process forms micro-plastics 

— which subsequently enter water bodies, soil, and human bodies (Polman et al., 

2021). This raises awareness regarding the issues of micro-plastic exposure on 

long term health impacts. Although conventional recycling is presented as a 

solution, collection of the recoverable material is inefficient as are avoidable 

recyclables' contamination and processing-related high costs (Agarwal et al., 2023). 

Such problems must be addressed in the search for sustainable alternatives which 

consider the need to lessen stress on the environment, whilst retaining the 

essential  attributes  necessary for  food  safety  and  preservation (de Souza et al., 

2024). Influence of various environmental factors on food packaginghas been illustrated in figure 1.  
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Figure 1. various factors influencing food preservation within packaging, including material properties, environmental 
elements, and internal processes. 

 

Biodegradable food packaging has been one of a number of new alternatives developed to counter the plastic waste 

problem (Siddiqui et al., 20240). This is the case of natural polymers: food packaging is produced with natural polymers 

like cellulose, starch, chitosan or polylactic acid (Abdo et al., 2024), since these materials will be metabolically 

processed by microbes into non harmful products (Abdo et al., 2024). Biodegradable materials, unlike traditional 

plastics, on the other hand can be spent and reintegrated into biogeochemical cycles (Adak et al., 2024). Here it must 

be mentioned that all these may not be very useful in the short term, as continuous attempts are made to develop bio-

based materials with improved strength and barrier properties, which would aid in the replacement of plastic packaging. 

By adding plant polysaccharides, proteins, and lipidbased films, biodegradable packaging can now be compatible with 

a variety of food products without compromising their geometry (Jayasekara et al., 2022). 

Biotechnology has undergone a series of changes which played a key role in enhancing the production and efficacy 

of biodegradable food packaging (Marín et al., 2023). Around the world, microbial fermentation processes are used to 

produce a variety of bio-based polymers, such as polyhydroxyalkanoates (PHA) and polylactic acid (PLA), which can 

be used for food packaging and biodegrade afteruse. Modified bacterial strains are capable of producing controllably 

degrading biodegradable plastics in bulk and can be used in food packaging (Rami et al., 2024). Nanotechnology also 

helped to create better materials with improved resistance to moisture, oxygen, and microbial contamination. 

Biodegradable films have been produced to protect food from spoilage using active packaging technologies with the 

addition of antimicrobial agents which increase shelf life and reduce food waste thereby ensuring an ecofriendly 

environment (Nicolescu et al., 2023).Technology for biodegrade food packaging solution for innovation and last mile 

adoption is informatic driven illsutated in figure 2. This capability may be harnessed to develop bio-based polymers 

with valuable physicochemical traits via computational modeling methodologies, substantially decreasing the time and 

investment incurred in conventional material development (Muneer et al., 2021). Artificial intelligence and machine 

learning algorithms that allow prediction of degradation rates and environmental impacts are used for the selection of 

suitable packing materials considering specific conditions for food storage (Ali et al., 2022). Additionally, there is going 

to be the research on the exploitation of blockchain and Internet of Things (IoT) technologies for monitoring the life 

span of the biodegradable packaging to simplify supply chain transparency and allow sustainability measurement. 

These technologies can have a positive impact not only on the production of biodegradable packaging as it increases 

its efficiency, but also on its adoption in the food sector (Perera et al., 2023).  



 

 378 

J. Agric. Biol. 03(1) 2025. 376-385 

https://doi.org/10.55627/agribiol.003.01.1250  

 

Figure 2. Modern food packaging technologies. 

 

Biodegradable food packaging is a critical component of sustainable food systems focusing both on plastic waste 

management and food storage (Swetha et al., 2023). But these solutions are only successful when scientific studies 

are combined with the business or political movement. The fusion of biological, biotechnological, and informatics 

attempted to intermingle with these enterprises, as this exhibits that there is ingenuity in packaging, but they must 

further align to enhance for price, scale, and functionalities (Rajesh Banu and Godvin Sharmila, 2025). As more people 

are more aware of sustainability, demand for biodegradable packaging will increase and more funding will be made 

available for basic scientific research (Zhao et al., 2023). In addition, biodegradable food packaging in replacing 

conventional plastic packaging with an environmentally friendly alternative contributing to a healthy planet and more 

robust food systems, with the assistance of interdisciplinary approaches and technique (García-Depraect et al., 2021). 

