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ABSTRACT

 used in folk medicine for treating ailments such as dengue and malaria, papaya seeds have also gained attention as a functional food ingredient. Papaya seed powder has been incorporated into cookies, cupcakes, biscuits, hamburgers, and traditional snacks to enhance nutritional quality, while the oil and pectin extracted from the seeds hold potential for culinary, cosmetic, and pharmaceutical applications. From an industrial perspective, papaya seeds serve as natural preservatives, coagulants, and biosorbents, with emerging roles in biodiesel production, poultry feed, and soil bio-fumigation. Large-scale valorization of C. papaya seeds could promote sustainable waste management, circular bioeconomy, and functional food innovation. Hence, effective utilization of papaya seeds represents a promising approach to improve human health, nutrition, and environmental sustainability.
Papaya (Carica papaya L.) is an evergreen tropical fruit of the family Caricaceae, native to Mexico and Central America, and widely utilized in the food industry. Although the fruit pulp is processed into various food products, the seeds—accounting for nearly 15–20% of the fruit’s total weight—are often discarded, resulting in substantial agro-industrial waste. Due to their high moisture content, the seeds are highly perishable, leading to microbial spoilage and environmental concerns if not properly managed. However, papaya seeds are edible, safe, and nutritionally valuable, containing dietary fiber, protein, vitamin A, and essential fatty acids such as oleic acid, which aid in digestion, cholesterol regulation, and weight management. In addition to their nutritional composition, papaya seeds possess several bioactive properties, including antioxidant, antibacterial, anti-inflammatory, anti-diabetic, anti-obesity, anti-parasitic, wound-healing, and nephroprotective activities. Traditionally 
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1. INTRODUCTION

Papaya (Carica papaya L.) is a member of the family Caricaceae and is thought to have originated in Mexico and Central America. At present, it is cultivated extensively in tropical and subtropical regions across the world. The plant is also referred to by other common names such as pawpaw and papaya melon tree. It grows as a single-stemmed herbaceous plant, bearing a crown of large palmate leaves. India holds the world number one rank in papaya production, consistently contributing significantly to global supply. According to the statistics of 2023-2024,the production  of papaya is 5341.8MTand productivity is 35.9MT/Hectare (southern India) respectively (NHB, 2023) .Nutritionally, the fruit is low in calories but is a rich source of vitamin C, vitamin A, thiamine, dietary fiber, iron, and other essential minerals. The seeds, which make up nearly 20% of the fresh fruit weight, are recognized for their considerable lipid and protein content (Zhang et al., 2019). The taxonomic classification of papaya is as follows: Kingdom—Plantae;Order—Brassicales;Family—Caricaceae; Genus—Carica; Species—papaya. Because of its nutrient composition and medicinal attributes, papaya has gained importance as both a dietary and therapeutic fruit (Saba and Pattan, 2022). Additionally, different parts of the plant, including leaves, roots, bark, peel, latex, fruit, and seeds, are reported to contain valuable bioactive compounds. The flesh of papaya is greatly preferred by consumers, either eaten fresh or processed into products like pickles, jams, jellies, and candies (Abdel-Hameed et al., 2023).

2. PAPAYA SEED

 Papaya seeds are small, black, and enclosed in a gelatinous layer inside the fruit. They are edible, though their pungent and pepper-like flavor makes them taste bitter and spicy.Earlier studies have highlighted that papaya seed oil is characterized by a high proportion of monounsaturated fatty acids, mainly oleic acid, making it comparable to olive oil in terms of nutritional and functional properties (Puangsri, 2005; Lee and Su, 2011; Yanty et al., 2014). Later findings also revealed that papaya seeds are rich in essential macronutrients, containing about 29% dietary fiber, 26% fat, and 25% protein (Kumar et al., 2019).
The high fiber and mineral content in papaya seeds aids in alleviating constipation and supporting digestive health (Kumar et al., 2019). Because of their distinct taste, the seeds are sometimes used as a natural substitute for black pepper and are added to salads to improve both flavor and nutritional value (Sundar et al., 2020). Extraction studies have also reported an oil yield ranging from 30–34% depending on the method used, with cold-pressed and solvent extraction producing high-quality oils suitable for functional applications (Tan et al., 2020).

