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ABSTRACT

Among the by-products of the coconut processing industry, coconut testa stands out as a largely    overlooked resource, despite its significant potential and economic value.It contains polyphenolic compounds and other bioactive substances in such abundance around the kernel that it makes it a very powerful antioxidant. Coconut testa is an ideal alternative to synthetic antioxidants and artificial food additives due to its natural powerful composition with nutritional and functional properties that can be invaluable in food and health food usage These are anti-inflammatory, antimicrobial, anti-diabetic, hypolipidemic, and cardioprotective properties, which is why it is a valuable but poorly used natural resource. The traditional and emerging green extraction procedures have been designed to obtain these compounds in their optimal form through ultrasound-assisted and response surface methodology-based methods in an enhanced environmental and economic sustainability. Consumption Applications of coconut testa antioxidants to the food industries include natural preservatives, pigments, and functional foods and non-food applications include nutraceuticals, cosmetics, and animal feed. The valorization of coconut testa is a classic scenario of waste-to-wealth and offers a long-term solution of waste reduction and responds to the growing demands of natural clean-label and health-promoting products. The current review presents the existing information on composition, extraction methods, bioactivities and applications of coconut testa with respect to its technological surgical advantage and application in hastening the circular economy in food production.
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1. INTRODUCTION
It is also prone to be viewed as the Tree of Life, as it has a lot of described benefits and multiple uses (Ramya et al., 2023). The testa is the part that is the least likely to be preserved through processing due to its removal and disposal that can result in the resulting products, especially the oils and milk, acquiring their unpleasant brownish color (Appaiah et al., 2016; Ramesh et al., 2024). A brown layer around the outside of the white kernel is known as the coconut testa and it is about 18 percent of the dry weight of the kernel (Appaiah et al., 2021). Scientific evidence has demonstrated that coconut testa (CT) is rich in polyphenolic compounds which have high bioactive behavior. Coconut (Cocos nucifera L.) is an extremely useful crop grown worldwide on the tropical and sub-tropical regions (Ramesh et al., 2023). Most of this layer is a by-product of the production of the industrial products like the coconut milk, virgin coconut oil, and coconut powder is produced. It is a very convenient plant, which grows in the world in the tropical and sub-tropical areas (Ramesh et al., 2023). This layer is mostly generated as a by-product during the production of industrial foods among them coconut milk, virgin coconut oil, and desiccated coconut. This finding is deliberate that has its consequences suggesting that, coconut milk was made using grated kernel that consists of the testa and contained significantly greater levels of total phenolics. In this way, the testa is found as a useful but not actively utilized source of the compounds that comprise antioxidant rich constituents in the coconut (Ojha et al., 2019).
Most chronic diseases such as cancer, heart disease and nervous diseases as well as normal aging are partly due to the over-production of reactive oxygen species (ROS) by the human body, and inadequate antioxidant defense system. (Lobo et al., 2010). Artificial antioxidants including butylated hydroxytoluene (BHT) and butylated hydroxyanisole (BHA) have been used in the past to reduce oxidative damages. However, with the increasing interest in the potential health risk there is an increasing interest among the researchers in the naturally-existing plant-based antioxidants as consumers are showing the increasing interest in the healthier and safer ones (Carocho et al., 2014).
Among them has been the coconut testa, the brown skin, which is thin and which envelops the kernel, and which was of short interest in being of astonishing composition biochemical. It is composed of the high concentrations of lipids (Appaiah et al., 2014) and, particularly, of the phenolics acids and flavonoids, which are especially important to have the high antioxidant potential (Arivalagan et al., 2018b). Studies have established that the testa has more phenolic contents than the white coconut flesh; the source is therefore better antioxidant in nature and could be of value to the health (Seneviratne et al., 2009; Seneviratne et al., 2016).
[bookmark: _Hlk213853123]The Indian scenario through its dry coconut industry, which mainly supplies the bakery and confectionery sectors, has around 40,000 tonnes of coconut as an input which is processed annually. The secondary product of this mass activity is close to 4000 tonnes of coconut testa. This by-product also has a lot of untapped potential in terms of value addition and sustainable utilisation despite its great nutritional and functional value to humans. (Ramesh et al., 2024). Through this testa, we are able to create value-added products of the same. The vast majority of coconut testa is usually disposed of as a waste or utilized as animal low-value food (Appaiah et al., 2016; Ojha et al., 2019). Wet coconut testa extract has a much greater antioxidant activity than dry or copra testa extract and is broad spectrum in its phytochemicals (Appaiah et al., 2016).