Problem Statement 

Rapid improvements in technology have ensured that portable food containers are cost-efficient and manufactured on 

a large scale (Gamage et al., 2024). However, there are certain issues including but not limited to ingredients used for 

manufacturing containers causes which greatly harm the environment. The growing usage of plastic micro-balloons 

and other forms of micro-plastics are widely spread throughout the food chain; contributing to the long lasting 

consequences of health problems in the world. This form of biodegradable food covering contains too much organic 

waste and its mechanized strength is unbearable. Because organic polymers are biologically synthesized, the chances 

of integrating biological and biotechnology along with informatics feed the effectiveness of these polymers in replacing 

synthetic plastics within the limite. To make these novel, sustainle, and economically packaged scientific efforts will be 

required.  

Aim of Study 

The goal of the study is to advance the invention of devising food containers that are bred from living organisms, 

biotechnological-algorithmic constructs, plastic degrading microbes, and technology that increases the roughness and 

softness of the polymer. In this work the role of AI, computer simulation, and block-chain distributed ledger technology 

will be examined for enhancing and optimizing the properties of the biological containers. For the first time, this work 

aims to combine interdisciplinary concepts with industrial purposes to improve the safety and longevity of food products 

while reducing negative impact on the environment. The practical outcome of this study is to start the development of 

economically viable ecological containers, which will contribute to sustainable food systems. 
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BIOLOGICAL FOUNDATIONS OF BIODEGRADABLE PACKAGING 

Biopolymers Used in the Food Industry 

Natural biopolymers serve as the main materials in addition to the replacement of conventional plastic materials for 

compostable food containers and wraps. Examples include cellulose, chitosan, alginates, and polymer starches that 

are used widely as they are renewable and are capable of biodegradation by microorganisms (Rekhi et al., 2022). 

""Most cellulose is obtained from plant fiber, which provides strong and flexible biopolymer for diverse food packaging 

requirements." Chitosan: Chitosan is a polymer derived from crustacean shells and has antimicrobial (Kamaruddin et 

al., 2021), and thus, can increase the safety and shelf life of the food. Food Preservation and Sustainability: Brown 

seaweeds supply alginates and starch-based polymers with functional properties such as good water and oxygen 

retention which can be used in food preservation for shelf stability (Awasthi et al., 2022). Through this method, such 

biopolymers have great potential in reducing environmental disruptors while allowing circular economy models that 

take advantage of agricultural and marine wastes. 

Microbial Breakdown and Biodegradation Processes  

The biodegradability of packaging materials is most influenced by microorganisms. An example of the role of these 

organisms is biopolymer degradation to lesser organic compounds (Ahmad et al., 2024). Extracellular starch and 

cellulose degrading bacterial strains include Pseudomonas and Bacillus (Singh et al., 2021). Common fungi, 

Aspergillus and Penicillium also work in biodegradation through enzymatic hydrolysis of different polysaccharides on 

the chitosan and alginate polymers. Environmental factors including temperature, PH, and enzymatic activity 

significantly differ on the biodegradation rate of chitin and alginates materials, optimal conditions of polymer decay are 

observed in myoaerobic conditions (Khandeparkar et al., 2024). Micro-organism processes holds major importance in 

designing bio-degradables with exact degradation pace for food storage and waste disposal systems.. 

Eco-Toxicological and Life Cycle Assessments 

To determine if biodegradable food packaging is sustainable, its eco-toxicological and life-cycle consequences need 

to be evaluated. Research has shown that the biodegradable polymers are significantly less toxic than other plastics, 

which instead can lead to environmental and health hazards caused by micro-plastic-polymer build up in ecosystems, 

(Tripathi et al 2022). Moreover, from a life cycle perspective (LCA) as well, bio based packaging materials go through 

much less energy intensive processes and contribute less to greenhouse gases (GHG) than plastic materials made 

from petroleum (Arif et al., 2023). However, the positive contribution of biopolymer materials depends on their source, 

processing methods and end-of-life options which reduces the claim. These variables point towards the need for 

appropriate evaluation frameworks to enhancing sustainability outcomes. So these integrated assessments measures 

helps governments and industries to understand and analyze the impact of using biodegradable packing materials so 

that they can take relevant measures around its effective use. 

Challenges for Sustainable Food System Systems 

To adopt biodegradable food packaging in sustainable food systems, a cohesive synthetic biological and engineering 

approach is necessary for efficient implementation and scaling. The natural polymer serves to decrease the usage of 

plastics from fossil fuels and the subsequent microbial degradation guarantees ecological protection (Rahardiyan et 

al., 2023). Still, there are issues with the cost, durability, and waste pulling resources capabilities that need to be solved 

for broad application. Changes in biopolymer design, improvement in microbial degradation processes, and the use of 

digital technologies for real-time monitoring of packaging materials can help achieve the goals for sustainable 

packaging (Thomas et al., 2023). Through biological enabling and computing approaches, the plastic waste problem 

along with food security and sustainability can be tackled using biodegrading packaging. 

