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Chapter 1  

Introduction and Review of Literature 

1.1.  Introduction 

     Banana, belonging to the genus Musa of the Musaceae family, is an important crop 

cultivated in over 130 countries, primarily in tropical and subtropical regions. Bananas are the 

fifth most important global crop in economic value, following coffee, cereals, sugar, and cacao 

(Pereira & Maraschin, 2015; B. Singh et al., 2016). India is the largest producer of bananas 

globally, followed by China, Brazil, Ecuador, Philippines, Indonesia, Costa Rica, Mexico, 

Thailand, and Colombia (APEDA, 2022, n.d.). The international banana trade, valued at over 

US$45 billion, significantly impacts the economies of many countries. In 2023, global banana 

exports reached around 19.20 million tonnes, with India leading in banana production 

(FAOSTAT, n.d.). 

     Bananas are thought to have first appeared around 10,000 years ago in South-East Asia and 

are thought to have first cultivated around 8,000 B.C. in the Kuk Valley of New Guinea. From 

there, it migrated across the South Pacific and Southeast Asia, eventually reaching the 

Philippines and spreading out in all directions throughout the tropical regions (Denham et al., 

2003). Within the first two millennia following their domestication, bananas were brought to 

Australia, Indonesia, India, and Malaysia by traders and travellers. According to Buddhist 

scriptures, traders traveling through the Malaysian region tasted bananas and brought them to 

India. According to literature, edible bananas are believed to have evolved from wild species 

through parthenocarpy and seed suppression. These hybrids can be diploid, triploid, or 

tetraploid, and possess A and B genomes. The A-genome originated from Musa acuminata 

(AA), while the B-genome came from Musa balbisiana (BB) (Osuji et al., 1997). Human 

intervention resulted in the creation of hybrids between M. acuminate and M. balbisiana (Lejju 

et al., 2006). Currently, more than 1000 varieties of bananas with different ploidy are cultivated 

around the globe and the plant morphology, fruit size and taste, and insect and disease 

resistance vary with cultivar (Pereira & Maraschin, 2015). The Musa subgroups Sucrier (AA), 

Adukkan (AB), Poomkali (AB), Njalipoovan (AB) and Ney Poovan (AB) are the popular 

diploid varieties. Cavendish (AAA), Red banana (AAA), Robusta (AAA), Mysore (AAB), 

Poovan (AAB), Nendran (AAB), Plantain (AAB), Terra (AAB), Figo (ABB), Peyan (ABB), 

Pisang Awak (ABB), Karpooravalli (ABB), and Saba (BBB) are some of the popular triploid 
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cultivars. Champa Nasik (AAAA) and Goldfinger (AAAB) are the tetraploid varieties of 

banana cultivated (Pereira & Maraschin, 2015). Bananas are predominantly produced in Asia, 

Latin America, and Africa. Banana cultivars are of main two types: dessert type and cooking 

type (plantain), and some cultivars are of dual purpose (FAO-Banana Facts, n.d.). 

     Bananas are one of the most widely produced, traded, and consumed fruits globally. With 

over 1,000 varieties, bananas provide essential nutrients to people all over the globe. The 

Cavendish variety with an estimated annual yield of 50 million tonnes accounts for half of the 

global banana production and is the most commercially traded variety also. In many of the 

developing, low-income countries bananas are of great significance by serving as a staple food 

for households and a cash crop for income generation. Additionally, Bananas with year-round 

fruiting, bridge the 'hunger gap' between harvests, contributing significantly to food and income 

security in developing countries (FAO-Banana Facts, n.d.). In Africa, they provide over 25% 

of carbohydrate needs for more than 70 million people, with the world's highest per capita 

consumption at over 250 kg (Talengera, 2007). The ripe bananas are widely consumed and also 

used for the preparation of value-added products like jam, jelly, purees, wine, cake, yogurt, 

beverages, etc. 

