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ABSTRACT
The rapid escalation of plastic pollution alongside the increasing generation of fruit processing waste has intensified the demand for sustainable and biodegradable material alternatives. Globally, 14–17% of food production is lost annually, with fruits and vegetables contributing nearly half of this waste, creating an abundant and underutilized biomass resource. This review critically examines recent advances in the development of bio-based and biodegradable plastics derived from fruit wastes, including starch and cellulose-based materials, polylactic acid (PLA), and polyhydroxyalkanoates (PHAs). Studies on different fruit residues demonstrate promising mechanical, barrier, antimicrobial, and biodegradation properties, supporting their potential applications in packaging, coatings, mulching films, containers, and agricultural products. The review also highlights progress in processing strategies such as plasticization, polymer blending, and film casting, as well as emerging commercial efforts toward fruit waste–based bioplastics. Despite encouraging developments, challenges related to cost, scalability, infrastructure, and market adoption remain. Addressing these constraints through technological innovation, policy support, and interdisciplinary collaboration is essential for large-scale implementation and for advancing a circular bioeconomy based on renewable biomass resources.
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1. INTRODUCTION
Plastic pollution and food waste particularly from fruits and vegetables are the two most pressing environmental challenges of our time. Fruit processing generates two primary types of waste: solid waste (peels, seeds and stones) and liquid waste (juice residues and wash water). Fruit peel waste alone represents 15–60% of the total fruit waste and is often discarded (Zhang et al., 2020). Fruits including banana, orange, mango, watermelon, and lemon contribute for 25 -57 million tons of waste annually (Leong et al., 2022). According to FAO, 14–17% of global food production is wasted annually, with fruits and vegetables contributing nearly 46% of the total loss (Nirmal et al., 2023) . If not properly managed, such fruit waste can lead to severe environmental problems including soil and water pollution, greenhouse gas emissions, global warming, eutrophication, and other health hazards. Consequently, recycling fruit waste is essential for its effective utilization in the production of bioplastics .	Comment by carolina: The paragraph is inaccurate because it mixes data that comes from different statistical indicators.
	Comment by carolina: This paragraph only mentions waste, but you don't explain why it's useful for the production of bioplastics.	Comment by carolina: This paragraph mentions recycling, but it is also necessary to justify the valorization of this waste and explain how the circular economy influences this process.

The European Bioplastics Organization (EBO) defines bioplastics as plastics produced from renewable resources or those that are biodegradable in nature (Bandara et al., 2023). These materials may be biobased, biodegradable, or possess both properties. These are similar to conventional plastics in all aspects with the additional quality being able to easily degrade and breakdown into natural and safe byproducts (Sartika et al. 2018). Bioplastics derived from fruit waste have gained attention for their potential applications across industries including packaging, agriculture and medicine.	Comment by carolina: Not all bioplastics degrade easily; some are only of biological origin but not biodegradable (e.g., bio-PE). The last sentence is too general.

The introduction is very general, but for a review, it contains little information and does not specify the scientific framework or critical approach.
It should also include a paragraph describing a clear objective, such as: “This work reviews recent advances in the valorization of fruit waste for bioplastics production, analyzing the raw materials used, the extraction techniques, the properties of the resulting materials, and their potential applications in different industrial sectors”.

2. RELEVANCE OF BIOPLASTICS
The significance of bioplastics stems from their environmental, economic and functional advantages (Muthusamy and Pramasivam, 2019). Environmentally, they are biodegradable, contribute to waste valorization, and help reduce greenhouse gas emissions, making them a sustainable alternative to conventional plastics. Owing to microbial enzymatic activity, bioplastics degrade quickly in natural environments, breaking down into methane, carbon dioxide, water, biomass, and easily eliminated humic substances.	Comment by carolina: Change "bioplastics are biodegradable" to "many bioplastics exhibit biodegradability"
	Comment by carolina: In the phrase: "bioplastics degrade quickly in natural environments" add the following: "or composting"

From an industrial and economic standpoint, bioplastics are valuable due to the abundant availability of raw materials, their wide-ranging applications across multiple sectors, and the socio-economic opportunities they generate. Functionally, they exhibit good mechanical properties demonstrate strong potential for active packaging and are safe and non- toxic for both consumers and the environment. In the context of sustainability and the circular economy, bioplastics support efficient resource utilization, are derived from renewable feedstocks, and align with circular economy principles by encouraging recycling and reducing reliance on fossil fuels.
In this section on the relevance of bioplastics, the information is insufficient for a review. It should specifically address raw materials derived from fruit waste, describing concrete examples (such as orange, banana, or mango peels) and the biopolymers they contain that allow their transformation into polymeric materials. It should mention the main production routes, such as polysaccharide extraction or microbial fermentation processes for obtaining biopolymers. It should explain how the bioactive compounds present in fruit waste can provide antimicrobial or antioxidant functions in active packaging. Finally, to reinforce the sustainability focus, the paragraph could briefly integrate environmental assessments or conceptual frameworks linked to the circular economy, showing how the valorization of fruit waste contributes to reducing environmental impacts and generating new value chains in the bioeconomy.