  In addition to nutritional benefits, papaya seeds exhibit notable bioactive properties. Both immature and mature seeds have demonstrated antibacterial activity against human pathogens, with active fractions showing inhibition against E. coli and Salmonella typhi (Hidayati et al., 2019; Hartanti et al., 2020).Traditional uses include treatment of food poisoning and incorporation in folk remedies for the management of diabetes and obesity (Saba and Pattan, 2022). Recent findings further suggest that ethanolic extracts of papaya seeds possess antimicrobial potential against Salmonella spp. and Candida albicans, underscoring their therapeutic promise (Oboh et al., 2023).

 Although papaya seeds constitute a substantial portion of fruit processing waste, they are safe, nutrient-dense, and therapeutically valuable. However, their high moisture content makes them prone to microbial spoilage, and careless disposal contributes to environmental pollution. Proper utilization of these seeds can therefore transform waste into a sustainable source of nutraceuticals and novel bioactive compounds (Abdel-Hameed et al., 2023).


  



3. HEALTH  BENEFITS OF PAPAYA SEED

3.1 Phytochemical composition 

 Phytochemical analyses of papaya seed extracts, both aqueous and organic, have revealed high levels of flavonoids, tannins, reducing sugars, alkaloids, phenols, saponins, and terpenoids. Additionally, compounds such as crude protein, crude fiber, fatty acids, papaya oil, carpaine, benzylisothiocyanate,benzylthiourea,glucotropaeolin,benzylglucosinolate,hentriacontane,βsitosterol, caricin, and the enzyme myrosinase have been identifie (Nna et al., 2019).

 3.2 Antioxidant activity 

Free radicals contribute to chronic diseases, and antioxidants play an important role in counteracting oxidative stress. Papaya seeds exhibit strong antioxidant potential. Elisa et al., 2014 reported significant activity in DPPH radical scavenging, ferric reducing antioxidant power (FRAP), and total plate count assays. Carlina et al., 2021 found that unripe seeds contained higher levels of phytin than ripe ones, supporting their traditional medicinal uses. More recently, Saba and Pattan, 2022 demonstrated that aqueous seed extracts protected Detroit 550 fibroblast cells against H₂O₂-induced oxidative stress.Papaya seeds are abundant in natural antioxidant compounds, including quercetin, kaempferol, luteolin, apigenin, catechin, pyrogallol, protocatechuic acid, and gallic acid, which together enhance their potent antioxidant activity (Gazwi et al., 2023).

3.2 Antimicrobial properties 

 Independent of the ripening stage, papaya seeds show bacteriostatic effects against both Gram-positive and Gram-negative bacteria, with potential applications in treating chronic ulcers. Tao and Weijun, 2017 demonstrated that aqueous and methanolic extracts inhibited Salmonella typhi, Pseudomonas aeruginosa, Escherichia coli, and Staphylococcus aureus. Khalid et al., 2017 reported antifungal activity of seed oil extracts against Aspergillus flavus, Candida albicans, and Penicillium citrinium, while fatty acids from ripe seeds were found effective in reducing Trypanosoma cruzi in mice. Nna et al., 2019 suggested their potential use in treating candidiasis, vancomycin-resistant Enterococcus-induced sepsis, and urinary tract infections caused by Proteus mirabilis. More recently, Saba and Pattan, 2022 highlighted that ethyl acetate 



extracts of papaya seeds displayed notable antimicrobial effects, and their antibacterial and anti-inflammatory qualities have supported traditional applications in the management of dengue and malaria.

3.4 Anthelmintic properties 

 When consumed with honey, air-dried papaya seeds have shown efficacy against intestinal parasites with minimal side effects. The compound benzyl isothiocyanate has been identified as the principal anthelmintic agent. Ameen et al., 2012 highlighted their effectiveness against Ascaris infections in Indonesia, suggesting that papaya seeds are a natural, affordable, and safe option for controlling parasitic infections in tropical regions.

3.5  Anticancer activity 

 Papaya seeds are a source of polyphenols and β-carotene, which provide protective effects against cancer. Extracts demonstrated an IC₅₀ of 20 µg/mL against HL-60 leukemia cells and inhibited the growth of prostate cancer cells, supporting their potential as nutraceuticals for cancer prevention and management (Khalid et al., 2017).