     On dry weight (dw) basis, the pulp of unripe bananas contains up to 70-80% starch. Due to 

the high starch content unripe bananas are primarily used for producing banana flour and also 

for the preparation of bread, pasta, and cookies as a substitute for wheat flour (Bezerra et al., 

2013; da Mota et al., 2000; Fida et al., 2020; Giraldo-Gómez et al., 2019; Khoza et al., 2021; 

Kumar et al., 2019; Nimsung et al., 2007; Suntharalingam & Ravindran, 1993). At the green 

stage, bananas are distinguished by their elevated resistant starch (RS) content. RS gets 

fermented in the large intestine by gut microbiota, and serves as a substrate for probiotic 

bacteria growth, making it a recognized prebiotic food. Additionally, RS exhibits low 

postprandial glycemic response, hypocholesterolemic effects, and aids in mineral absorption 

(Lockyer & Nugent, 2017). In addition to the nutritional benefits, banana is a rich source of 

phytochemicals including phenolics, flavonoids, anthocyanins, carotenoids, sterols and 

triterpenes, steryl glycosides, diarylheptanoids, phytoalexins, indoles, and biogenic amines 

which were of great therapeutic relevance. The phytochemicals associated with bananas are 

attributed with a broad range of pharmacological benefits such as anti-diabetic, antioxidant, 

anti-inflammatory, anti-microbial, and anthelminthic (Afzal et al., 2022, 2022; Lopes et al., 

2020; Pereira & Maraschin, 2015; B. Singh et al., 2016). Moreover, bananas boast a rich 

mineral profile, including potassium, magnesium, phosphorus, sodium, iron, calcium, and 
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manganese (B. Singh et al., 2016).  Further, the presence of a notable amount of dietary fiber 

makes bananas a good prebiotic source (Anyasi et al., 2013). 

     Despite the nutritional richness, unripe banana is an underutilized matrix. Beyond 

traditional weaning foods, there are no novel products derived from unripe bananas with 

innovative applications in the market. The 'Nendran' banana variety (Musa (AAB) cv. 

Nendran), widely cultivated in South India, holds popularity for its versatile uses. In its unripe 

state, 'Nendran' bananas are commonly utilized in culinary practices and for preparing banana 

chips. Understanding the potential and current scenario of underutilization, this thesis aims to 

spotlight the potential of unripe banana pulp as a novel alternative to traditional cereal-based 

diets. With a focus on gut health and general well-being, we aim for the extensive 

characterization of its bioactive compounds, nutrient evaluation, studies on process-induced 

changes in the RS content, and quantification of its bioactive carbohydrates. 

     Banana peel, the primary waste product generated by banana processing industries, also 

holds untapped potential. The UN 2030 agenda for sustainable development calls for actions 

focused on eliminating waste and maximizing food resources. In line with this, the thesis also 

explores the potent bioactive compounds in banana peel and its value addition potential. 

1.2. Review of Literature 

1.2.1. Banana cultivation and production statistics 

     Bananas are fast-growing, monocotyledonous herbaceous plants that can reach heights of 

up to 15 meters. After planting, the crop can be harvested within 12 to 15 months, and 

September to April is the main harvesting season. The bunches mature within 90 to 150 days 

after flowering, depending on the variety, soil quality, weather conditions, and elevation (NHB-

BANANA, n.d.).  A temperature range of 15 ºC to 35 ºC and a relative humidity of 75-85% are 

ideal for banana growth. Temperatures below 12 ºC can cause chilling injury, and wind speeds 

exceeding 80 km/hour can damage the crop. They can be grown from sea level to an elevation 

of 2000 meters above mean sea level. At higher altitudes, a few varieties such as the 'Hill 

banana' are only cultivated. Bananas grow best in soil with a pH between 6.5 and 7.5, adequate 

fertility and moisture. Soil with a calcareous nature and salinity is unsuitable for banana 

cultivation (NHB-BANANA, n.d.).  