3. SOURCES OF BIOPLASTICS
Bioplastics can be derived from a wide range of renewable biological sources, making them an eco-friendly alternative to conventional plastics (Chauhan et al., 2024).
· Agricultural waste, particularly fruit and vegetable peels and seeds serves as a valuable substrate for bioplastic production, promoting waste valorization and resource efficiency.
· Microorganisms including bacteria, fungi and microalgae are capable of synthesizing biopolymers such as polyhydroxyalkanoates (PHA) which have promising industrial applications.
· Animal-derived materials also play a significant role; polysaccharides such as chitosan and chitin are extracted from crustaceans, while proteins like keratin and gelatin are obtained from hair and bird feathers. 
4. TYPES OF BIOPLASTICS
Bioplastics refers to a broad family of materials having different origins, properties and applications. It can be classified into three categories viz., bio-based and biodegradable, bio based and non-biodegradable, fossil-based and biodegradable.
4.1. Bio-based and biodegradable plastic (True bioplastics)
These polymers are produced from biologically derived renewable resources. The majority of the plastics in this category are derived from natural polymers such as proteins, polysaccharides and lipids from plants or animals origin. Another category of such material includes products of microorganisms such as polyhydroxyalkanoates (PHA). Additionally, these plastics can be chemically synthesized from bio-derived materials such as polylactic acid (PLA). These plastics are the true representatives of bioplastics owing to their biological origin and biodegradability (George et al., 2021).
4.1.1. Starch based bioplastic
Starch is one of the most widely utilized polysaccharides for producing biodegradable films due to its ability to form a continuous polymeric matrix. Structurally composed of amylose and amylopectin, it serves as a major energy reserve in plants and is readily available as an industrial raw material (Meenakshi et al., 2022).
In starch-based plastics, it can be employed in its native, chemically modified, or blended forms, providing advantages such as thermoplasticity, flexibility, biodegradability, and economic viability. These attributes make it suitable for applications in packaging materials, disposable products, thin films, and pharmaceuticals (George et al., 2021). Furthermore, with the incorporation of plasticizers, starch can be efficiently converted into thermoplastics, positioning starch-rich agricultural residues as a promising feedstock for sustainable polymer production (Merino et al., 2022).
4.1.2. Cellulose based bioplastic
Cellulose is the most abundant organic compound in nature and serves as a primary structural component of plant cell walls. Its concentration varies 50% - 90%, depending on the plant species . In higher plants, cellulose occurs along with lignin, hemicellulose, pectin and other polysaccharides. Several derivatives of cellulose such as acetates, butyrates and propionates are widely used in bioplastic production. Among them, cellulose acetate is particularly valuable due to its toughness, clarity, flexibility, and stability, along with strong resistance to both organic and inorganic chemicals. To enhance its performance, plasticizers are often incorporated. Other cellulose forms, including cellulose ethers and cellulose nitrate (celluloid) are also significant in plastic manufacturing. At present, lignocellulosic biomass and cellulose-rich residues from the food industry are considered economical sources of cellulose for bioplastic production. Cellulose-based plastics have diverse applications, such as films for LCDs and antifog goggles, coatings for metals and wood, printing inks, window carton filters and water-soluble packaging films used in medical capsules and detergent powders (George et al., 2021). Structurally, cellulose derivatives are polysaccharides composed of linear chains linked by β-(1→4) glycosidic bonds. Common derivatives applied in edible films and coatings include hydroxypropyl cellulose, hydroxypropyl methylcellulose, carboxymethylcellulose, and methylcellulose. These materials exhibit thermo-gelation, a property in which suspensions form gels upon heating and revert to their original consistency when cooled (Shah et al., 2021).	Comment by carolina: This paragraph is incorrect, because cellulose does not represent that percentage of the entire plant, but rather of the cell wall or certain lignocellulosic materials.