3.6  Hair and skin health 

Seeds are rich in vitamin A, folic acid, protein, and antioxidants, making them beneficial for hair and skin care. They improve hair growth, combat dryness, and can be used in hair masks when mixed with honey (Krishna et al., 2008). Their antibacterial and antioxidant properties help treat dandruff, while antioxidants like lycopene reduce skin aging, fine lines, and wrinkles. Papain, an enzyme in the seeds, reduces acne-related inflammation, while vitamin A helps prevent acne.

 3.7 Anti-obesity effects

The high dietary fiber in papaya seeds supports detoxification, regulates metabolism, reduces fat absorption, and lowers the risk of obesity (Krishna et al., 2008; Kumar et al., 2017).

3.8 Cholesterol-lowering effects 

 Seeds are rich in oleic acid and other monounsaturated fatty acids that reduce low-density lipoprotein cholesterol. Their fiber content also aids in lowering cholesterol levels, thereby supporting cardiovascular health (Kumar et al., 2017).

3.9  Diabetes management 

According to Adeneyea and Olagunjub , 2009 high dietary fiber intake from papaya seeds helps reduce blood glucose levels in type 1 diabetes and improves lipid and insulin levels in type 2 diabetes patients.

Dosage and safety – The recommended maximum daily intake is about one teaspoon of seeds. Acute oral administration of Carica papaya extract (CPE) at 2000 mg/kg has been considered relatively safe .

3.10 Other therapeutic uses 

Papaya seeds have been associated with a wide range of pharmacological effects including antibacterial, anti-inflammatory, anti-ulcer, anti-diabetic,anti-obesity,nephroprotective,and hepatoprotective activities.They are traditionally used in treating dengue,malaria,hypertension,hypercholesterolemia, liver and spleen enlargement, sickle cell disease, bleeding piles, and wound healing. Their high antioxidant and monounsaturated fatty acid content contributes to cardiovascular and kidney health (Kakkar et al., 2021). One specific compound found in papaya seeds, ellagic acid, has been shown to exhibit protective effects by promoting the healing of intestinal damage and reducing the expression of pro-inflammatory factors in the intestine (Sun et al., 2017).This indicates that papaya seeds, especially their ellagic acid content, (Table 1) may offer benefits for digestive health and could have potential therapeutic applications for gastrointestinal disorders.


4. NUTRITIONAL COMPOSITION OF PAPAYA SEEDS

 Papaya seeds are nutritionally rich, containing considerable amounts of oil (up to 32.97%), crude protein (40–44.4%), crude fiber (31.8–48.9%), and ash (up to 6.86%) as reported by Tang et al.,1978 and Marfo et al., 1986. They also provide about 1.11% fatty acids and are a good source of essential minerals, including phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), manganese (Mn), iron (Fe), copper (Cu), nickel (Ni), cobalt (Co), and sodium (Na), enhancing their nutritional significance. Among the fatty acids, oleic acid is predominant, accounting for 71–79.1% of the total fatty acid composition, thereby making papaya seed oil a valuable source of monounsaturated fats.

Tang et al.,1978  noted that defatted papaya seeds contained 32.97% oil, 40% crude protein, 48.9% crude fiber, 6.86% ash, and 1.11% fatty acids, along with a mineral profile rich in P, K, Ca, Mg, S, Mn, Fe, and Cu. Oleic acid was identified as the most abundant fatty acid, constituting 71% of the total oil. In a later study, Makanjuola et al., 2018 evaluated the nutritional composition of papaya seeds and reported 27.42% crude protein, 28.61% fat, 8.02% crude fiber, 5.21% ash, 11.02% moisture, and 19.70% carbohydrates. The seeds were further found to be rich in minerals, particularly potassium (720.83 mg/100 g), calcium (6.43 mg/100 g), iron (4.21 mg/100 g), and zinc (6.42 mg/100 g), all of which play crucial roles in electrolyte balance, bone health, oxygen transport, and immune function. 

Papaya seed oil composition analysis revealed oleic acid (73.79%) as the dominant fatty acid, followed by palmitic (14.38%), stearic (3.58%), and linoleic (1.06%) acids. These findings suggest that papaya seed oil could serve as a promising oleic-rich oil for dietary applications. In addition to its nutritional value, the seeds possess notable levels of bioactive and phenolic compounds, offering potential for developing natural health products. Moreover, their oil has also been considered as a possible feedstock for biofuel production (Tan et al., 2019).