     In 2020, the global production of bananas and plantains reached 155.2 million tonnes from 

8.72 million hectares. With 33.06 million tonnes produced over 9.24 lakh hectares, India 
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accounts for 19.37% of global banana production and stands as the largest producer of bananas 

in the world (APEDA, 2022, n.d.). India and China together contributed to 28% of the global 

production. (Bonavita, n.d.). Apart from India, the major banana-producing countries are 

China, Brazil, Philippines, Ecuador, Indonesia, Mexico, Guatemala, and Colombia. In the list, 

Indonesia and Guatemala recorded the highest productivity at nearly 50 tonnes per hectare. The 

Asian region, led by India, Indonesia, China, and the Philippines, boasts the highest area, 

production, and productivity, contributing over 60% of global banana production (Banana 

Market Review, n.d.; Bonavita, n.d.).  

     For the last one decade, India has been the largest producer of bananas in the world. After 

the 1990s, due to the expansion of the area under cultivation and through the adoption of 

scientific practices, India showed a significant increase in banana production (APEDA, 2022, 

n.d.; NHB-BANANA, n.d.; Bonavita, n.d.). India accounts for 0.3% of the global banana export 

market, ranking as the 21st largest exporter. The country's banana exports are valued at 

approximately US$ 90 million, with an export volume of 1,81,000 tonnes (APEDA, 2022, n.d.; 

Bonavita, n.d.). 

     In India, bananas are cultivated mainly in the states of Andhra Pradesh, Tamil Nadu, 

Maharashtra, Gujarat, Karnataka, Uttar Pradesh, Kerala, Madhya Pradesh, Bihar, West Bengal, 

Assam, and Odisha. The northeastern states are biodiversity hotspots of bananas 

(Horticulture :: Fruits :: Banana, n.d.; NHB-BANANA, n.d.). Important cultivars in India 

include Red banana, Grand Naine, Robusta, Nyali, Karpurvalli, Safed Velchi, Rasthali, 

Nendran, Monthan, Karthali, Poovan, Basrai, Ardhapuri, and Dwarf Cavendish etc. (NHB-

BANANA, n.d.). The major banana-producing belts and the important varieties of bananas 

cultivated in India are listed in Table 1.1. 
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Table 1.1. Major banana-producing belts and varieties cultivated in India (Source: NHB, 

http://nhb.gov.in/report_files/banana/BANANA.htm) 

States Growing belt Varieties 

Andhra Pradesh 
East Godavari, West 
Godavari,Kurnool, Cuddapah 

Thellachakrakeli, Karpoora 
Poovan, Robusta, Rasthali, 
Amritpant, Dwarf Cavendish, 
Chakrakeli, Monthan, and 
Yenagu Bontha 

Assam 
Goalpara, Nagaon, Sonitpur, 

foothills of Garo hills 

Chini Champa, Malbhog, 

Borjahaji (Robusta), Honda, 

Manjahaji, Chinia (Manohar), 

Kanchkol, Bhimkol, Jatikol, 

Digjowa, Kulpait, Bharat Moni, 

Jahaji (Dwarf Cavendish) 

