Valorization of macronutrients of fruit seeds and their food applications: A review
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Abstract
Global fruit consumption has increased significantly over the years, resulting in the generation of a large amount of non-edible fruit parts, particularly fruit seeds, which are often discarded despite being rich in macronutrients like protein, carbohydrates, and lipids. Current research on utilizing these macronutrients is limited, highlighting the need to valorize fruit seeds. This review focuses on the macronutrients in various fruit seeds and their potential food applications. We also discuss the challenges and advocate for future research to enhance the utilization of macronutrients extracted from fruit seeds. Studies have shown that fruit seed ingredients can improve the physical, functional, and sensory characteristics of food products. While a wide range of fruit seeds is available, current research tends to focus on a few common sources, neglecting the potential of many other options. Future research should explore a broader spectrum of fruit seed biodiversity and identify applications for underutilized species. Additionally, research should examine how the nutritional and aroma profiles of foods with added fruit seed extracts evolve during processing and storage to ensure both nutritional value and consumer appeal. In summary, valorizing fruit seeds is essential for reducing waste, promoting sustainability, and supporting a circular bioeconomy.
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Introduction
The increase in urbanization and population worldwide has created a high demand for food and raised challenges in food security. As a result, agricultural productivity has also increased to supply sufficient food for people. However, food production generates large amounts of agricultural waste, which leads to adverse environmental impacts. Remarkably, the impacts are expected to become even more significant, given that global agricultural production must increase by 70% by 2050 to meet the rising food demands, as reported by FAO [1]. To address this issue, it's essential to prioritize the utilization of agricultural wastes as innovative food ingredients. This aligns with the principles of a circular bioeconomy and contributes to achieving the United Nations' Sustainable Development Goals (SDGs), in particular SDG 2 (zero hunger), SDG 3 (good health and wellbeing) and SDG 12 (responsible consumption and production [2]. 
Common agricultural wastes include fruit and vegetable wastes, breweries' by-products, bakeries' wastes, other food processing side streams, and more [3]. Among these, fruit waste is particularly significant due to the high volume of global fruit production. Fruit production worldwide has consistently increased over time, with a recent review reporting a 6.18% rise from 1961 till 2020 [4]. Besides that, Cheok et al. [5] also documented the annual fruit production of various fruits like mango, jackfruit, papaya, and others, noting that mangoes are the most popular fruit, with a yearly record production of 30 million tons from major producers, including India, China, and Thailand. These statistics illustrate that the high production and consumption of fruits inevitably lead to the generation of fruit wastes, such that the non-edible parts of fruits like seeds, pulp, skins, or pomace are usually discarded. In most cases, the methods in handling these fruit wastes are open burning, incineration and landfilling, resulting negative environmental impacts. This urges the need for valorizing the fruit wastes, and efforts are currently ongoing to extract and utilize the valuable compounds from the fruit wastes [6-11]. In particular, the circular bioeconomy is a key area of action that leverage various technologies to harness these low-value resources to produce value-added products, offering innovative solutions to address environmental challenges [12].
Among the non-edible parts of fruits, fruit seeds account for a considerable portion of the total weight of fruits. For example, durian seed accounts for 20-25% of the fruit’s weight, while jackfruit and papaya seeds can constitute up to 15% of their respective fruits [13]. Acknowledging the importance to upcycle these fruit seeds, many studies have been reported [5, 13-19]. However, most of these studies primarily focus on the micronutrients, particularly bioactive compounds of the fruit seeds, while research on the macronutrient of these seeds remains relatively scarce. Beyond bioactive compounds, fruit seeds are also rich in macronutrients, namely proteins, carbohydrates, and lipids. One approach to extracting values from these wastes is valorization, which involves transforming them into high-quality food ingredients and reducing the need for disposal. To effectively achieve this, understanding the composition of the fruit seeds is crucial for deciding their valorization targets and potential food applications. Figure 1 shows some of the selected fruit seeds that are commonly discarded. Table 1 summarizes the macronutrient composition of selected fruit seeds, emphasizing their potential as value-added ingredients. Recognizing the importance of valorizing fruit seeds, this review focuses on the macronutrients—proteins, carbohydrates, and lipids found in fruit seeds and summarises some of their applications in the food industry. In addition, this review outlines a few challenges of utilizing macronutrient extracts of fruit seeds, paving the way for future research directions.
Macronutrients of fruit seeds
This section reviews key recent studies on the quality of macronutrients found in fruit seeds, including proteins, carbohydrates, and lipids.
Proteins
Proteins are essential macronutrients that act as the building blocks of the human body. Over the years, plant protein sources, mainly legumes, have received tremendous attention and are being utilized to create different protein-rich staple foods [20]. Despite increasing demand for sustainable plant protein sources, research on proteins derived from fruit seeds has been relatively limited. This section provides a summary of recent studies exploring protein extracted from a variety of fruit seeds, as presented in Table 2.
In a recent study, Lolli et al. [21] proposed a one-pot protease-assisted extraction of proteins from a broad range of fruit seeds, including lemon seeds, mango seeds, papaya seeds, avocado seeds, litchi seeds, and pumpkin seeds. As such, all the fruit proteins were recovered in the form of protein hydrolysates after the protease reaction, and the amino acid profiling was performed to quantify their amino acid content. An interesting observation is that most of the fruit seed protein hydrolysates, especially those obtained from lemon seeds (100.2 mg/g protein), pumpkin seeds (106 mg/g protein), and litchi seeds (152 mg/g protein), were rich in phenylalanine + tyrosine, comparatively higher than soy protein (78-97 mg/g protein). Nevertheless, the research team confirmed that all the tested fruit seed protein hydrolysates were incomplete sources of essential amino acids (incomplete proteins) as they did not comply with the standard reference protein set by FAO/WHO [22]. It is commonly known that one of the limitations that hinder the replacement of dietary intake of animal or dairy protein sources with plant-based protein sources is the deficiency of some essential amino acid in plant proteins [23]. Therefore, to overcome this limitation, it's essential to discover alternative protein sources that offer comparable nutritional value or to identify complementary protein extracts that, when combined, form a complete protein for human consumption. For instance, while legumes contain high levels of lysine, they are deficient in sulfur amino acids (methionine and cysteine). This makes them a good complement to cereal proteins, which are typically high in sulfur amino acids but low in lysine [24]. Considering the biodiversity of fruit seeds, studying the amino acid profiles of their proteins is thus of paramount importance to identifying optimal composition with proteins from other sources to produce alternative protein ingredients with enhanced nutritional value.