Processing methods significantly influence the phytochemical retention of papaya seeds. Gomes et al., 2018 reported that freeze-drying better maintained phenolic compounds and antioxidant
activity in papaya pulp compared to spray-drying, highlighting its protective role in heat-sensitive bioactives. Expanding on this, Irondi et al., 2013 compared air-drying (AD), freeze-drying (FD), oven-drying(OD), and sun-drying (SD) techniques and reported that freeze-drying retained the highest levels of total phenols (2.61 mg/g), tannins (3.10 mg/g), and flavonoids (0.52 mg/g), followed in order by AD, OD, and SD. Their findings confirmed freeze-drying as the most effective method for maintaining antioxidant phytochemicals and improving the antioxidant potential of papaya seeds.

4.1. Vitamin analysis

Enemor et al., 2020  identified Vitamin C as the predominant vitamin in Carica papaya seeds. This vitamin functions as a potent antioxidant that supports iron absorption and helps protect against age-related cognitive impairment (Monacelli et al., 2017).The seeds also contained appreciable levels of vitamins A, B6, D, and K. Vitamin A contributes to healthy vision, strengthens immune function, and may lower the risk of cervical cancer. Vitamin B6 is involved in the production of neurotransmitters and haemoglobin, as well as in regulating glucose metabolism (spinneker et al., 2007). Vitamins D and K operate jointly to maintain bone strength and improve bone density, particularly in individuals with osteoporosis (Weber, 2001). Based on WHO dietary guidelines  consumption of 100 g of C (Meyers et al., 2006). papaya seeds can supply about 14 % of the recommended daily intake of vitamin C and exceed 100 % of the requirements for vitamins A, B6, D, and K.

5. UTILIZATION OF PAPAYA SEED POWDER IN FOOD INDUSTRY

 Functional foods resemble conventional foods in appearance and are consumed as part of a normal diet, but they provide additional health benefits beyond basic nutrition. Unlike regular foods, functional foods demonstrate physiological effects

and help in reducing the risk of chronic diseases,   while still supplying essential nutrients such as 
vitamins, fats, proteins, and carbohydrates necessary for healthy living (Cencic and Chingwaru, 2010).

 CP et al., 2024 developed cookies by partially replacing wheat flour with papaya seed flour at different levels (100% wheat flour, 80:20, 70:30, 60:40, and 50:50 wheat flour to papaya seed flour). Cookies with 50% papaya seed flour contained 390 kcal per 100 g, 58.4 g carbohydrates, 9.4 g protein, 15.1 g fat, 7.7 g fiber, 17.0 mg calcium, and 2.1 mg iron. Compared to control cookies, the functional variants had higher crude fiber and protein contents. Additionally, papaya seed cookies were produced at a much lower cost than similar products available commercially.
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AI-generated content may be incorrect.]Jiang et al., 2021 prepared wheat biscuits enriched with papaya seed and peel (2–10% supplementation). 4% Papaya seed  and Papaya Peel- supplemented biscuits exhibited better and it is a rich sources of fiber. Compared to seeds, papaya peel contributed higher bioactive compounds and antioxidant activity, while both increased nutritional components, polyphenols, antioxidant potential, and absorption capacities of NO₂⁻ ion, cholesterol, and bile acids. Thus, papaya seed and peel significantly enhanced the functional and nutritional properties of biscuits.Figure 1. wheat biscuits supplemented with papaya seed (PS) and papaya peel (PP) 2 to 10% (Jiang et al., 2021)



Bhosale and Udachan (2018) examined the nutritional, sensory, and physicochemical properties of cookies made with papaya seed and peel powders. Cookies incorporated with 3.82% papaya peel powder and 1.24% papaya seed powder showed satisfactory color, taste, and aroma. These cookies had higher weight, thickness, diameter, and hardness, though slightly reduced spreadability compared to controls. Nutritionally, they recorded higher ash (3.32%), protein (24.36%), and fiber (7.94%), indicating improved value.

  Gazwi et al., 2023 developed chocolate cupcakes supplemented with papaya seeds (up to 15%). The enriched cupcakes showed improved protein (16.89%), fiber (3.28%), and ash (4.17%) contents, with the 15% formulation performing best. Beyond nutritional benefits, the cakes exhibited immune-boosting and hepatoprotective properties against CCl₄-induced toxicity in rats, attributed to the phytochemicals and antioxidants in papaya seeds.
Azevedo et al., 2014 reported that hamburgers fortified with papaya seed powder were richer in protein (22%) and fiber, while showing improved cooking yield, reduced shrinkage, and better moisture retention. The high fiber content is particularly valuable, as it helps lower the risk of obesity, diabetes, cardiovascular disease, and certain cancers, making papaya seed flour effective fortifying ingredient. 