This section on “Cellulose based bioplastic” contains insufficient information and should include the following: specific examples of fruit waste rich in cellulose, cellulose extraction processes (pretreatments), production methods or routes for bioplastics based on this polymer, relevant physical and mechanical properties, applications in food packaging, technological limitations.
4.1.3. Polylactic acid (PLA) based bioplastic
Polylactic acid (PLA) is a biodegradable thermoplastic polyester synthesized from lactic acid, which is typically obtained through the fermentation of starch-rich feedstocks such as corn, wheat, and sugarcane. As the first bio-based polymer to achieve large-scale commercialization, PLA has emerged as an alternative to conventional plastics such as PET, PS, HDPE, and LDPE (Rasal et al., 2010). Owing to its biocompatibility, biodegradability, thermal stability, and ease of processing through techniques like extrusion, thermoforming, injection molding, and blow molding, PLA is extensively utilized in packaging applications (Shah et al., 2021). The desirable properties of PLA including high transparency, rigidity, gloss and superior printability, make it highly suitable for food packaging applications (Huda et al., 2008). Additionally, its capability to be spun into filaments enables its use in biomedical and textile industries. PLA is often blended with other bio-based polymers to improve mechanical strength and lower production costs. Industrial-scale production of PLA is primarily achieved through direct condensation polymerization or ring-opening polymerization of lactic acid derivatives. Recently, enzymatic approaches using lipase catalysts have gained attention as a sustainable method (Faris et al., 2014). PLA degradation results in the release of carbon dioxide, water, and organic matter, without generating harmful byproducts, thereby contributing to reduced greenhouse gas emissions.
This section on “Polylactic acid (PLA) based bioplastics” contains limited information regarding the description of the fermentation process, explanation of optical purity (L/D), key thermal parameters, material limitations, improvement strategies, and actual degradation conditions that depend on temperature, humidity, and microbial activity.

4.1.4. Polyhydroxyalkanoates (PHA) based bioplastic
Polyhydroxyalkanoates (PHAs) are a family of biopolyesters produced by bacterial fermentation of carbohydrates, lipids or chemical precursors such as methylene chloride, propylene chloride and chloroform. They are primarily synthesized by prokaryotic organisms, including both bacteria and archaea. Among these, Ralstonia eutropha also known as Cupriavidus necator or Alcaligenes eutrophus is the most extensively studied microorganism. Other bacterial strains recently explored for PHA production include Bacillus sp., Pseudomonas spp., Alcaligenes sp., Aeromonas hydrophila, Escherichia coli, Rhodopseudomonas palustris, and Halomonas boliviensis (Chauhan et al., 2024).
PHA fermentation typically occurs in two stages: the first involves the development of high cell density cultures, followed by the accumulation of PHAs within the cells. Fermentation conditions are adjusted based on the metabolic requirements of the microorganisms. Generally, low stirrer speeds and temperatures between 30–37 °C are maintained, which reduces dissolved oxygen tension. pH control is either left unmonitored or regulated by adding substrates such as glucose. The use of open mixed microbial cultures, such as activated sludge has been suggested as a cost-effective approach to enhance PHA production. This strategy can lower production costs, improve fermentation efficiency, and expand the commercial feasibility of PHAs (Patnaik, 2005).
This section on “polyhydroxyalkanoates (PHA) based bioplastics” presents limited information on the specific types of PHA (PHB, PHV, PHBV), mechanical properties and limitations, polymer recovery methods, industrial scaling challenges, and specific applications of this polymer.