Proteins extracted from fruit seeds often exhibit good functional properties that could facilitate their further use as value-added food ingredients. For example, Zhang et al. [25] explored the potential of jackfruit seed proteins by evaluating their emulsifying properties. The study found a strong correlation between the solubility and emulsifying properties of jackfruit seed proteins at various pH levels (3, 5, 7, and 9). Jackfruit seed proteins demonstrated an excellent emulsifying activity index (EAI) of 9.72 m2/g and an emulsifying stability index (ESI) of 83.64 days at pH 7, highlighting potential applications as emulsifying stabilizer. The authors attributed the excellent emulsion stability to the high solubility of the protein isolates, small emulsion droplet size (6.23 μm), and narrow droplet size distribution at pH 7. Remarkably, the research team pointed out that the emulsion particle size was smaller than that of commercial pea protein isolates under the same conditions, once again indicating the potential of jackfruit seed protein isolates as an alternative to conventionally used plant protein emulsifiers. 
Wu et al. [26] conducted a comprehensive study on jackfruit seed protein fractions and isolates, outlining their potential applications. The study revealed that jackfruit seed proteins are rich in essential amino acids, comparable to soy protein. Notably, lysine, a limiting amino acid in many grains, was found to be abundant in jackfruit seed proteins. Another interesting finding is that the glutelin (a major protein fraction) and whole jackfruit seed protein isolates exhibited slightly higher emulsifying activity indices (10.03  and 9.72 , respectively) than albumin (9.30 ) and globulin (8.71 ) at neutral pH (7), despite the latters having higher solubility. Overall, Wu et al. [26] provided valuable insights into potential product applications for jackfruit seed protein isolates and protein fractions by revealing their emulsifying properties under various pH conditions and highlighted the potential utilization of jackfruit seed proteins as an alternative to the commercial protein isolates used by the food industry. However, a critical gap in current research is the digestibility of jackfruit seed protein isolates, which should be investigated before their widespread use as a food ingredient.
The study by Chai et al. [27] extended the potential use of jackfruit seed protein in food beyond just the source of amino acids. The authors investigated the antioxidant potential of trypsin-digested jackfruit seed protein hydrolysates and bioactive peptides. They found that a purified fraction of jackfruit seed protein hydrolysates, SCX-F12, demonstrated an 11.8-fold increase in the radical scavenging potential compared to the crude trypsin protein hydrolysates. Inspired by this remarkable antioxidant potential, Chai et al. [27] performed de novo peptide sequencing and identified two new bioactive peptides that had not been reported before. After that, they synthesized and tested the synthetic peptides and found both ones exhibited good protein protection potential. One of the peptides also had a high antioxidant activity with an EC50 (concentration of an antioxidant compound that is required to neutralize 50% of a free radical) value comparable to carnosine (antioxidant peptide) and ibuprofen (nonsteroidal anti-inflammatory agent). The study thus suggests a potential application of jackfruit seed protein as a preservative agent for protein-rich food systems, signifying the discovery of valuable macronutrients from fruit seeds and paving the ways for upcycling and valorizing fruit wastes.
Ogunbusola et al. [28] extracted protein concentrates from defatted white melon (Cucumeropsis mannii) seed meals using various extraction methods. Acid-precipitated and salt-solubilized concentrates exhibited high protein content (71% and 74%, respectively) and were rich in essential amino acids, meeting or exceeding FAO/WHO recommended levels for children [29]. These findings underscore the nutritional value of melon seed protein concentrates and their potential as protein enrichment ingredients in food systems like cereals.
Beyond white melon seeds, solid wastes like defatted kiwi fruit (Actinidia chinensis) seed meals also found to contain significant amounts of protein. Deng et al. [30] extracted proteins from kiwi seed meals and compared their functional properties to soybean proteins. The highly soluble kiwi seed protein concentrates demonstrated superior emulsifying capabilities compared to soybean seed proteins. However, despite the reported high protein quality, further research on kiwi seeds is still lacking. Essential information such as the protein amino acid profile and other functional properties remains unavailable, limiting their utilization and further exploitation.
Xue et al. [31] extracted and characterized proteins from plum (Prunus domesticae) seeds, found a high protein content of 280 g/kg. The researchers further investigated the impact of ultrasonication treatment on the functional properties of these protein extracts. Results demonstrated that by adjusting ultrasonication parameters, the functional properties of the extracts, including water-holding capacity, solubility, emulsifying, foaming, and gelling capabilities, had improved at different levels compared to untreated extracts. Notably, untreated plum seed protein extracts required only 70 g/kg for gel formation, lower than the commonly used soy protein isolates (100 g/kg), suggesting their potential as gelling agents even without ultrasonication. Ultrasonication treatment further enhanced the gelling potential of plum seed proteins, with gel strength increasing up to 28% at 400W power. This highlights the feasibility of non-thermal technologies for modifying plant-seed-derived proteins to suit various food applications.
Villacís-Chiriboga et al. [32] investigated the potential of soursop (Annona muricata) seeds as a protein source. By employing pressurized water extraction, they obtained a protein-rich extract with superior amino acid content, solubility, and in vitro digestibility compared to traditional alkaline extraction. Notably, the pressurized water extracts exhibited up to 90% solubility at pH 7. However, the alkaline extraction method produced protein extracts with significantly better emulsifying and foaming properties. Despite these differences, the study highlights the promising potential of valorizing soursop seeds. The available evidence suggests that by utilizing appropriate extraction methods and suitable green solvents, it's possible to extract proteins with desirable characteristics for various applications [33, 34]. In addition, it is crucial to consider the potential environmental impacts of various extraction technologies used to achieve high yield and purity of protein. Life cycle assessment (LCA) can serve as a valuable tool to identify key contributing factors and optimize these technologies for enhanced sustainability [35].
Akasha et al. [36] explored the emulsifying properties of protein extracted from date palm (Phoenix dactylifera L.) seeds. Despite their relatively low protein content (up to 7%), the researchers successfully produced date seed protein extracts with a crude protein content of 68%. These extracts demonstrated comparable emulsifying stability to soy protein isolates and bovine whey protein concentrate. However, information regarding other functional properties of date seed protein extracts remains limited, hindering their full characterization and application.
Grape seeds, a primary byproduct of viniculture, are also a source of protein, containing 13-18% [37]. Zhang et al. [37] employed an optimized reverse micelles extraction method to obtain protein extraction yields of up to 82.3%. Alvarez-Ossorio et al. [38] also conducted protein extraction from defatted grape seeds using a conventional alkaline extraction method coupled with acid precipitation. However, their extraction yields were lower than those reported by Zhang et al. [37], reaching only 56%. This suggests that the reverse micelle extraction method could be a promising technology for extracting protein from grape seeds. While this observation showcased the feasibility of reverse micelle extraction, it's important to note that additional information on the characteristics of grape seed protein extracts is needed for further applications. 