 Puri and Kaur, 2018 formulated a namkeen using composite papaya seed flour (PSF) combined with gram flour and compared it with a control sample made from buckwheat and gram flour. Sensory analysis demonstrated that the PSF-based product received significantly higher (p ≤ 0.05) ratings for taste, texture, and overall acceptability than the control. These findings highlight that papaya seed flour can be successfully integrated into savoury snack products without negatively affecting consumer preference. The study further emphasizes the potential of papaya seeds as a functional ingredient that adds nutritional value while contributing to waste minimization and product diversification in the savoury food sector.
[bookmark: _Hlk209815839]Feng et al., 2022 demonstrated that incorporating papaya seed flour into bread ( figure.2) enhanced its mineral profile, particularly potassium, iron, sodium, phosphorus (73.50–127.30 mg/100 g), calcium (252.60–342.60 mg/100 g), and magnesium (143–182.50 mg/100 g). Mineral content increased proportionally with the level of papaya seed flour added.
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Figure 2. wheat bread with papaya seed flour of different percentage (Feng et al., 2022)













Vora et al., 2018 formulated gastro-free churan balls using papaya seeds and their oil. The seeds were processed through drying, grinding, and oil extraction, followed by incorporation into the formulation with spices such as ajwain, cumin, and fenugreek. Proximate analysis showed that papaya seeds are rich in fiber (21.96 g/100 g), fat (26.36 g/100 g), and carbohydrates (31.94 g/100 g), while the developed product also retained diverse nutrients. Sensory evaluation conducted with trained panelists indicated moderate acceptability in terms of taste, aroma, texture, and overall appeal. Shelf-life analysis revealed that the product remained microbiologically safe for up to two weeks, after which spoilage organisms were detected.

















Jorge and Malacrida, 2008 suggested that incorporating papaya seeds or their extracts into foods and vegetable oils could prevent oxidative degradation and thereby extend product shelf life. Later, Sofi et al., 2016 further emphasized the potential of papaya seeds as functional ingredients for improving food stability. More recently, Cruz et al., 2019 formulated jam with papaya seed flour at concentrations of 0–1.5%, which enhanced crude fiber and protein contents. Moreover, no microbial growth was observed during 30 days of storage, indicating possible fungicidal activity. Besides nutritional improvement, this approach also contributes to sustainability by reducing fruit industry waste and environmental pollution.

Avila et al., 2020 studied porridge fortified with papaya seed and maize. The supplementation improved phytochemical content, lowered gelatinization enthalpy, and enhanced antioxidative activity, demonstrating that papaya seed fortification improves both nutritional and therapeutic qualities of porridge.

Bakar et al., 2020 evaluated fish sausages coated with edible sago starch–gelatin films incorporated with papaya seed extract (PSE). Coatings containing 5–7% PSE significantly reduced microbial load, maintained sausage color, and extended shelf life by one week compared to control samples.  

The incorporation of papaya seed flour into strawberry jam formulations was shown by (Mesquita et al., 2017) to enhance fiber levels. Likewise, Santos et al., 2018 demonstrated that adding flour derived from papaya by-products to loaf bread improved its nutritional profile without compromising consumer acceptability.
















 





Madhuvanthi et al., 2022 extracted pectin from papaya seeds using hot water and optimized conditions (pH 1.5, 80°C, 60 min, liquid–solid ratio 25 mL/g), achieving a yield of 8.65%. The extracted pectin contained mainly carbohydrates (80.3%) and was identified as low-methoxy pectin, making it suitable for low-sugar jams, jellies, and as a stabilizer or fat replacer in foods. This work highlights papaya seeds as a sustainable source of commercial pectin with potential applications in both food and pharmaceutical industries.