4.2. Bio-based and non-biodegradable
This category comprises widely used commodity polymers synthesized from bioethanol, such as polyvinyl chloride (PVC) and polyethylene (PE). Although these bioplastics are chemically identical to their fossil-based equivalents and remain non- biodegradable, they offer the advantage of reduced carbon footprint, as their incineration does not release additional carbon dioxide. This group include bio-based polyamides, polyepoxides and polyesters such as polytrimethylene terephthalate (Batori, 2018).
4.3. Fossil-based biodegradable plastics
This class of polymers is derived from petroleum sources but retains the ability to undergo natural degradation. Key members include polycaprolactone, polyglycolic acid, polybutylene adipate-co-terephthalate, and polybutylene succinate. Their biodegradability and hydrolytic instability are attributed to the presence of ester linkages in their molecular backbones (Rodriguez et al., 2010).
5. GENERAL PROCESS OF BIOPLASTIC PRODUCTION
The process of bioplastic production varies depending on the raw material used, the desired properties of the final product, and the intended application. Each method involves specific procedures, components, and formulations (Fig 1). Pre-treatment typically includes grinding, drying, and hydrolysis of the raw material. A key step is material characterization, which may involve the addition of plasticizers, odor-control agents, and other biological additives (Wale et al., 2024).
In general, the methodology for producing bioplastics follows sequential stages: collection and preparation of biowaste, chemical pre-treatment, blending and paste formation, formulation of the biopolymer mixture, casting and drying, and finally, curing and conditioning. The resulting bioplastics are then characterized and evaluated for their physical properties (thickness, flexibility, tensile strength and elongation), chemical properties (Fourier Transform Infrared Spectroscopy, UV-Spectro Photometer, X-Ray Diffraction), thermal properties (thermal stability and melting point), barrier properties (water absorption and solubility) and biodegradation properties (biodegradation test and composting test) (Ramadhan et al., 2020).
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 Fig 1 : Generalized process of bioplastics production from biowaste


 
Plasticizers are relatively non-volatile, low molecular-weight organic compounds incorporated into plastic polymers to reduce brittleness and crystallinity, enhance durability and toughnessand lower melting temperatures. By decreasing polymer–polymer interactions, they reduce the rigidity of three-dimensional structures, thereby improving flexibility and deformation capacity without rupture. Various plasticizers are employed in bioplastic production, including polyols such as glycol, glycerol, sorbitol, fructose, sucrose, mannose as well as fatty acids like palmitate and myristate. Among these, glycerol is the most extensively used and studied due to its non-toxicity, low cost, and high boiling point (292 °C) (Shah et al., 2021).
6. FRUIT WASTE FOR BIOPLASTICS PRODUCTION AND ITS APPLICATIONS
Fruit waste generated mainly from markets and processing industries amounts to nearly 2200 million kilograms globally. Rich in starch and lignocellulosic materials, it can be converted through physical, chemical, or biotechnological methods into raw materials for bioplastics (Merino et al., 2022). Non-edible residues from crops especially banana, jackfruit, pineapple, mango, and citrus are promising feedstocks for sustainable bioplastic production. Polysaccharide- and lignocellulose-rich wastes enhance film quality, mechanical strength, and overall performance, making them valuable in bioplastic fabrication.
Fruit peel based bioplastics have a wide range of applications in sustainable packaging and agriculture. They are used for food and fresh fruit packaging, providing an eco-friendly alternative to synthetic plastics. It includes:
· Films with suitable mechanical and barrier properties
· Films with antimicrobial and antioxidant properties
· Films as indicators or sensors of food spoilage
In addition, they can be processed into edible active food coatings that enhance shelf life and provide antibacterial protection. It includes:
· Coatings reducing fruits and vegetable respiration rate