All these studies demonstrate the potential to valorize the protein component of fruit seeds. However, a common challenge is their relatively low protein content compared to other components like carbohydrates or lipids. Despite this, the principles of zero waste and circular bioeconomy emphasize the importance of fully utilizing waste products. To address this limitation, technologies like solid-state fermentation or precision fermentation, which employs metabolic engineering, could be a promising solution. This approach offers the potential for efficient, scalable, and sustainable production of high-value functional proteins derived from fruit seeds [39, 40]. In this context, it is also worth noting that suitable and cost-effective extraction technologies should be considered for different fruit seed resources. Future work should include techno-economic assessments for the isolation of proteins or other macronutrients from fruit seeds. This will help better understand the economic viability of various extraction technologies in obtaining these macronutrients.
Carbohydrates
Beside proteins, fruit seeds are also a valuable source of carbohydrates, particularly polysaccharides such as gums and starch. Gums, complex polysaccharides, are commonly used as gelling, thickening, or stabilizing agents in liquid or semisolid foods. As demand for plant-based gums grows, valorizing those from discarded seeds becomes increasingly attractive. However, understanding the physicochemical and functional properties of plant-based gums is crucial before incorporating them into food products.
Numerous studies have investigated the effects of extraction methods and parameters on gum extracts, as these processing conditions significantly influence the properties of the final products (Table 2). Amid and Mirhosseini [41] optimized aqueous extraction parameters for gum extraction from durian seeds, yielding 56% gum with high water-holding capacity (270.6 g/100 g) and oil-holding capacity (146.5 g/100 g), comparable to dietary fiber concentrates from apple and citrus fruits (162-226 g/100 g) [42]. Further analysis revealed that durian seed gum is primarily composed of galactose (48.6-59.9%) and glucose (37.1-45.1%), with smaller amounts of arabinose (0.58-3.41%) and xylose (0.3-3.21%) [43]. The high starch content suggests its potential as a thickening agent. However, a significant challenge observed is the relatively low solubility of many gums, which adversely affect their functional properties. To address this, future studies should explore suitable purification technologies to reduce hydrophobic compounds and insoluble impurities like fiber or ash, thereby enhancing solubility.
Beyond durian seed gums, whole durian seed flour offers potential applications due to its simplicity of use (no purification required). Baraheng and Karrila [44] compared different forms of durian seed flour, including whole, demucilaged, and starch, with respect to their functional properties and found that while whole durian seed flour had the weakest gel hardness, it exhibited the highest water-holding capacity. Conversely, durian seed starch demonstrated the greatest gel hardness but lower water-holding capacity, indicating that removing mucilage significantly affects functional properties. The study highlights that different processing conditions can influence the properties of extracted polysaccharides. Therefore, it's essential to evaluate their functional characteristics to determine their best applications. In this context, whole durian seed flour might be more suitable in the water-binding capacity, while purified or processed gums or starches could be better suited as gelling or thickening agents.
Mango seed is another good source of carbohydrates, accountable for 58-80% of dry weight [45], where starch is found to be one of the largest fractions. However, the usage of native starches are limited by its characteristics like poor solubility, paste instability to shear and temperature and turbid gel formation during processing, hence often require some pre-processing treatments such as physical, chemical, and enzymatic methods to tailor their properties for specific use [46]. For example, Kalaivendan et al. [47] conducted a study on green technology, utilizing cold plasma technology to treat mango seed starch. The authors employed atmosphere pressure non-thermal pin-to-plate plasma treatment to improve the hydration properties and formed less viscous pastes compared to the untreated starches. This study suggests that plasma-treated starches could be used to produce foods with smoother textures and highlights the feasibility of cold plasma technology to modify the starch properties.
Another example is the employment of high-pressure homogenization to modify the properties of starch extracted from litchi seeds, as reported in the study performed by Sandhu et al. [48]. The research team showed that the high-pressure treated starch paste displayed higher mechanical rigidity than the untreated sample, suggesting that the starch pastes can withstand the mechanical stress of food processing while retaining its structure. However, more studies are needed to demonstrate the practicality of incorporating the high-pressure treatment of starches in food product development since state-of-the-art lacks information regarding the functional properties of the high-pressure treated starches.
Beyond the previously mentioned species, tropical fruit seeds like chempedak and jackfruit are also valuable sources of starch. Yaowiwat et al. [49] extracted starches from these seeds, finding them to have high thickening capacity and water/oil-holding properties, and recommended their use as thickening agents. In this context, it is remarkable to point out that the jackfruit seed starch exhibited a higher amylose content than commercial modified starches (Suzihaque et al. [50], suggesting its potential as a stabilizing agent in functional food formulations as higher amylose fractions have been shown to improve the storage stability of starch emulsions [51].
A few studies also reported the extraction of crude polysaccharides from fruit seeds. For example, Jiang et al. [52] used ultrasonic-assisted extraction methods to extract crude polysaccharides from longan seeds and found that galactose, glucose, and arabinose were the major components. In another study, Al-Dhabi and Ponmurugan [53] recovered polysaccharides from jamun fruit seeds using a microwave-assisted extraction method and identified the optimal extraction parameters to obtain the maximum yield. The research, however, lacks information about the monosaccharide composition and functional properties of the isolated polysaccharides. Thus, further study is required to understand the potential of jamun seeds as a source of carbohydrates for food product development. It is important to note that research on less-utilized plant sources, particularly fruit seeds, is limited. This emphasizes the need for further exploration of these intriguing polysaccharide sources.
Lipids
As global populations continue to grow, so does the demand for edible oils. While traditional oilseed crops like sunflower, canola, and pumpkin remain popular, fruit seeds are emerging as a promising alternative. From a sustainability perspective, utilizing fruit seeds is particularly encouraging, as many of them are currently discarded as waste. Repurposing these underutilized resources can reduce environmental impact, promote sustainable agriculture, and potentially discover new sources of nutritious oils. Fruit seed oils are primarily composed of triacylglycerides, but they also contain minor fractions of valuable micronutrients like phospholipids, carotenoids, and tocopherols. It is important to note that these oils are rich in polyunsaturated fatty acids (PUFAs), which are essential for human health [54-56]. In recent years, there are few studies reported on the properties of fruit seeds oils, as summarized in Table 2.