[bookmark: _Hlk209815800]Subandi and Nurowidah, 2019 explored the potential of papaya seeds as a “coffee” substitute. From 250 g fresh seeds, 25.10 g of seed powder was obtained, which showed favorable sensory qualities (flavor, aroma, texture, and color) (figure 3) .A sensory evaluation was carried out with 50 respondents to determine the preference for texture, color, aroma, and taste of coffee beverages prepared from papaya seeds.Importantly, 1.42 g of papaya seed powder exhibited lipase inhibitory activity equivalent to one 120 mg Orlistat tablet, highlighting its potential in weight-loss beverages.
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Figure 3.  Results of the organoleptic test by 50 respondents -Subandi and Nurowidah (2019)



	Component
	Papaya seed (%)
	Extracted pectin (%)

	Moisture
	82.10
	7.8

	Ash
	1.76
	7.6

	Protein
	1.52
	2.2

	Fat
	1.42
	2.1

	Total carbohydrate
	13.20
	80.3


 Table 1. Proximate analysis of papaya seed and extracted pectin (Madhuvanthi et al., 2022)




















6. PAPAYA SEED OIL

 Due to their high lipid content, papaya seeds represent a promising novel source of edible oil. The oil is predominantly composed of unsaturated fatty acids, with oleic acid as the major constituent. In addition, it contains lipophilic phytochemicals such as carotenoids, phytosterols, and tocopherols (Devani et al., 2018). Various techniques have been employed for oil extraction, including Soxhlet, solvent extraction, aqueous enzymatic extraction, ultrasound-assisted extraction (UASE), sub- and supercritical fluid extraction, high hydrostatic pressure (HHP)-assisted solvent extraction, and 





extrusion-expelling. The oil exhibits storage stability, low toxicity, and minimal cellular damage upon consumption. Analytical profiling has shown that oleic acid (73.79%) is the most abundant fatty acid, followed by palmitic (14.38%), stearic (3.58%), and linoleic (1.06%) acids. These findings suggest that papaya seed oil could be developed as an oleic-rich dietary oil. Moreover, its bioactive and phenolic components highlight its potential for formulating natural health products, while its properties also make it a viable candidate for biofuel production (Tan et al., 2019).



6.1 Chemical characterisation of papaya seed oil

 Fatty acids consist of a hydrocarbon chain with a terminal carboxylic acid group and are generally categorized into saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), and polyunsaturated fatty acids (PUFA). Papaya seed oil is particularly rich in oleic acid (66.74–76.80%) and palmitic acid (12.80–19.70%). The fatty acid profile may vary depending on factors such as fruit variety, geographical origin, and analytical method used. High oleic acid intake is associated with cardiovascular benefits, as replacing 5% of energy intake from SFA with oleic acid can reduce the risk of cardiovascular disease by 20–40% (Kris-Etherton et al., 1999). Oils rich in PUFA are prone to oxidation, leading to undesirable flavours and odours upon exposure to heat and air, whereas oleic acid-rich oils show greater oxidative stability (Puangsri et al., 2005). The oleic acid content of papaya seed oil is comparable to several high-oleic oils, including avocado 50.3%, groundnut 51.3%, rapeseed 55.2%, olive 71.0%, and hazelnut 72.7% (Vingering et al., 2010). In addition to health benefits, oleic acid is also valuable in the production of oleochemicals, cosmetics, and plant-based lubricants (Yanty et al., 2014). Therefore, papaya seed oil, with its low PUFA content (<5%) and high oleic acid concentration (>66%), is considered suitable for safe cooking applications.

7. INDUSTRIAL APPLICATION

7.1. Waste water treatment

 Industrialization and human activities have intensified water pollution with microorganisms, organic matter, and heavy metals. Carica papaya seeds (CPS) have been studied as low-cost adsorbents and coagulants for wastewater treatment (Unnisa and Bi, 2018). Chemically modified CPS enhances adsorption capacity, with smaller particle sizes (40–450 µm) improving removal of color and turbidity. Prepared through drying and grinding, CPS biosorbents have shown high efficiency (95–99.96%) in eliminating heavy metals like Cu, Pb, Cr, Ni, Cd, Mn, and Zn, and have also been used to remove dyes such as Direct Black 38 (Bayode et al., 2023).

Cysteine protease from papaya seeds has been identified as a natural coagulant for water treatment.In textile wastewater treatment, papaya seed powder offers an eco-friendly alternative to inorganic coagulants (alum, ferric chloride, PAC), which are costly and produce excess sludge (Dewi and Rahmayanti, 2022). Functional groups (–OH, –NH, C=O) present in CPS further support its coagulant potential (Kristianto et al., 2018).