· Coatings for texture preservation and reduced water transpiration of fruits and vegetables
· Coatings to avoid undesirable colour changes in food
· Coatings with antimicrobial activity for fruits and vegetables
 In agriculture, these bioplastics are utilized as biodegradable mulching films, which improve soil health and reduce plastic waste. They are also molded into biodegradable containers for plant propagation offering a green solution for nursery and horticultural practices.
6.1. Banana waste
Bananas, consumed both fresh and as processed products, generate large amounts of lignocellulosic waste. This biomass, particularly peels and pseudostems rich in cellulose, hemicellulose, and fiber, offers potential for applications in biofuels, wastewater treatment, bioplastics, organic fertilizers, and nanotechnology. Banana by-products represent a valuable source of lignocellulosic materials and bioactive compounds. Banana peels contain 7.6–9.6% cellulose, 6.4–9.4% hemicellulose, 10– 21% pectin, 6–12% lignin, along with chlorophyll pigments and other minor constituents, making them suitable for bioplastic production. Pseudostem is also rich in cellulose (35.3 mg/100 g dry peel), hemicellulose (24.9 mg/100 g), and lignin (5.2 mg/100 g). The pulp provides 0.8% cellulose, 18.4% starch, and several phytonutrients, including phenolic compounds and vitamins B3, B6, B12, C, and E (Acevedo et al., 2021). Additionally, the banana inflorescence contains 15.41% crude fiber, 19% cellulose, 21% hemicellulose, and 17% lignin (Pongsuwan et al., 2022). Cavendish and Gros Michel are the primary banana varieties contributing to waste generation, owing to their large-scale cultivation in countries such as India, Philippines and Ecuador. Other cultivars, including Williams, Musa balbisiana, and Musa acuminata demonstrate strong potential for applications in wastewater treatment, bioplastics and nanotechnology due to their high lignocellulosic content, structural density, and adaptability to diverse environmental conditions (Acevedo et al., 2021).
Huzaisham and Marsi (2020) developed banana peel–based biodegradable planting bags and compared them with commercial ones. Adding banana peel to thermoplastic starch increased density, reduced porosity, and improved strength, with 10% peel showing the best tear resistance (66.388 N/mm). The developed bioplastic degraded faster (65.1% weight loss in 8 weeks) than commercial plastic (29.5%) due to higher carbohydrate and cellulose content. Zhang et al. (2020) prepared antioxidant chitosan–banana peel extract (CS–BPE) films (4–12% BPE), where BPE acted as an antioxidant and cross-linker. The 4% BPE coating applied to Huangyuanshua apples improved room-temperature storage by reducing respiration and weight loss while maintaining firmness, acidity, and ascorbic acid. The study demonstrates enhanced fruit preservation and value addition to banana peel waste. Arasaretnam (2020) formulated a banana peel–based bioplastic using glycerol, HCl, and NaOH, and evaluated its ability to remove cationic pollutants such as methylene blue, Cd²⁺, and Cr³⁺. The bioplastic showed higher removal efficiency and greater ion-exchange capacity than banana peel dust due to increased negatively charged functional groups. The findings highlight its potential as an effective material for industrial wastewater treatment and dye removal.
Pongsuwan et al. (2022) investigated starch-based bioplastics reinforced with banana inflorescence fiber (10%) as a filler. Pre-gelatinized cassava starch and glycerol (45%) were blended, milled, and compression-molded into sheets. The 10% fiber composite showed the highest tensile strength and lowest water-induced mass loss, making it suitable for biodegradable seedling pots as an alternative to petroleum-based plastics. Zheng et al. (2021) synthesized cellulose films from delignified banana pseudostem fibers using the ionic liquid 1-allyl-3-methylimidazolium chloride and evaluated them for mango packaging. The films showed higher moisture (1969.1 g/m²/24 h) and gas permeability (10,015.4 mL/m²/24 h) than polyethylene, facilitating ethylene release and delaying ripening. Consequently, disease incidence and color index were reduced, extending mango shelf life. The film completely degraded in soil within 4 weeks, demonstrating superior biodegradability compared to PE.