 

BIOTECHNOLOGICAL INNOVATIONS IN BIODEGRADABLE PACKAGING 

Microbial Production of Bioplastics 

The main focus lies within biotechnology’s achievements in producing biodegradable food packaging materials through 

the microbial synthesis of bioplastics. Genetically modified polyhydroxyalkanoate (PHA) producing organisms like 

Cupriavidus necator and Pseudomonas putida use polyhydroxyalkanoate (PHA) as a carbon source to produce high 

yield biopolymers. (Atarés et al., 2024). With the rise of metabolic engineering, bacterial strains were created to 

maximize PHA accumulation and decrease the cost of production, making PHA’s more affordable than conventional 

synthetic plastics. Furthermore, polylactic acid (PLA) is a biopolymer that is fermented from agricultural waste using 

Lactobacillus species and is renowned as one of the most environmentally friendly ways of producing polymers. 

(Awasthi et al., 2022). The efficiency of these bioplastic polymers makes their use in packaging food products 
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ecologically beneficial since these bioplastics are highly degradable, biocompatible, and extremely strong. Figure 3 

illustrates the structural composition of packaging materials, focusing on adhesives and their classification, as well as 

the geometric shaping they enable. 

 

Figure 3. (a) Illustrates the structural components of packaging, highlighting the adhesive layer between two substrates, 
which provides the geometry to the packaging. (b) Categorizes adhesives used in packaging based on their origin 
(synthetic or natural) and chemical nature (thermosetting, thermoplastic, elastomeric, carbohydrate, protein, 
lignocellulosic extracts). 
 

Advanced Material Functionalization 

The functionality of biodegradable packaging has been enhanced significantly through the incorporation of 

antimicrobial and antioxidant materials. Novel biotechnological approaches include the incorporation of essential oils, 

plant fragments, and antimicrobial peptides in biodegradable films to extend shelf life and limit food contamination  

(Cristofoli et al., 2023). Additionally, the incorporation of nanotechnology into biopolymer matrices resulted in 

enhanced mechanical strength, water resistance, and oxygen barrier properties. Such as by combining nano-cellulose 

and chitosan nanoparticles with silver-based nanocomposites in the packaging makes the packaging more robust and 

antimicrobial (Ali et al., 2022). Not only do these improvements boost performance of biodegradable packaging, they 

also address the safety and quality issues regarding food, a significant worry with previous bio-based materials.  
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Scaling Up Sustainable Packaging Solutions 

While the field of biomaterials is developing biodegradable packaging materials, the challenge still lies in their 

commercially viable mass production. These challenges are addressed by biotechnological methodologies, such as 

fermentation process optimizations, utilization of waste-based feedstocks, and developing improved microbial 

consortia for enhanced polymer production (Abdo et al., 2024). High production costs due to large CAPEX for 

bioreactors, downstream processing and the extraction and purification of PHAs and PLA. However, synthetic biology 

and metabolic pathway engineering are advancing to mitigate these cost issues, by strengthening polymer durability 

and decreasing our reliance on expensive petrochemical feedstock (Tyagi et al., 2022). To make biodegradable food 

packaging economically possible, methods to produce these processes and their expansion should be more 

developed. 

Advances in Material Stability and Decomposition Rates Driven by Biotechnology 

One of the major issues to be addressed in biodegradable packaging is the controlled breakdown of packaging 

materials during food storage and transportation. Biotechnological methods are improving polymer degradation rates 

through the construction of bacterial consortia that promote microbial degradation under particular environmental 

factors (Jayasekara et al., 2022). Moreover, there is a treatment of biopolymers aimed at making them more 

biodegradable without losing their mechanical strength that utilizes enzymes. This progress is underscored by the 

merger of bioinformatics and AI, which has improved the predictive modeling of polymers degradation and made it 

possible to produce polymeric materials with predetermined degradation rates (Rekhi et al., 2022). These 

improvements demonstrate the role of biotechnology in developing environmentally friendly and functional packaging 

materials aimed at shifting towards a circular economy. 