2. Coconut Testa: Composition and Properties

  2.1 Nutritional Composition     
A secondary product from a coconut processing company is referred to as coconut testa. It is either wasted or not exploited despite being of good nutritional value (Ramesh et al., 2023). A combination of medium-chain triglycerides (MCT) lauric acid is present in the wet coconut testa (26.66- 26.3%), myristic acid (18.31- 19.60%), and palmitic acid (13.43 -15.71%) at a high fat content (34-63%). Protein (8.1-10.2%) and carbohydrates (22.4 -26.3) are also sufficient (Appaiah et al., 2021). In general, the carbohydrate levels in coconut testa are lower compared to those found in more commonly used grain flours, such as wheat flour (Ramya et al., 2023). Moreover, coconut testa is also one of the sources of the minerals: it includes like potassium (120.3-124.1 mg%), iron, zinc, calcium, and sodium (Appaiah et al., 2014; Appaiah et al., 2021).



2. Polyphenolic Compounds 
Polyphenolic compounds present in coconut testa have high antioxidant properties and health benefits (Arivalagan et al., 2018b). The little-known but valuable natural source of antioxidants is coconut testa that can be successfully employed to replace synthetic antioxidants (Ramesh et al., 2023). Its total phenolics concentration (TPC), depending on extraction pattern and solvents, falls between 4.9 and 167 mg gallic acid equivalents (GAE/g) and an extremum of 8.84 to 115mg quercetin equivalents (QE/g). (Ramesh et al., 2023; Arivalagan et al., 2018b). These amounts are much more as compared to white flesh of coconuts (6.2810.01 mg GAE/100 g), coconut water (5.187.17 mg GAE/100 ml) (Mahayothee et al., 2016).
Antioxidant properties of polyphenols have also been widely studied in terms of their health benefits (Everitt et al., 2006). Having identified 28 phenolic compounds in coconut testa (16 phenolic acids, 12 flavonoids), they were found (Gunarathne et al., 2021; Arivalagan et al., 2018b). The principal phenolic acids, such as protocatechuic acid, ferulic acid and p-coumaric acid and the other flavonoids were dominated by kaempferol acid, apigenin acid and catechin acid. It also contains tannins and anthocyanins and especially the cyanidin-3-glycoside, which improve its antioxidant activity and applications as a natural colourant (Ramesh et al., 2024; Ojha et al., 2019).

Table 1. Reported Phenolic Compounds in Coconut Testa
	[bookmark: _Hlk211018264]Sr. No
	Category
	Compound
	Concentration
Range
	Key Solvent/ Extraction Method
	References

	1
	Phenolic Acids
	Gallic acid
	18.5 - 5654 µg/g
	Acidified 80% acetone
	Arivalagan et al., (2018b)

	
	
	Protocatechuic acid
	65.5 - 34,015 µg/g
	Acidified 80% acetone
	Ramesh et al., (2023)

	
	
	p- Coumaric acid
	248 - 16,596 µg/g
	Acidified acetone
	Ramesh et al., (2023)

	
	
	Hydroxybenzoic acid
	19.9 - 3,094 µg/g
	Acidified acetone
	Arivalagan et al., (2018b)

	
	
	Vanillic acid
	11.5 - 591 µg/g
	Acidified acetone
	Arivalagan et al., (2018b)

	
	
	Ferulic acid
	23.0 - 26,341 µg/g
	Acidified
Acetone
	Ramesh et al.,
(2023)

	
	
	Caffeic acid
	7.11 - 942 µg/g
	Acidified water
	Arivalagan et al., (2018b)

	2
	Flavonoids
	Catechin
	6.42 - 3,451 µg/g
	Acidified 80% methanol
	Ramesh et al., (2023)

	
	
	Epicatechin
	16.5 - 174 µg/g
	Ethanol
	Arivalagan et al., (2018b)

	
	
	Quercetin
	30.8 - 101 µg/g
	Ethanol 80%
	Ramesh et al., (2023)

	
	
	Kaempferol
	1,189 - 9,271 µg/g
	Acidified 80%
ethanol
	Arivalagan et
al., (2018b)

	
	
	Apigenin
	33.0 - 3,881 µg/g
	Acidified ethanol
	Ramesh et al., (2023)

	
	
	Rutin
	7.1 - 107 µg/g
	Water/Acetone
	Arivalagan et al., (2018b)