6.2. Jack fruit waste
Kumar et al. (1988) reported that jackfruit seeds contain 76.1% carbohydrates, 17.8% protein, and 2.1% lipids on a dry weight basis. The seeds constitute approximately 10–15% of the total fruit weight (Ocloo et al., 2010). Subburamu et al. (1992) further analyzed the jackfruit central core, reporting carbohydrate (20.5%), crude protein (10.6%), and crude fibre (15.9%) as its principal proximate components. The rind of jackfruit contains 13.51% crude fibre, 1.54% crude protein and 1.71% crude lipids (Koh et al., 2014). Similarly, the peel has been found to be rich in cellulose (27.75%), pectin (7.52%), protein (6.27%) and starch (4%) (Sundarraj and Ranganathan, 2017).
Rahmawati et al. (2023) developed a jackfruit seed starch–based edible film with 3% rosella extract and sorbitol. The film showed good physical properties, antioxidant activity (IC₅₀: 165.496 ppm), 6–7 days shelf stability, and biodegradability. Rosella incorporation enhanced its potential as an eco-friendly food packaging material. Rahman et al. (2022) prepared cornstarch biocomposite films reinforced with jackfruit rind–derived microcrystalline cellulose (JR-MCC). Increasing JR-MCC (2.5–15%) reduced tensile strength and Young’s modulus but improved elongation at break. Water solubility decreased (21.80% to 12.73%) with higher MCC content, while moisture uptake and biodegradability increased. The 2.5% JR-MCC film showed the best overall mechanical and functional performance. Shukor et al. (2021) formulated jackfruit peel–based biodegradable films from jackfruit skin and straw with tapioca starch, incorporating thymol as an antimicrobial agent. Films containing 10% thymol effectively inhibited Staphylococcus aureus and Escherichia coli. When applied to cherry tomatoes, the active films suppressed Botrytis cinerea growth and maintained fruit quality up to 7 days, compared to fungal spoilage in controls by day 5. The sustained release of thymol contributed to antifungal activity, highlighting their potential as active food packaging materials.
6.3. Pineapple waste
Pineapple leaves contain about 41.15% cellulose, 21.02% hemicelluloses and 13.05% lignin (Banerjee et al., 2017). The stem is particularly rich in starch (77.78%), along with 46.15% hemicellulose, 31.86% cellulose and 18.60% lignin (Nakthong et al., 2017). Pineapple peels are composed of 23.71% crude fiber, 11–14% pectin, 14% cellulose, 20% hemicellulose, and 1.5% lignin. Similarly, the crown consists of 29.6% cellulose, 23.2% hemicellulose, and 4.5% lignin (Casabar et al., 2019). Approximately 80% of pineapple by-products including the crown, peel, leaves, core and stem are discarded during processing, transportation, and storage, ultimately contributing to waste generation (Alam et al., 2020).
Namphonsane et al. (2023) fabricated biodegradable rigid foams from pineapple waste, using stem starch as the matrix and leaf cellulose as filler. The foams (0.43–0.51 g/cm³) showed 8–10% moisture content, high water absorption (150–200%), and flexural strength of 1.5–4.5 MPa. Soil burial tests confirmed rapid biodegradation, with disintegration within 15 days and complete degradation by 30 days. A prototype foam tray demonstrated their potential as sustainable packaging alternatives. Buxoo and Jeetah (2020) produced fully biodegradable paper cups from pineapple peels, Citrus sinensis peels, and Mauritian hemp using soda pulping and vacuum molding. The 40:60 hemp–pineapple peel composite showed optimal strength (1.42 mm thickness; burst index 0.25 kPa·m²/g; tensile index 3.30 Nm/g) and was selected for coating. A 0.70 mm beeswax layer prevented leakage for at least 30 minutes. The cups completely biodegraded within 5–6 weeks, demonstrating the feasibility of fruit peel and hemp fibers for eco-friendly disposable packaging.
6.4. Mango waste
Mango peel, which accounts for approximately 10–20% of the fruit, is a rich source of dietary fibre, pectin, carotenoids, polyphenols, and enzymes (Kim et al., 2010). It is estimated that 20–35% of the mango fruit, primarily in the form of seeds and peels, is discarded as waste. Of this, only about 1–5% of the seeds are utilized for raising seedlings or as rootstocks. Mango seed kernels contain substantial amounts of starch, fat, and minerals, whereas the peel is abundant in fibre, polyphenols, and carotenoids. Despite their nutritional value, mango seed kernels and peels are often underutilized and discarded. The proximate composition of mango seed kernel includes 10.6% crude fibre and 9.1–16.3% starch (Omotubga et al., 2012). Additionally, mango peels contain 15–18% cellulose, 5–11% hemicellulose, 9–12% lignin, and 20–35% pectin (Maran et al., 2015).
Joseph et al. (2024) produced mango seed residue–based bioplastic films using CMC, chitosan (CS), nanochitosan (NCS), citric acid, and sorbitol. The 20% CS–30% Sor–10% CA film showed highest water resistance (12.5% uptake), while 30% CMC–20% Sor–20% CA had the lowest WVP (2.15 × 10⁻⁷ g day⁻¹ m⁻¹ Pa⁻¹). The 30% CMC–30% Sor–20% CA formulation exhibited strong antibacterial activity against both Gram-positive and Gram-negative bacteria. All films fully degraded within 30 days, supporting their suitability for sustainable food packaging.
6.5. Other fruit wastes as source of bioplastic
Table 1 summarizes various fruit processing wastes, their key biochemical compositions and their potential applications in the development of bioplastics and other biodegradable materials
Table 1. Specific fruit waste sources, their compositions and its application
	[bookmark: _Hlk223937763]Source of
fruit waste
	Composition
	Application
	Reference