 

INFORMATICS-BASED APPROACHES IN SUSTAINABLE PACKAGING  

Blending Computation Modeling and AI in the Design of Biodegradable Materials  

Computer modeling and AI have transformed informatics techniques in sustainable packaging efforts toward the 

development of biodegradable materials. Predictive analytics is being implemented to enhance the polymer mix by 

predicting the molecular interactions and kinetics of the material’s degradation alongside the selection of the most 

suitable polymer having good mechanical and barrier properties (Thamarai et al., 2024). Machine learning models that 

are AI-powered examine large volumes of biopolymer data, resulting in the faster identification of new biopolymers that 

are more stable and less harmful to the environment (Perera et al., 2023). These developments assist scientists in 

crafting bioplastics with designated degradation periods while minimizing the use of synthetic polymers toward fulfilling 

the objectives of a circular economy in food packaging. 

Optimization of Supply Chains and Analytical Measurement of their Life Cycle 

The use of Internet of Things systems and Blockchain technology enables the real time observation of sustainable 

practices in packaging. The absence of trust and regulations is taken care of by the application of Ghosh and Dey’s 

2023 theory, which states that the technology implements economical tracking and identifies the filling materials, parts 

production, logistical operations, and discard procedures of the business’s packaging. The packaging’s IoT sensors 

and micro-monitors guarantee the capture of temperature, humidity, and microbial activity’s effect on the solid waste. 

The AI estimates the degradation level and its speed (Rekhi et al., 2022). Practices derived from these facts enable 

business managers to improve the formulation of given materials and reach sustainability limits.  

Adoption of New Technologies in Consumers Markets 

The usage of big data analytics is indispensable in the investigation of consumer behavior regarding the adoption of 

biodegradable food packaging. The available data are processed with Market intelligence tools to estimate consumers’ 

expectations, perceptions of value, level of knowledge, and even attitudes towards sustaining packaging methods by 

examining collected online reviews, survey data, and purchasing behavior (Jayasekara et al., 2022). Moreover, AI-

powered sentiment analysis and other digital marketing techniques have helped consumers understand the 

advantages of using biodegradable materials and promoted the use of these eco-friendly substitutes (Abdo et al., 

2024). The application of informatics in consumer research improves responsiveness to market signals, thus enabling 

effective repositioning of the packaging industry towards more sustainable solutions. 

Due to the nature of academic prose, it may include overly intricate sentence structures that are too long and 

convoluted. We encourage you to check if each sentence directly speaks to your research question and breaks it down 

into manageable chunks, where each is potentially addressable by one or two sentences or phrases. For example, the 
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last sentence in the excerpt above doesn't directly connect to the topic sentence clearly. This may lead to confusion or 

readers being overwhelmed with information. Let's take this within our phrasings. 

Influences Information Technology Digital Marketing: Environmental Policies Integration 

The promotion of biodegradable food packaging is impacted by both marketing campaigns and regulations within the 

industry. With the use of AI, advertising is becoming highly engaging in sustainably packaged products and encourages 

positive sustainable purchasing actions (García-Depraect et al., 2021). Moreover, the use of informatics for policy 

monitoring evaluates action against environmental regulations by monitoring corporate compliance with 

biodegradability and carbon reduction standards for many years (Tyagi et al., 2022). The deployment of digital solutions 

coupled with policy enforcement from government and business aims at maximizing the use of biodegradable 

packaging while ensuring economic and environmental targets are achieved. 

 

Biodegradable Food Packaging: Novelties and Trials 

Cost-Effectiveness and Life-Cycle Assessment 

The high production expenses of biodegradable food packaging prevent its adoption across industries since these 

materials cost more than conventional plastics. The production price of polyhydroxyalkanoates (PHA) reaches €6 per 

kg while polylactic acid (PLA) costs €4 per kg although standard plastic polyethylene stays at €1 per kilogram (Zhu et 

al., 2023). The difference in costs creates a major obstacle for food industry-wide implementation of these products. 

According to Life-cycle assessments (LCAs) biodegradable materials show environmental benefit potential yet their 

sustainability depends on various production-related and disposal system factors (Cirillo et al., 2021). The optimization 

of bioplastic technology and composting infrastructure requires government support through production subsidies and 

funding for infrastructure development (Norton et al., 2024). 