7.2 Feedstuff for poultry

Ripe papaya seeds have gained attention as a potential alternative protein source in poultry diets due to their favorable nutritional profile. They are characterized by high in vitro protein digestibility (approximately 80%), crude protein levels ranging between 24–30%, and an essential amino acid content of nearly 47%. Considering that protein is among the most costly components in poultry feed, papaya seed meal could represent a more economical replacement for traditional protein sources. Alongside protein, papaya seeds also provide substantial amounts of key minerals that support poultry growth and metabolism, including calcium (681 mg/100 g), magnesium (424 mg/100 g), phosphorus (2,116 mg/100 g), and iron (5.80 mg/100 g), as well as sodium (23.4 mg/100 g) and trace elements like manganese, zinc, and copper (Adesuyi and Ipinmoroti, 2011; Maisarah et al., 2021).

 Beyond their nutrient composition, papaya seeds possess biofunctional properties that enhance their potential as feed additives. Research indicates they exert growth-promoting, antimicrobial, antiparasitic, immunomodulatory, and antioxidant effects, suggesting they could serve as natural substitutes for conventional antibiotic growth promoters.Their antibacterial activity has been confirmed against several pathogenic microorganisms such as Bacillus cereus,Vibrio vulnificus, Proteus mirabilis,Salmonella enteritidis,Salmonella typhi, Pseudomonas aeruginosa, Escherichia coli, and Staphylococcus aureus (Muhamad et al., 2017). These effects are largely associated with the diverse phenolic compounds present in the seeds, including p-coumaric acid, ferulic acid, caffeic acid, kaempferol-3-glucoside, and quercetin-3-galactoside, which highlight their nutraceutical relevance in poultry production (Sugiharto , 2020).

7.3.Soil Biofumigant

Papaya seeds have demonstrated potential as an eco-friendly soil biofumigant against Meloidogyne incognita (root knot nematode). Alves et al., 2020 reported that applying seed macerates at 4.0 g/100 mL—an amount feasible for field use—led to an almost complete (≈100%) reduction in RKN galls and eggs on tomato roots. Moreover, volatile compounds released from the seeds caused 80% mortality of second-stage juveniles within a few hours, highlighting the nematicidal properties of papaya seed volatiles.


7.4 Biodiesel Production

The increasing demand for renewable energy has highlighted the potential of papaya seed oil as a feedstock for biodiesel production.CPSO is considered economically viable, yielding approximately 31.2% oil. Earlier studies reported its promise as a sustainable source for biodiesel (Agunbiade and Adewole, 2014). Subsequently, Onukwuli et al., 2017 demonstrated that the oil could be converted into Carica papaya oil methyl ester (CPOME) via a two-stage catalytic methanolysis process using a 1:9 molar ratio of methanol to oil. The resulting CPOME exhibited a kinematic viscosity of 3.57 mm²/s at 313 K—significantly lower than the 27.4 mm²/s of crude oil—and a specific gravity of 0.84, comparable to standard diesel fuel. Although its cloud (275 K) and pour (274 K) points were slightly higher than some other biodiesels, CPOME showed minimal copper strip corrosion and improved overall fuel characteristics following methanolysis, confirming CPSO as a promising renewable feedstock.


8. CONCLUSION 

Papaya seeds, often regarded as waste, are in fact a valuable source of bioactive compounds and essential nutrients that hold immense potential for future large-scale valorization. The sustainable utilization of these seeds can transform agro-industrial waste management while promoting economic and environmental benefits. On a commercial scale, papaya seed valorization could lead to the production of functional foods, dietary supplements, natural antioxidants, and plant-based therapeutics. Their rich composition of proteins, lipids, dietary fiber, and bioactive phytochemicals such as flavonoids, alkaloids, phenolics, and isothiocyanates makes them suitable for developing nutraceuticals, natural preservatives, and cosmetic formulations. Furthermore, oil extracted from papaya seeds can be employed in food processing, biodiesel production, and skincare products due to its favorable fatty acid profile.

Future research should focus on optimizing extraction methods, establishing safety standards, and evaluating the sensory acceptability of papaya seed-based products to enable industrial adoption. The integration of papaya seed valorization into circular bioeconomy models can minimize food waste, generate additional income for farmers, and contribute to sustainable development goals. With advancements in food technology, biotechnology, and green processing, large-scale exploitation of papaya seeds could revolutionize the development of eco-friendly functional products, offering a promising pathway toward sustainable nutrition and health innovation.
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