	Dragon	fruit
Peel
	Dragon fruit peel extract
and polyvinyl acetate
	Hylopoly-bag production
	Agung et al. (2024)

	Wood	apple
shells
	Wood apple shell powder
	Biodegradable	cutlery
glass
	Duary (2022)

	Citrus Pomace
	Pectin and lignocellulose
Fibers
	Mulching
	Zannini et al. (2021)

	Avocado peels and	avocado
seeds
	Avocado peel and seed based film (APS-based
films)
	Antioxidant	bioplastic Films
	Merino et al. (2021)

	Passion
fruit peel
	Pectin
	Bioplastic films
	Diaz et al. (2021)

	Pomegranate
Peel
	Chitosan	and	alginate
coated with phenols
	Extend	the	postharvest
quality of guava
	Nair et al. (2018)

	Grapefruit seed extract
	Carrageenan based film
	Enhance food packaging
	Dilucia et al. (2020)

	Apple pomace
	Apple pomace powder
	Bio-based films and 3D
objects (fiberboards)
	Gustafsson	et	al.
(2019)

	Apple peels
	Chitosan Films obtained from polyphenols
	Antimicrobial active food packaging film
	Riaz et al. (2018)



7. PLA AND PHA BASED BIOPLASTICS AND ITS APPLICATION IN FRUITS
Wang et al. (2022) compared polyethylene (PE), polylactic acid–based biodegradable mulch (BDM), weedmat, and bare ground in strawberry cultivation under Mediterranean conditions. BDM produced the highest yield in 2020 and performed similarly to PE in 2021, increasing marketable yield by 44% over bare ground. Weed growth was minimal under PE, BDM, and weedmat, but highest in bare soil. Greater soil exposure in BDM (59%) confirmed its degradability, highlighting it as a sustainable alternative to PE. Kamthai and Magaraphan (2019) developed PLA-based active packaging films incorporating 0–4% carboxymethyl cellulose from bagasse (CMCB) to extend the shelf life of “Nam Dok Mai” mangoes. CMCB absorbed transpired moisture, providing antifogging properties. The 4% CMCB film most effectively reduced respiration and ethylene production, extending shelf life up to 42 days under export conditions. Ignatova et al. (2023) evaluated polyhydroxyalkanoates (PHAs) produced by Pseudomonas flavescens against blue mould caused by Penicillium expansum in apples. Preventive PHA application (24 h before infection) was most effective, reducing disease severity twofold by day 10. Simultaneous and therapeutic treatments also lowered lesion size, rot mass, and penetration depth. PHA-treated fruits showed reduced weight loss, indicating improved wound healing and reduced transpiration.
This section “PLA and PHA based bioplastics and their application in fruits” should contain a structured comparative discussion of differences in: mechanical properties, biodegradation rate, production cost, production mechanism (fermentation vs. polymerization), lacks an environmental impact perspective, could include life cycle assessment, waste generated (composting vs. accumulation), among others.

8. STARTUP INNOVATIONS: TRANSFORMING FRUIT WASTE INTO BIOPLASTICS AND ITS SUSTAINABLE APPLICATIONS
8.1. EF Polymer
Narayanlal Lal Gurjar of Rajasthan, co-founded EF Polymer with Ankit Jain in 2018, turning banana and orange peels into innovative business solutions. The startup, listed in Forbes Japan 30 Under 30 for 2025, earned ₹4.22 crore in 2023–24. The company manufactures fully organic super-absorbent polymers from fruit peels and other natural materials. These polymers retain soil moisture, enabling farmers to save up to 40% of water, reduce fertilizer use, and enhance crop yields. EF Polymer produces a biodegradable powder from banana and orange peels, turning agricultural waste into eco-friendly value. The polymer absorbs excess water during rain or irrigation, prevents waterlogging and slowly releases moisture during dry periods, ensuring consistent soil hydration, reducing watering needs and boosting crop yields.
8.2. Krill Design
ReKrill biopolymer developed by Krill Design is made from food waste such as citrus peels, coffee grounds, wine residues and bran. It is 100% recycled, biodegradable and compostable with no toxic residues or microplastics even in marine environments. ReKrill delivers up to 67% lower CO₂ emissions than conventional plastics, uses only non-edible food parts and matches the mechanical and thermal performance of standard plastics. It is also compatible with existing processing equipment making it suitable for applications like luxury packaging.
8.3. Envi green
Envigreen Biotech India Pvt. Ltd., founded in 2016 by Qatar-based NRI Ashwath Hegde, is India’s first company to produce 100% biodegradable plastic alternatives. Headquartered in Bengaluru with operations in the Middle East and South-East Asia, the company makes eco-friendly bags and products from natural starch, vegetable oils, and agricultural waste, using 12–14 ingredients including banana, potato, tapioca, and flower extracts. Free from conventional plastics and non-toxic to the environment, animals and plants. Envigreen’s products biodegrade naturally and help combat plastic pollution. With an annual capacity of 1,000 tons, the startup driven by the Swachh Bharat mission is positioning itself as a global leader in sustainable bioplastics.
8.4. Sustrato
Sustrato is an experimental design project recognized as one of the 16 winners of What Design Can Do’s No Waste Challenge. The initiative was established by Mexican designer Andrea Michael, whose research on agro-industrial waste management in Mexico highlighted the potential of discarded pineapple leaves. Through material experimentation, she successfully developed four types of biomaterials from pineapple leaves, which can be applied in the production of rope, bioplastic, felt, and an agglomerated composite.
9. WORLDWIDE BIOPLASTIC COMPANIES
Several companies worldwide are actively developing and commercializing bioplastics, with real-time applications across industries. Table 2 presents prominent global companies, classified according to the specific types of bioplastics they manufacture (Chauhan et al., 2024).
Table 2. Real time use of developed bioplastics in various industrial companies
	[bookmark: _Hlk223937938]S. No.
	Types of bioplastics
	List of companies