For example, Samaram et al. [57] successfully extracted oil from papaya seeds using an ultrasound-assisted method. They found that increasing ultrasound power and extraction time led to a significant increase in oil yield, reaching approximately 23%. Importantly, the papaya seed oil extracted using this method exhibited good oxidative stability, with a peroxide value below 0.5 meq/g. However, it is worth noting that the papaya seeds have a high moisture content (up to 80%), making drying a crucial step for efficient oil extraction [58]. In their study, the research team achieved a maximum oil yield of 19.23% using a tunnel convective dryer under optimized conditions. The extracted oil was high in unsaturated fatty acids composed primarily of oleic acid (90%) and linoleic acid (5%). These findings emphasize the importance of drying prior to oil extraction. However, further research is needed to compare different drying techniques and their impact on fruit seed oils. This information could provide valuable insights for selecting the most suitable drying method in various scenarios.
Rambutan seeds are rich in fats (up to 39%), primarily consisting of palmitic, stearic, oleic, and arachidic acids [59]. As reported by Chai et al. [60], the high content of arachidic acid (~26-33%) gives rambutan seed oil a semi-solid consistency at room temperature, limiting its applications in food products. To address this issue, the same research team fermented whole rambutan fruits. They found that fermentation significantly increased the free fatty acid content by 4.3 times within ten days. Notably, arachidic acid selectively decreased during fermentation starting from day 7, gradually being replaced by linoleic acid, leading to an overall increase in unsaturated fatty acids [61]. These results demonstrate the potential of fermentation techniques to improve the lipid properties of fruit seeds, offering a promising approach for upcycling valuable nutrients from agricultural waste.
Le et al. [62] compared hydraulic pressing and the traditional Soxhlet method for extracting oil from purple passion fruit seeds. They found that hydraulic pressing yielded a significantly higher oil content, reaching approximately 33%, as compared to the Soxhlet method (25%). While the lipid properties of purple passion fruit seed oil have yet to be fully explored, the researchers reported that its acid value, peroxide value, and saponification value are comparable to commercial edible oils like sunflower oil. These findings suggest that purple passion fruit seed oil has the potential to be a valuable addition to the edible oil market.
Apart from that, dragon fruit seed oil has been the subject of recent research, with Boyapati et al. [63] successfully extracted high yield of oil (up to 34%) by using a microwave-assisted method. Complementary to the high extraction yield, the extracted oil was found to be rich in polyunsaturated fatty acids, particularly linoleic acid. Additionally, it contained significant levels of antioxidants, primarily tocopherol. These findings suggest that dragon fruit seed oil has promising potential for use in functional food products.
Villacís-Chiriboga et al. [32] analyzed the fatty acid profile of soursop seed oil extracted using both solvent extraction and cold pressing. In both cases, the oil was primarily composed of unsaturated fatty acids, with oleic acid being the most abundant (47% and 43%, respectively) followed by linoleic acid (28% and 25%, respectively). These findings demonstrate that soursop seed oil has a similar fatty acid composition regardless of the extraction method used. The high content of unsaturated fatty acids suggests that soursop seed oil could be a valuable addition to the human diet.
Lolli et al. [21] recently introduced an innovative one-pot enzymatic extraction method for obtaining oils from various fruit seeds. Their study compared the fatty acid profiles of mango, lemon, papaya, and litchi seed oils. Mango seed oil had the highest saturated fatty acid content (60.27%), followed by litchi (47.78%), papaya (33.75%), and lemon (20.54%) seed oils. Except for the mango seed oil, all the other fruit seed oils were richer in total unsaturated fatty acids. Papaya seed oil had the highest oleic acid content, while lemon seed oil was particularly high in linoleic acid. This research demonstrates the feasibility of enzymatic hydrolysis for extracting oil from fruit seeds and highlights the valuable nutritional content of these often-discarded agricultural byproducts.
Upcycling selected fruit seeds into food applications
Upcycling fruit seed waste offers a sustainable solution for food processing by transforming discarded byproducts into valuable ingredients. Recent research has highlighted the potential of fruit seeds and their macronutrient components to enhance the nutritional profile of foods and support the development of functional food products. This section explores applications for four commonly wasted fruit seeds: jackfruit, durian, melon, and papaya. Some key benefits of using these fruit seeds are highlighted in Figure 2.
Jackfruit seeds: pasta, pastries and chocolate
Jackfruit seeds are a nutritious ingredient that can enhance the nutritional value of food products. Kushwaha et al. [64] investigated the potential of jackfruit seed flour (JSF) as a partial substitute for wheat flour in waffle ice cream cones. By optimizing the JSF-to-wheat flour ratio in the waffle cone batter formulation using response surface methodology, they developed waffle cones with altered nutritional and sensory properties. Compared to control cones that made entirely of wheat flour, JSF-supplemented cones had higher protein content, higher level of crispness, and overall acceptability. The results showed that incorporating up to 80% JSF had increased the protein content of the waffle cones by 14.55%, with cones with 60% JSF exhibited the highest crispness and overall acceptability, likely due to the higher fiber and protein content in JSF, which positively influenced the texture. These findings demonstrate that JSF, with its high fiber and protein content, can significantly impact the sensory attributes of food products. This suggests its potential as a valuable alternative to wheat flour, especially for developing low or gluten-free bakery items.
Singh et al. [65] investigated the impact of incorporating JSF into pasta. They found that increasing JSF content from 6% to 24% significantly (P < 0.05) improved water and oil absorption capacity, reduced minimum cooking time (from 7.07 to 6.20 minutes), and increased both cooking loss (from 5.13% to 11.26%) and pasta firmness. These changes are attributed to the higher fiber and protein content of JSF. Sensory evaluations revealed that up to 18% JSF did not negatively affect flavor, suggesting that JSF is a promising ingredient for developing protein-rich, high-quality pasta with enhanced nutritional and functional properties.
Ortega-González et al. [66] studied the impact of substituting wheat flour with JSF on the texture, physical properties, and sensory attributes of dough and donuts. They found that increasing JSF content in the dough led to an increase in its hardness, adhesiveness, springiness, and chewiness. These changes are attributed to the difficulty of gluten network formation in JSF-containing dough. In deep-fried donuts, higher JSF incorporation resulted in harder, stickier, and chewier textures. While 20% JSF yielded the darkest donut color and a smaller crumb area, it also had the smallest changes in internal and external diameter and the largest height change. The increase in dimensions is likely due to the reduced lamellar morphometric changes in wheat flour caused by the expansion of water vapor within the product. Sensory evaluations revealed that a blend of 5% JSF and 95% wheat flour was most preferred by consumers (30 trial participants). In this context, future research should focus on determining the optimal ratio of seed flours to commercially used flours in order to create food formulations with the desired texture and nutritional qualities.