	3
	Other Bioactives
	Anthocyanins
	Up to 823 mg C3GE/100 g
	Acidified ethanol
	Ramesh et al., (2024)

	
	
	Tannins
	663.5 ± 19.26 mg/g (methanolic extract)
	Sequential Soxhlet extraction
	 Ojha et al., (2019)

	
	
	Tocopherols
	22.3 - 100.1 mg%
(in testa oil)
	Oil extraction
	Appaiah et al., (2014)


3. Antioxidant Potential 
Coconut testa has a high potential of antioxidant especially because of its phytochemical richness and diversity. It is the direct result of this richness and diversity of phytochemical profile that causes it to be very powerful as an antioxidant. A high source of vitamin E isomers is wet coconut testa (WCT) oil. Specifically, the wet cocoanut testa oil contains components of total tocopherols and tocotrienols (100.1mg/100g), namely, 90.2mg/100g of 0 -tocotrienol. This is much above the one of kernel oils (2.5-6.7 mg/100g) (Appaiah et al., 2014). The extracts were also deemed to be very powerful antioxidants and possess an extensive range of phytochemicals than other coconut testa extracts (Appaiah et al., 2016). It was discovered that food contains a high concentration of antioxidant, which lessens the chances of most human-borne diseases (Conte et al., 2016; Miranda et al., 2017). The antioxidant activity and nutritional value of phenolics and flavonoids in coconuts and coconuts (coconut milk)-derived products (virgin coconut oil (VCO)) and coconuts are extremely high (Appaiah et al., 2014; Arivalagan et al., 2018a; Rajamohan and Archana, 2018).

Coconut testa extracts were revealed to have a very good radical scavenging activity against reactive oxygen species in numerous tests (Ramesh et al., 2023; Appaiah et al., 2014). The low DPPH IC50 value, in particular, in the wet testa extract is very low (0.06 mg/mL) and is much better than a variety of artificial standards (Appaiah et al., 2016). In addition, its reducing power is great as witnessed by FRAP values ranging between 293.67 and 710 µmol TE/g and CUPRAC values of up to 2035 µmol TE/g (Ramesh et al., 2024; Arivalagan et al., 2018b). It has been mainly due to phenolic compounds that the antioxidant activity is highly expressed in which strong positive relationships (R > 0.9) are indicated among the concentration of total phenolic/flavonoids and the outcome of each of the antioxidant assays (Arivalagan et al., 2018b; Gunarathne et al., 2022).


4. Antioxidant Extraction from Coconut Testa 
Extraction is the most vital preliminary step in the purification and isolating of the bioactive compounds in plants, whose efficacy and final bioactive concentration depends on the solvent level, temperature as well as the proportion of the solvent to the solid (Prasad et al., 2011). The type of solvent used has a major influence on the effectiveness of extraction and polyphenols composition (Ramesh et al., 2024). The traditional method of extraction was the most often used, which incorporated polar solvents, that is, water, ethanol, methanol, or acetone (Arivalagan et al., 2018b). In order to extract the remainder of the oil, defatting of testa powder is usually performed in non-polar solvents such as petroleum ether or hexane in a Soxhlet apparatus. (Ramesh et al., 2024; Appaiah et al., 2016). Other means have found that non-sequential Soxhlet extraction would work well in fulfilling the fact that the methanol component of various extracts of Moringa oleifera is enriched with phenolic compounds (Vyas et al.,2015).
Out of the numerous methods of extraction available, conventional solvent extraction is one of the best and mostly utilized methods of extracting natural bioactive compounds. The occurrence of 822.6 ± 16.36 mg GAE/g total phenolic content (TPC) and 103.30 ± 9.78 mg QE/g total flavonoid content (TFC) indicates that the testa of the coconut can provide very high concentrations of polyphenols (Ojha et al., 2019). It has been reported that methanol is the best solvent in extracting phenolic and flavonoid compounds in coconut testa flour. (Gunarathne et al., 2022). Sequential Soxhlet extraction in which the following polarities of solvents are utilized have also been demonstrated to be highly helpful in extracting a wide range of bioactives, including petroleum benzene, chloroform, methanol, and water (Ojha et al., 2019).
Remarkably, several reports have characterized aqueous acetone to be effective in extracting phenolic compounds in various plant species (Zhao et al., 2006; Sulaiman et al., 2011; Wijekoon et al., 2011). Bound phenolics are hydrolyzed by acidified acetone (80 percent acetone with 0.3 M HCl) to produce a maximum of 167 mg GAE/g TPC and 115 mg QE/g TFC (Arivalagan et al., 2018b). With the changing focus to sustainable extraction processes, some response surface methodology (RSM) has been utilized in finding the best conditions in order to get maximum yield. Gunathilake et al. (2018) established optimal values of 47.7% ethanol, 49.84 o C and 68.66 minutes, resulting in 18.97 mg GAE/g and 38.09 mg AAE/g.
In addition, advanced technologies like Ultrasound-Assisted Extraction (UAE) make the extraction process more efficient with less time and solvent wasted (Ramesh et al., 2024; Chemat et al., 2017). Alongside these technological approaches, Solid-State Fermentation (SSF) with the Monascus purpureus yields a biological pathway to enhance phenolic content- tripling the overall phenolic content of coconut testa and enhancing its utility by large (Jamaluddin et al., 2016). Two more interesting green methods, which have been raised as interesting, are microwave-assisted extraction and supercritical fluid extraction, which shall be explored further (Pattnaik et al., 2021; Ramesh et al., 2023).