Durability, Technological Integration, and Scalability 

Foods packaged in biodegradable materials currently struggle with structural weaknesses and leak protection because 

these issues cause safety concerns during food preservation. The improvement of these attributes through biopolymer 

blending along with nanotechnology implementation represents active research fields (Gao et al., 2022). The 

combination of artificial intelligence (AI) systems with blockchain platforms allows packaging supply chains to obtain 

better visibility together with operational performance improvements. Technical difficulties together with expensive 

installation expenses and the requirement of uniform guidelines currently challenge the implementation process 

(Alaimo et al., 2023). The obstacle to expanding bio-based solutions reaches beyond material shortages because of 

escalating food production demands so the scalability of these solutions requires better agricultural practices and 

refined supply chain management according to Martínez et al., 2024. 

Policy Recommendations for Accelerating Adoption 

The adoption of biodegradable packaging requires complete policy frameworks which will support its implementation. 

Public institutions need to define specific biodegradability requirements while supporting work toward affordable 

manufacturing technologies. The development of required infrastructure through public-private partnerships enables 

proper disposal of biodegradable materials through industrial composting facilities (Cirillo et al., 2021). The public can 

understand biodegradable packaging benefits as well as disposal approaches through education programs which 

promote both market entry and reduce consumption bias (Zhang et al., 2022). 

 

IMPLICATIONS FOR SUSTAINABLE FOOD SYSTEMS 

Lowering Environmental Impact 

Biodegradable packing for food reduces environmental waste while counteracting the effects of plastic pollution. 

Producing bioplastics from renewable resources, like agricultural byproducts, emits less greenhouse gases than 

petroleum based plastics and aids in climate change mitigation (Rekhi et al., 2022). Moreover, compostable packaging 

is beneficial in balancing the ecosystem because it reduces waste build up in landfills and oceans by allowing for 

organic waste decomposition and nutrients to be cycled back into the soil (Perera et al., 2023). The use of 

biodegradable packing materials within sustainable food systems not only reduces reliance on plastic, but also fosters 

greater ecological resilience. The applications natural inks and dyes are illustrated in figure 4.  
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Figure 4. Applications of natural inks and dyes. 

 

Supporting Food Safety and Quality Improvement 

The usage of biodegradable wrapping products promotes food safety by reducing the risks linked with leaching 

chemicals from conventional plastic wrapping. Food grade synthetic polymers can release toxic chemicals like 

bisphenol A (BPA) and phthalates, which are very detrimental to human health (Abdo et al., 2024). In comparison, 

natural biopolymers like chitosan, alginate, and starch-based films are non-toxic and have antimicrobial activity that 

inhibits spoilage and microbial contamination (Additionally, the use of biodegradable wrappers with antioxidant and 

moisture controlling features can minimize the oxidative and moisture loss damage of perishable foods, thus 

decreasing food wastage and enhancing sustainability of the food supply chain (Jayasekara et al., 2022). 

 

CHALLENGES AND FUTURE DIRECTIONS 

Even though biodegradable food packaging has its anticipated advantages, problems still exist in respect to the 

balancing the material’s performance, cost, and eco-friendliness. A number of biodegradable polymers offer lower 

mechanical strength and barrier attributes than traditional plastics contends Singh and his colleagues; they claim that 

requires greater innovation in the formulation and processing technologies of the materials. Atarés et al. (2024), also 

explains that the cost for bio-based feedstock and fermentation techniques makes economical large-scale production 

extremely difficult, necessitating investment into biotechnological development and industrial production large-scale 

processes. These challenges can be met only with a collective action of scientists, governments, and the food industry 

that will make the costs and processes of developing biodegradable packaging more efficient. 

The Need for Policies and Collaboration within Industries.  

The successful implementation of biodegradable packaging in sustainable food systems relies on strong regulatory 

policies and collaboration across sectors. Standardized biodegradability requirements should be established, and tax 

incentives along with subsidies for sustainable packaging manufacturers should be offered (Tyagi et al., 2022). 

Furthermore, an increase in funding for research and development could lead to major innovations in the economic 

feasibility of advanced biopolymer synthesis (Perera et al., 2023). Sustainable food packaging solutions can be 

integrated into policy frameworks through industrial innovations, thereby enabling a shift toward an environmentally 

friendly global food system. 

 

CONCLUSIONS 

The progress of creating food packages that can decompose relies on a collaboration between biology, biotechnology, 

and informatics which pushes innovation towards a more sustainable food system. Biopolymers came as a result of 

biological research, while material functionality and production efficiency were improved from the aid of biotechnology. 
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Sustainability efforts have also been enhanced with the use of AI material design and supply chain logistics tracking 

on block-chain. For effective use, integrating industry standards and regulatory policy is necessary. A fusion between 

policymakers, industries, and researchers is required to address the current gaps in promoting biodegradable 

packaging and creating sustainable food systems. 
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