In another recent study, Neelamanidurga D. [67] investigated the potential of jackfruit seed powder to enhance the protein content and flavor of chocolate. By incorporating 35 grams of jackfruit seed powder, they achieved a chocolate with a protein content of 13.37%, the highest among the samples studied. While addition of 35 grams jackfruit seed powder provided the highest protein content, chocolate with 15 grams of jackfruit seed powder was most preferred by consumers in terms of taste, flavor, color, and texture. This preference may be due to the higher total soluble solids in the 15-gram formulation, likely resulting from the conversion of starch to sugar. The study highlights the potential of jackfruit seed powder as a valuable ingredient for improving the nutritional profile of chocolate while maintaining or enhancing desirable sensory attributes. Future research could explore the long-term effects of fruit seed incorporation on food products during storage.
Durian seeds: fruit juice, mayonnaise, meatballs
Durian seeds, a byproduct of a popular Asian fruit, are another potential source of valuable food ingredients to consider. A recent study by Herlina et al. [68] explored the potential of durian seed polysaccharide extract as a stabilizer in pineapple juice. The researchers found that the durian seed crude polysaccharide extract effectively improved the stability of the juice during storage by forming a three-dimensional gel network that thickens and prevents separation. This promising finding suggests that durian seed polysaccharide extracts could be a valuable alternative to traditional stabilizers in food applications.
In another study, Cornelia et al. [69] investigated the potential of durian seed gum as an emulsifier in vegan mayonnaise and studied the effects of various concentrations: 2.5%, 3%, 3.5%, 4%, and 4.5%. They found that incorporating 4% durian seed gum resulted in the most desirable texture, flavor, and aroma. This vegan mayonnaise formulation exhibited good emulsion stability, demonstrating the effectiveness of durian seed gum as a natural emulsifier. Additionally, the vegan mayonnaise formulated with 4% durian seed gum performed comparably to commercial mayonnaises, including egg-based and vegetarian versions. However, it's important to note that the protein content of vegan mayonnaise is generally lower due to the high protein content of eggs. To enhance the nutritional value of plant-based mayonnaise, future research could explore innovative fermentation techniques as suggested by Chin et al. [70]. By enhancing the protein content, it is possible to further advance the development of nutritious durian seed gums-based food products as viable alternatives to traditional sources.
Durian seed flour, containing starches similar to tapioca flour, such as amylose and amylopectin, has potential applications as a filler in meatball production [71]. A study by Malini et al. [71] evaluated the nutritional content and quality of durian seed flour and determined the optimal amount for use in beef meatballs to maintain their organoleptic properties during storage. The study compared three blends, including 100% tapioca flour, 50% durian seed flour and 50% tapioca flour, and 100% durian seed flour. While adding the durian seed flour caused no significant changes in the color, flavor, aroma, or texture of the meatballs, the results showed that durian seed flour influenced their protein content and hardness. Where, meatballs made entirely of durian seed flour were the least hard and had the highest protein content, a blend of 50% durian seed flour and 50% tapioca flour provided the best overall performance during storage, remaining acceptable for up to 8 hours at room temperature and 12 days in the refrigerator. These findings suggest that durian seed flour can be a valuable ingredient in meatball production and partially replace tapioca flour, offering nutritional benefits and enhancing the product's quality.
Melon seeds: fortified low GI pastries, direct consumption
Melon seeds, which are typically considered waste, were demonstrated as a valuable alternative source of fiber, fat, and protein in bakery products, enriching essential nutrients such as amino acids and polyunsaturated fatty acids, and boosting macronutrients like potassium and magnesium. Zhang et al. [72] explored the potential of utilizing defatted melon seed residue (DMSR) to create nutritionally fortified bread. They examined the impact of substituting wheat flour with DMSR from Cucumis melo L. on dough properties, as well as the nutritional quality and physical characteristics of the bread. The addition of DMSR significantly extended dough development time, likely due to the high fiber content in DMSR competing for water with wheat flour components, which hinders the hydration of gluten proteins. As a result, more time was needed to develop the gluten network, leading to a weaker and less extensible dough that negatively impacts bread volume, hardness, and springiness. These outcomes were attributed to gluten dilution and the increased fiber content, causing greater disruption of the gluten network. Increasing the content of DMSR from 5% to 10% had a noticeable impact on the specific volume, crumb structure, and color of the bread, as illustrated in Figure 3.
Notably, replacing 10% of wheat flour with DMSR significantly increased the fiber content of bread by five times (from 0.57g/100g to 3.41g/100g), qualifying it as a 'source of fiber' according to the European Regulation for Nutrition and Health Claims on Foods. Additionally, 10% DMSR wheat flour replacement significantly (p<0.05) enriched the bread with protein and lipids, improving its nutritional profile. The reduction in starch and the increase in fiber suggest the potential of DMSR wheat flour replacement to develop low-glycemic index bread options for the prevention or management of hyperglycemia-related diseases. The higher ash content in DMSR bread could also contribute to increased dietary potassium intake. 
Çağındı et al. [73] investigated the use of melon seed flour (MSF) as a substitute for whole wheat flour and fat in cake formulations at 40% and 60% to enhance the nutritional profile of cakes. Protein- and fat-dense MSF contained significantly higher levels of potassium and magnesium – about five times more than the control (cake consists of 100% whole wheat flour without addition of MSF). The inclusion of MSF also affects dough density, pH, mineral, fatty acid, and amino acid compositions, ultimately improving the nutritional profile, texture, and volume of the cakes. While the substitution of MSF did not notably alter the structural properties of the cakes (volume index, symmetry, and shrinkage value), and color (brightness and color pigments), it did affect the texture, leading to a decrease in firmness, springiness, and chewiness. Further sensory evaluation indicated that cakes with a 40% MSF substitution were well-received by the panel and found to be a consumable alternative to cakes made from 100% wheat flour.
In many regions around the Globe, melon seeds are valorized through direct consumption [74]. In Arab countries, salted or roasted melon seeds are consumed as snacks, while in India, dried melon seeds are used to enhance the flavor of dishes and desserts. A beverage made from melon seeds was found to be a good source of minerals (magnesium and iron) and protein and well accepted by the sensory panel. Melon seed oil is used as a cooking oil in parts of Africa and the Middle East. Interestingly, mixing melon seed oil with peanut oil enhances its nutritional and functional properties by combining the beneficial attributes of both oils. This mixture exhibited a similar physico-chemical composition, oxidative stability index, and organoleptic properties to other edible oils. Similarly, melon seed protein concentrate and isolate can be incorporated into wheat flour to enhance the nutritional profile of bread. Supplementing wheat flour with 15% melon seed protein did not alter the sensory properties of the bread, making it a viable ingredient for baked goods [75].
Although melon seeds, rich in protein, lipids, fiber, and minerals, have been more extensively studied and used for valorization in food production compared to other fruit seeds, further research promoting the utilization of these nutrient-dense seeds can reduce food waste, enhance the nutritional value of foods, and facilitate a more sustainable food system. It is important to note that the nutritional composition of melon seeds and their flours may significantly vary by geographical and agronomic conditions, especially different cultivars, which instigates more research on the potential of melon seeds in food applications.