5. Biological Activities of Coconut Testa Phytochemicals
5.1 Anti-inflammatory properties 
The extracts of coconut testa are very potent in anti-inflammatory. Some of the solvent fractions, which were the same as the standard yield of an ibuprofen drug, produced the bioactivities in the experiments (Ojha et al., 2019). This bioactivity is majorly contributed by the phenolic compounds especially flavonoids and tannins. They intervene by preventing the occurrence of major pro-inflammatory enzyme such as cyclooxygenase (COX) and lipoxygenase (LOX) (Gonzalez et al., 2011).

5.2 Antimicrobial action

It is also proved that coconut testa possesses a wide-spectra antimicrobial. Its extract too leads to the inhibition of gram-positive bacteria such as Staphylococcus aureus and gram-negative bacteria such as Escherichia coli. In addition, they are also antifungal to Candida albicans. These findings make it possible to conclude that it can be used as a natural food preservative and pharmaceutical preservative (Ojha et al., 2019; Gyawali & Ibrahim, 2014).


5.3 Antihyperglycemic activities
The other notable bioactivity of testa phytochemicals is their capacity to modify glucose metabolism. Coconut testa extracts were claimed to have a powerful action, and prevent the enzymes that hydrolyse carbohydrates such as α-amylose and α-glucosidase. These enzymes play a significant role in postprandial hyperglycemia by pharmacologic means. Wonderfully, there were other instances where the antidiabetic effect was even reported to be greater than the antioxidant effect of the same extracts (Guranathne et al., 2022; Adekola et al., 2017).

5.4 Hypolipidemic and Cardioprotective potential
The animal studies also indicate the importance of defatted testa extracts in the regulation of lipids. It It was identified that such extracts had a powerful influence of low serum triglycerides, total cholesterol, and LDL cholesterol and at the same time stimulating HDL which reveals the anti-obesity and cardioprotective effect (Geetha et al., 2016).

  5.5 Antioxidant and Protective Effects.
In addition to exhibiting a radical-scavenging effect, coconut testa extracts also offer molecular protection levels. An example of these is testa oil that has been reported to protect human serum albumin (HSA) against oxidative damage caused by hydrogen peroxide, highlighting its possible application in alleviating oxidative stress and eliminating biomolecular damage. (Zhang et al., 2016).


Table 2. Significance of Bioactive Compounds in Coconut Testa
	Property
	Description
	Significance
	References

	Phenolic Content
	4.9-167 mg GAE/g;16 phenolic acids & 12 flavonoids identified.
	Natural bioactives and good antioxidant ability.
	 Arivalagan et al.,  (2018b)

	Antioxidant Activity
	Strong activity in DPPH, ABTS, FRAP, and CUPRAC assays.
	Fights oxidative stress, can decrease the risk of disease.
	Ramesh et al., (2024)

	Anti-diabetic Potential
	Strong α-glucosidase inhibition.
	Assist in regulating after meals sugar levels.
	Gunarathne et al., (2021)

	Hypolipidemic Effects
	Lower body weight, triglycerides, cholesterol in vivo.
	potential protection against the metabolic syndrome and obesity.
	Kumar et al., (2018)

	Anti-inflammatory
	Minimizes LPS-induced cytokine production in cells.
	May assist in the reduction of long-term inflammation.
	Narayanankutty et al., (2021)

	Biocolorant Potential  
	 Excessive anthocyanin   content (823 mg C3GE/100g).
	Natural food color that is environmentally friendly and has health benefits.
	Ramesh et al., (2024)
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6. Applications of Coconut Testa Antioxidants

6.1 Food Industry Applications

6.1.1 Natural Biocolorant

The anthocyanin content of testa extract is 823 mg/100g. This has made it a good natural red or magenta staining that satisfies the need to use the color in place of the synthetic dyes. It has been effectively added to model products such as coconut water jelly, which provides color and health value (Ramesh et al., 2024; Martins et al., 2016).