	1.
	Cellulose based
	Birkel(Germany),	Boulder	Canyon	(United	States),
Thornton(United States), Qualitystreet, Futamura (Japan)

	2.
	Polylactic Acid (PLA)
based
	Ecolife(India), BASF (Germany), Nature Works (United
States), Shiseido-Urara (China), Descente (Japan)

	3.
	Polyhydroxybutyrates
(PHB)
	Telles  and  Polyscience,  Inc.  (USA),  PHB  Industrial
(Brazil), Bio-On (Italy), Biomer (Germany)

	4.
	Starch based
	Biome Bioplastic (UK), Bioplastic Internationals (USA),
TGP bioplastic (India)



10.CONCLUSION
The alarming rise of plastic pollution, coupled with the massive generation of fruit and vegetable waste, highlights the urgent need for sustainable alternatives to conventional plastics. Bioplastics derived from renewable resources, particularly fruit residues such as peels, seeds, and stems, have emerged as a promising solution to address both environmental and economic challenges. Different types of bioplastics such as starch-based, cellulose-based, polylactic acid (PLA), and polyhydroxyalkanoates (PHAs) demonstrate strong potential as eco-friendly alternatives to petroleum-based plastics. Residues from banana, jackfruit, pineapple, mango and other fruits which is rich in starch, cellulose, lignin, pectin and other valuable compounds serve as excellent raw materials for bioplastic production. They provide diverse applications in food and fresh fruit packaging, edible active food coatings, biodegradable mulching films, biodegradable containers for propagation and wastewater treatment.
This review highlight innovations such as antimicrobial films, biodegradable foams, shelf life enhancement and postharvest diseases management showing both functional and economic value. However, challenges remain in scalability, cost-effectiveness, standardization and consumer awareness. The development of fruit waste derived bioplastics not only reduces reliance on fossil fuels but also aligns with circular economy principles, turning organic waste into high-value and sustainable products. With continued research and industrial adoption, bioplastics can play a vital role in building a greener and resource efficient future.
To strengthen the review's conclusions, a more critical and technical perspective should be incorporated, including: a detailed analysis of the current limitations of bioplastics derived from fruit waste (such as mechanical and barrier properties, water resistance, variability in raw material composition, and the need for process standardization); an environmental assessment based on tools such as life cycle assessment; a perspective on industrial integration in biorefinery systems that allows for the comprehensive valorization of fruit biomass; and a discussion of emerging trends such as nanocomposites (e.g., nanocellulose), smart bioplastics, active packaging, 3D printing, and biotechnological innovations in PHA-producing microorganisms. Furthermore, it would be important to explicitly reinforce the systemic approach of the circular economy, highlighting the transition from organic waste to high-value-added materials within a sustainable model supported by public policies, industry-academia collaboration, and bioeconomy strategies.

11.FUTURE THRUST
The future of fruit waste derived bioplastics depends on developing cost-effective, scalable and sustainable production technologies. Incorporating advanced approaches such as nanotechnology, polymer blending and composite engineering can enhance material properties, making them competitive with petroleum-based plastics. Broader utilization of fruit and agricultural residues will expand applications across packaging, agriculture and biomedical sectors while adding value to waste resources. However, market adoption remains limited due to weak policy support, inadequate financial incentives, lack of large-scale infrastructure and the cost gap with conventional plastics. Addressing these challenges requires strong government policies, targeted subsidies, industry–academia collaborations and investments in pilot and industrial facilities. Future strategies must also emphasize sustainability assessments like life cycle analysis (LCA) and techno-economic evaluations, alongside integration into circular economy frameworks. Expanding applications into biomedical devices, biodegradable films, and eco-friendly consumer products will further strengthen demand, public acceptance, and industrial relevance, ensuring long-term sustainability.
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