Papaya Seeds: fortified pastries, dietary antioxidants and natural preservatives
The high protein and fiber content of papaya seeds positions them as a valuable ingredient for valorization from the papaya processing industry. Bhosale and Udachan [76] utilized papaya peel and seed powders to develop fiber-enriched functional cookies and optimized the formulations using the Central Composite Rotatable Design of Response Surface Methodology. The weight, thickness, and width of the control (cookies made with wheat) and functional cookies were not significantly different. Adding 3.82% papaya peel powder and 1.24% papaya seed powder resulted in acceptable cookies with protein and fiber contents, respectively, 2.5-fold and 9.6-fold higher than the control. Moreover, the cookies exhibited a 1.5-fold reduction in carbohydrate content, offering potential benefits for diabetic consumers.
In a more recent study, Abdel-Hameed et al. [77] evaluated papaya seed powder (PSP) and papaya seed oil (PSO) as novel, non-traditional ingredients for the development of nutritious chocolate cupcakes. PSP and PSO, beyond their nutritional value, serve as natural antimicrobial agents with minimum inhibitory concentrations ranging from 0.75 to 5.0 mg/mL for PSP and 1.5 to 10.0 mg/mL for PSO. These ingredients are effective against pathogenic bacteria and fungi, including Staphylococcus aureus and Aspergillus niger, making them potential natural preservatives that could enhance food safety and shelf life. The study assessed cupcakes supplemented with 5% to 20% PSP for quality and sensory characteristics. The results showed that the cupcakes supplemented with different levels of PSP had no significant difference in physical appearance between the control cupcakes using 100% wheat flour. Instead, adding PSP enhances cupcake porosity, probably due to its remarkable emulsifying properties. Additionally, the high fiber content in PSP contributes by binding and retaining some moisture. As the proportion of PSP increases, there is a proportional rise in the cupcakes' protein (up to 1.4-fold), ash (1.8-fold), and fiber content (6.9-fold) but reduction in moisture. Although cupcakes with 20% PSP exhibited optimal physical qualities—aspect (8.80), crumb color (8.50), texture (9.0), touch (9.0), and sponginess (9.0)—their sensory attributes in terms of aroma (5.5), flavor (5.5), aftertaste (5.5), and overall acceptance (5.5) were notably diminished compared to the control. That said, adding PSP impacts its sensory properties, and more studies are required to improve the sensory attributes while retaining excellent physical properties.
The study by Cruz et al. [78] also highlights the value of papaya seeds as a source of dietary antioxidants and natural antimicrobial agents. They demonstrated the fungicidal properties of dehydrated papaya seed flour in papaya jam formulations, where no mold or yeast growth was observed. Incorporating merely 1.5% seed flour led to notable enhancements in the jam’s nutritional profile, including a 1.7-fold increase in protein, a 4.6-fold rise in crude fiber, and a 1.6-fold reduction in carbohydrates. Additionally, the sensory evaluation of the jam showed positive outcomes for aroma, flavor, texture, and overall acceptance, with no significant differences compared to the control. The sensory attributes of the jam with papaya seed flour scored a hedonic rating of 7 (moderately liked) compared to the control's (jam without papaya seed flour) rating of 6 (slightly liked), suggesting that the inclusion of fruit residues in jams not only enhances health benefits but also contributes to waste reduction and lowers the environmental impact of fruit processing industries.
Challenges of utilizing fruit seeds macronutrients in food applications
Antinutrients
The nutritional benefits of fruit seeds promoted their use for complete or partial substitution of conventional ingredients in various food products, such as baked goods like bread and pastries. However, the presence of antinutritional factors (ANFs) like phytic acid, tannins, saponins, and trypsin inhibitors in most fruit seeds can hinder nutrient absorption. To fully realize the nutritional benefits of fruit seeds, it is essential to address these challenges through appropriate processing techniques.
ANFs are compounds or natural substances present in plant sources that, when consumed in raw or unprocessed form, can delay or inhibit the activity of digestive enzymes, reduce palatability, and lower digestibility. Addressing the challenges associated with using novel ingredients like fruit seeds necessitates further research to understand better the occurrence and impact of ANFs in food, which is crucial for consumer health and well-being.
Various processing methods, including thermal (boiling, roasting), non-thermal (soaking, fermentation), and advanced techniques (extrusion, microwave), can effectively reduce antinutritional factors [79-82]. However, some of these processes may imply a high cost and also negatively impact the final product. The challenge lies in finding the optimal balance between minimizing ANFs and preserving the essential physicochemical and nutritional properties of the food without compromising its affordability for consumers.
Thermal processing methods like roasting, boiling, etc., help diminish ANFs in foods, thereby enhancing nutrient absorption. For instance, Pooja Anudhar et al. [83] demonstrated that dry-roasting jackfruit seed flour for 5 minutes at 45°C significantly reduced tannins (by 3.4 times) and phytic acid (by 1.1 times). Celestial and Trinidad [84] showed the reduction of ANFs through roasting at 198°C for 30 minutes and boiling at 100°C for 35 minutes. An increase in phytic acid content was observed during boiling, attributed to its binding with starch via hydrogen bonds in the phosphate group, leading to the formation of a complex structure. The reduction in tannic acid content was linked to its leaching into the cooking water, as tannic acid is soluble in water or alcohol, forming a colloidal solution. Despite these changes, the phytic and tannic acid levels in raw, roasted, and boiled jackfruit seeds remained within acceptable limits (250 mg/100 g and 20 g/100 g, respectively). These findings highlighted that the effectiveness of ANF reduction is influenced by specific treatment conditions such as temperature and duration.
Ibukun and Anyasi [85] reported that fermentation can reduce saponins (from 6.8 to 3.4 mg/g), oxalates (from 2.1 to 0.3 mg/g), and phytates (from 18.6 to 2.7 mg/g) in melon seeds, although the reduction of tannins was less significant. It is important to emphasize the need to assess the ANF content prior to any consumer sensory studies. However, the studies mentioned above convincingly demonstrate that in most cases, ANFs do not pose a major concern, as their initial content in fruit seed-based ingredients is relatively low and can be further reduced via conventional processing like heat treatment.
Aroma
Volatile organic compounds are synthesized in all plant organs, including seeds, roots, stems, leaves, fruits, and flowers. In fruits, aroma is primarily influenced by both free and glycosidically bound aroma compounds. The glycosidically bound forms can be converted into free forms during storage and processing, thereby enhancing the overall aroma profile. These bound aroma precursors have gained attention in the food industry as flavor additives used to enhance, balance, and recover the flavor of various products. Given their significant role in flavor perception, the use of these compounds in food flavor enhancement has been extensively studied.
Papa Spada et al. [86] reported that jackfruit seeds could serve as an alternative source of cocoa due to their flavor and aroma resembling cacao beans. Kumoro et al. [87] noted that roasted jackfruit seeds exhibit more pronounced flowery, green, pungent-sulfurous, sweet caramel, and woody aromas compared to their raw counterparts. Additionally, papaya seeds can substitute black pepper due to their spicy and pungent flavor, while snake fruit seeds have recently been utilized in coffee drink preparation in Bali for their unique taste, aroma, and health benefits. 