6.1.2 Natural Antioxidant Preservative 

The rich phenolic and tocopherol content is a strong indication of its high potential as the natural antioxidant to inhibit lipid oxidation effects in food products, including edible oils, baked goods, snacks, and meat products, which may be used in place of both synthetic preservatives (BHT and BHA) (Appaiah et al., 2016; Carocho et al., 2014).

6.1.3 Functional Food Ingredient

The anthocyanin content of testa extract is 823 mg/100g. This has made it a good natural red or magenta staining that satisfies the need to use the color in place of the synthetic dyes. It has been effectively added to model products such as coconut water jelly, which provides color and health value (Ramesh et al., 2024; Martins et al., 2016).
[bookmark: _Hlk213863589]
6.2 Non-Food Applications 

6.2.1 Nutraceutical Ingredient

The extract may be dried (e.g., by foam-mat drying or spray drying) into a stable powder to be used as a supplement, health food, and beverage (Ramesh et al., 2024). Large and free bioavailability and stability of plant polyphenols are an issue that can be effectively addressed by nanoencapsulation, which implies that the wall nanomaterials like chitosan, cyclodextrins, or lipid are extremely promising with regard to enhancing stability, release control, and bioavailability (Ramesh et al., 2023; Fang and Bhandari, 2010). Evidence there has been encapsulation of single compounds which are abundant in testa, e.g. ferulic acid and catechin.

6.2.2 Cosmetic Applications

It is an appropriate antioxidant and anti-inflammatory ingredient to use in anti-ageing serums, creams, and lotions to support the skin against oxidative stress (Michalak et al., 2021).
6.2.3 Animal Feed Supplement

In addition to being a raw material, research indicates that when 5% coconut testa are added to feed, the growth rate and survival (92) of animals such as red tilapia would increase (Haetami et al., 2021).

7. Sustainability and Waste Valorization Potential

The coconut testa valorization is a classic example of the principles of waste-to-wealth and circular economy in the agro-food sector. By using this rich, inexpensive, and now under-utilized by-product, the issue of waste management in large quantities (estimated 88,000 tonnes/year in India) can be tackled, and additional revenue streams can be generated, as well as the overall sustainability quotient of the coconut processing process can be improved (Appaiah et al., 2014; Ramesh et al., 2023; Mirabella et al., 2014). The recovery of high-value antioxidants and other bioactives will reduce the environmental impact of the sector and offer a sustainable and clean-label substitute to synthetic additives, which is in line with the global consumer trends of natural, clean-label, and sustainable products (Gunarathne et al., 2022). The application of the better and more sustainable extraction methods, such as Response Surface Technology (RSM), and Ultrasound Assisted Extraction (UAE), also enhances the green and economic sustainability of the entire valorization process.
[image: ]


Fig. 1. Proposed Valorization Pathway of Coconut Testa



CONCLUSION

A by product of the coconuts processing business that has existed in the shadow of its promise and financial reward is the coconut testa. This brownish layer around the kernel is extraordinarily abundant in polyphenolic and other bioactive compounds which make it extremely antioxidant in nature. As a result of its powerful natural formulations, coconut testa can be a good alternative to synthetic antioxidants and artificial food additives with its nutritional and practical value, which is highly popular in both food and health related usage. The development of the methods of extracting its bioactive compounds has improved the collection of the bioactive compounds. This enhances its future in functional food, nutraceuticals, cosmetics and animal feed. In addition to the health benefits, the use of coconut testa will help reduce wastage and develop new value chains in the agro-food industry. Optimization of green extraction, optimization of bioavailability on the basis of encapsulation and large-scale industrial implementation of bioavailability should be taken as the legislative approach that follows. Proper use of the coconut testa might bring healthy consumer products, environmentally more sustainable behavior, and better developed bioeconomy in the cyclical.
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