While many fruit seeds offer unique aromas, further research is needed to identify and characterize these compounds for use as flavouring ingredients. A significant challenge lies in understanding the potential impact of fruit seeds or their macronutrients on the taste and aroma of food products. High concentrations of raw fruit seed flour or macronutrients may introduce undesirable flavors like bitterness or astringency. Additionally, food processing conditions, such as heat and pH changes, can alter the original aroma of fruit seed extracts [88, 89]. To fully leverage the potential of fruit seed flavors, it's essential to determine optimal ingredient levels, understand aroma changes during processing, and conduct thorough sensory evaluations.
Consumer acceptance 
Sensory quality is essential for consumer acceptance and overall consumption. Regardless of its nutritional excellence, a food product may not be consumed if it lacks sensory appeal [90]. Currently, added amounts of novel ingredients for nutritional and health benefits are generally kept within 5-15% to ensure overall acceptance without significantly altering the physical and sensory properties of foods. Utilizing residues from the fruit processing industry provides a valuable opportunity for dietary supplementation or as a flour ingredient in producing nutritious foods.
Despite the promising potential of fruit seed-based food products, a significant research gap persists regarding consumer acceptance. Further studies are needed to evaluate consumer preferences and perceptions of foods incorporating fruit seed flours or extracted macronutrients. This research direction is crucial, as the utilization of fruit seeds not only promotes environmental sustainability but also offers more affordable and nutritious food options.
Food safety and regulatory considerations
Food safety and regulatory considerations are another challenge in maximizing the utilization of fruit seeds macronutrients. It is crucial to avoid and mitigate any potential adverse effects associated with the consumption of foods containing fruit seeds.  For example, Senica et al. [91] found that plum, cherry, apricot and peach seeds contain considerable amounts of cyanogenic glycosides, which could negatively affect human health but only if consumed in excess. This underscores the need for a series of comprehensive safety measures, including evaluation of mycotoxins, heavy metals, nitrates and pesticides residues [92]. However, it is important to note that there is currently a lack of evidence supporting the claim that fruit seeds have produced any poisonous effects on human health. For instance, Ashalatha [93] investigated the toxicity of mango seed powder and found that doses of up to 5g/kg showed no adverse variations or side effects, and this study has concluded that the mango seed powder is considered non-toxic. Nonetheless, future research, particularly safety assessments related to these seeds, is still necessary to address and mitigate potential safety concerns.
On the other hand, government authorities or legislators play a vital role in deciding the food safety procedures and practices. A thorough assessment must be conducted to evaluate a wide range of regulated and unregulated contaminants in fruit seeds, particularly as they are increasingly considered for use as novel food ingredients. Government agencies must enforce or enact stringent food safety law and regulations to safeguard and ensure a safe and sustainable supply of fruit seeds-based food products. These measures should also ensure compliance across the entire food industry [94]. For example, local farmers should be informed about the practices they need to implement throughout the supply chain system to deliver safer products [95]. Additionally, government agencies must adopt robust risk management strategies, including regular monitoring and surveillance. With the joint efforts of government agencies, food producers, distributors, consumers and other stakeholders, collaboration is essential to facilitate the safe and sustainable use of fruit seeds as new and novel food ingredients in the near future.
Seasonal availability of fruits
One possible hurdle is that some fruits are seasonal, which could greatly disrupt the production across the supply chain. However, given their established role in the food industry, it is practical to establish a proper and well-organized plantation plan in tropical countries. That would help ensure an adequate and consistent supply of these fruits and their seeds. Alternatively, setting up a fruit seed collection and processing plant could allow for the handling and processing of a diverse range of fruit seeds according to their seasonal availability. This approach would ensure a continuous and efficient operation throughout the year by aligning processing activities with the natural harvest cycles of different fruits. For example, the plant could focus on collecting and processing mango seeds during the mango harvest month season and shift the operation to process durian seeds when durians are in season. By diversifying the range of fruit seed processed, the economic sustainability of the processing plant would be strengthened, ensuring a consistent supply of raw materials and reducing reliance on a single type of fruit seed. This also supports the concept of circular economy by maximizing the use of agricultural byproducts and reducing the food wastes. 
Future Outlook and Conclusion
This review highlights proteins, carbohydrates, and fats found in various fruit seeds, their key characteristics, and promising applications in the food industry. While fruit seed valorization is a growing field, many species remain underexplored or underutilized. Further research is needed to explore a wider range of fruit seeds regarding their nutritional value and assess their potential food applications and processing needs for maximal quality and safety. The extraction process is a critical area for technological advancement to facilitate the valorization of fruit seeds. Developing efficient extraction methods, including downstream processing, is essential for maximizing the recovery of valuable compounds from fruit seeds and further evaluation of economic viability. Processing sustainability and environmental impact are other challenges for the successful valorization of fruit seeds. Here, food-grade green solvents, which offer a promising solution for isolating high-quality macronutrients while ensuring consumer safety, are seen as a research area of high promise. In this context, it is worth highlighting that the life cycle assessment (LCA) should be utilized to evaluate the environmental impacts of using these green solvents or extraction technologies. This approach can help optimize the technologies employed, identify key contributing factors, and provide insights and solutions to enhance sustainability. While raw fruit seed flours and their macronutrients show potential in diverse food applications, further research is needed to understand their nutritional, aroma, functional, and physicochemical properties during processing and storage. Beyond that, understanding the other bioactive components in fruit seeds that may have anti-nutrient potential is key to ensuring digestive comfort and proper nutrient absorption for consumers. In this regard. government agencies, food producers, consumers and other stakeholders must work together in facilitating the utilization of fruit seeds as novel food ingredients while ensuring food safety. In short, creating affordable, safe, nutritious, and appealing food products that incorporate fruit seed extracts is crucial for consumer acceptance and well-being. The valorization of fruit seeds aligns with the zero-waste concept and contributes to the Sustainable Development Goals. Transformation of discarded fruit seeds into high-value food ingredients can create diverse functional food products, support a circular bioeconomy, and promote regional economic growth. 
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Table 1 Macronutrient composition of some fruit seeds (% w/w Dry weight)
	Fruit seed
	Protein
	Carbohydrate1
	Lipid
	References

	Lemon seeds
	8.9
	44.0
	37.92
	Lolli et al. [21]

	Mango seeds
	5.1
	37.0
	7.22
	

	Papaya seeds
	32.0
	36.0
	18.02
	

	Avocado seeds
	7.0
	18.1
	2.22
	

	Litchi seeds
	7.1
	33.0
	3.22
	

	Pumpkin seeds
	48.0
	40.0
	13.02
	

	Jackfruit seeds
	16.5
	38.2
	1.3
	Ashok N and Sontakke [96]

	
	20.0
	67.0
	N.A.
	Zhang et al. [25]

	Grape seeds
	10.56
	80.59
	1.89
	Alvarez-Ossorio et al. [38]

	Watermelon seeds
	16.34
	26.31
	21.93
	Wani et al. [97]

	Kiwi seeds
	15.67
	40.77
	35.54
	Deng et al. [30]

	Soursop seeds
	2.4-27.3
	8.0-43.3
	20.5-37.7
	Villacís-Chiriboga et al. [32]

	Date palm seeds
	5.6
	79.9
	8.1
	Akasha et al. [36]

	Durian seeds (native)
	8.6
	77.0
	<1.0
	Baraheng and Karrila [44]


1Carbohydrate content reported herein includes dietary fibre and soluble and insoluble polysaccharides. Some studies employed the term ‘dietary fibre’ to represent total carbohydrate content.
2Lipid extracted combining acid pre-treatment and Soxhlet extraction
N.A. represents Not Available












Table 2 Summary of key findings of proteins, carbohydrates, and lipids obtained from different fruit seeds
	Proteins

	Fruit seeds
	Findings
	Reference

	Lemon seeds; Mango seeds; Papaya seeds; Avocado seeds; Litchi seeds; Pumpkin seeds
	- Production of protein hydrolysates by using one-pot enzymatic assisted extraction
- Fruit seed protein hydrolysates are high in some essential amino acids
	Lolli et al. [21]

	Jackfruit seeds
	- Good emulsifying properties at pH 7 with EAI = 9.72  and ESI = 83.64 day
	Zhang et al. [25]

	
	- Amino acid profile matching that of the soy protein (complete protein)
- Whole protein isolates exhibit greater EAI value as compared to the albumin and globulin fractions
	Wu et al. [26]

	
	- Demonstrated the antioxidant potential of trypsin-digested jackfruit seed protein hydrolysates
- Identified two new bioactive peptides from the purified fraction of protein hydrolysates, where one of the peptides has high antioxidant activity
	Chai et al. [27]

	White melon seeds
	- High protein content of up to 74% of dry weight
- Rich in essential amino acids, matching the FAO/WHO recommended amino acid content for children
	Ogunbusola et al. [28]

	Kiwi seeds (defatted meals)
	- High solubility
- High emulsifying capabilities with EAI = 92.38  at pH 7.5
- Comparable foaming capacity with soybean protein
	Deng et al. [30]

	Plum seeds
	- Improved functional properties of protein extracts with ultrasonic treatment
- Untreated and ultrasound-treated protein extract demonstrated the potential of a gelling agent
	Xue et al. [31]

	Soursop seeds
	- Protein-rich extract with a high essential amino acid content, greater solubility and in vitro digestibility was obtained by using the pressurized water extraction method
	Villacís-Chiriboga et al. [32]

	Date palm seeds
	- Produce protein extracts with crude protein content of 68% and comparable emulsifying stability to soy protein isolates and bovine whey protein concentrate
	Akasha et al. [36]

	Grape seeds
	- Obtain proteins with the extraction yield of 82.3% via optimized reverse micelles extraction method
	Zhang et al. [37]

	
	- Achieved protein extraction yield of 56% by employing the alkaline extraction method coupled with acid precipitation
	Alvarez-Ossorio et al. [38]

	Carbohydrates

	Fruit seeds
	Findings
	Reference

	Durian seeds
	- Yielded about 56% of gum with high water-holding capacity (270.6 g water/100 g gum)
- Major monosaccharide compounds of the gum are galactose (48.6-59.9%) and glucose (37.1-45.1%),
	Amid and Mirhosseini [41]; Amid et al. [43]

	Mango seeds
	- Cold-plasma treatment improved the hydration of starch
- Formation of less viscous paste as compared to untreated starch
	Kalaivendan et al. [47]

	Litchi seeds
	- High-pressure treatment improved the mechanical rigidity of starch
	Sandhu et al. [48]

	Chempedak and jackfruit seed
	- Starch isolated from the seeds has high thickening and water- and oil-absorption capacity
	Yaowiwat et al. [49]

	Longan seeds
	- Employment of ultrasonic-assisted extraction method to extract crude polysaccharide from longan seeds
- The major components of longan seed polysaccharide are galactose, arabinose, and glucose
	Jiang et al. [52]

	Jamun seeds
	- Utilization of microwave-assisted extraction method to extract crude polysaccharide from jamun seeds
	Al-Dhabi and Ponmurugan [53]

	Lipids

	Fruit seeds
	Findings
	Reference

	Papaya seeds
	- Employment of ultrasound-assisted oil extraction method; achieved yield is ~23% 
- Extracted oil fractions are relatively stable with a peroxidase value less than 0.5 meq/g
	Samaram et al. [57]

	
	- Enhanced the oil yield up to ~19% by optimizing the drying conditions
- Oil high in unsaturated fatty acids, with about 90% oleic and 5% linoleic acids
	Chielle et al. [58]

	Rambutan seeds
	- Fermentation technique was used to improve the properties of lipids, where the arachidic acid was reduced progressively and replaced by linoleic acid, resulting increment of the total unsaturated fatty acids content
	Chai et al. [61]

	Purple passion fruit seeds
	- A high extraction yield of around 33% was achieved by using the oil-pressing method, the yield obtained is higher than the one by using the Soxhlet method (around 25%)
- Extracted oil had similar physicochemical properties (acid value, peroxidase value, saponification, etc.) as other commercial plant oils
	Le et al. [62]

	Dragon fruit seeds
	- Utilization of microwave-assisted oil extraction method
- High extraction yield (~34%), high polyunsaturated fatty acids (55%), and high tocopherol content (93 % of γ -tocopherol)
	Boyapati et al. [63]

	Soursop seeds
	- The major constituent of soursop seed oil is oleic acid, followed by linoleic acid
- The lipid profiles after cold pressing and solvent extraction are similar
	Villacís-Chiriboga et al. [32]

	Mango seeds, lemon seeds, papaya seeds, and litchi seeds 
	- One-pot enzymatic extraction using protease is a feasible method to separate oil from other components
- Most of the fruit seeds are high in unsaturated fatty acids except for mango seed oil
	Lolli et al. [21]

















Figures and figures captions
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Figure 1 Photos of selected fruit seeds
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Figure 2 Food applications of four fruit seeds: jackfruit, durian, melon, and papaya seeds
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Description automatically generated]Figure 3 Scanned images of bread slices: a) Control bread - 100% wheat flour; b) DMSR5-5% replacing level of wheat flour and c) DMSR10-10% replacing level of wheat flour. Replacing wheat flour with a higher level of DMSR content significantly reduces the bread volume of bread slices [72]
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