Gujarat 
Surat, Vadodara, Anand, Kheda, 

Junagadh, Narmada, Bharuch 

Dwarf Cavendish, Lacatan, 

Harichal (Lokhandi), Gandevi 

Selection, Basrai, Robusta, G-9, 

Harichal, Shrimati 

Jharkhand Ranchi, Sahebganj Basrai, Singapuri 

Karnataka 
Bangalore, Chitradurga, Shioroga, 

Hassan, Chikka Mangloor 

Dwarf Cavendish, Robusta, 

Rasthali, Poovan, Monthan, 

Elakkibale 

Kerala 

Thiruvananthapuram, Kollam, 

Pathanamthitta, Alappuzha, 

Kottayam, Idukki, Ernakulam, 

Malappuram, Thrissur, Kozhikode, 

Wayanad, Kannur, Palakkad,  

Kasargod 

Nendran, Palayankodan 

(Poovan), Rasthali, Monthan, 

Red Banana, Robusta 

Madhya Pradesh 
Khargaon, Badwani, Dhar, 

Khandwa 
Basrai 

Maharashtra 

Jalgaon, Ahmednagar, Buldhana, 

Pune, Wardha, Dhule, Nanded, 

Parbani, Nandurbar, Satara, Sangli, 

Osmanabad, Buldhana, Akola, 

Yeothmal, Amravati, Thane, 

Kulara, Alibag 

Dwarf Cavendish, Basrai, 

Robusta, Lal Velchi, Safed 

Velchi, Rajeli Nendran, Grand 

Naine, Shreemanti, Red Banana 

Orissa 

Ganjam, Puri, Khurda, Gajpati, 

Cuttack, Dhenkanal, Angul, 

Sundargarh, Sambalpur, Bargarh, 

Deogarh, Koraput, Keonjhar, 

Raygada, Mayurbhanj 

Dwarf Cavendish, Robusta, 

Champa, Patkapura (Rasthali) 

Tamil Nadu 

Thoothukudi, Tiruchirapalli, 

Coimbatore, Tirunelveli, Karur, 

Erode, Kanniyakumari 

Virupakshi, Robusta, Red 

Banana, Poovan, Rasthali, 

Nendran, Monthan, 

Karpuravalli, Sakkai, Peyan, 

Matti 

West Bengal 
Hooghly, Nadia, North 24 

Parganas 

Champa, Mortman, Dwarf 

Cavendish, Giant Governor, 

Kanthali, Singapuri 
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Fig. 1.1. Top ten banana-producing states in India (Source: APEDA, 

https://agriexchange.apeda.gov.in/India%20Production/India_Productions.aspx?cat=fr

uit&hscode=1042) 

     Andhra Pradesh (17.64%), Maharashtra (12.77%), Gujarat (11.81%), Tamil Nadu (11.78%), 

and Uttar Pradesh (10.24%) are the top banana-producing states in India (Fig 1.1.) and Kerala 

stands in the 11th position. In Kerala and Tamil Nadu, more than 15 varieties of banana are 

grown commercially whereas the monoclonal cultivation of Grand Naine is common in states 

like Gujarat and Maharashtra (APEDA, 2022, n.d.). 
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     According to the Department of Economics and Statistics, Govt. of Kerala, in the year 2019-

20, the area under banana cultivation in Kerala was 60678 hectares with a production of 548425 

tonnes. Wayanad, Palakkad, and Malappuram were the top three banana-producing districts in 

Kerala (DES,Government of Kerala, n.d.). Banana varieties commonly cultivated in Kerala 

include Nendran, Kannankaya, Chingampazhati, Kappa, Rasakadali, Malayannan, and Robusta 

(Fig. 1.2.). 

 

 

 

    Fig. 1.2. Banana varieties cultivated in Kerala 

1.2.2. Significance of banana-postharvest use of pulp and peel 

     Studies demonstrate that bananas are the storehouse of numerous bioactive components 

with health benefits and the physicochemical and phytochemical makeup of different banana 

types varies significantly. Bananas are rich sources of starch, fibers, and important 

phytonutrients, including vitamins and phenolic compounds. Additionally, it has a notable 

mineral composition comprising iron, copper, zinc, manganese, sodium, potassium, calcium, 

phosphorus, and magnesium (Forster et al., 2003; Lim et al., 2007). Studies also prove that 

banana fruit is a good source of vitamin C, vitamin A, vitamin E, thiamine, and riboflavin 

(Nadeeshani et al., 2021; Wall, 2006). The chemical and nutrient composition of ripe banana 

fruits of eight selected banana varieties of Kerala was studied by Siji & Nandini (2017). They 

found the Nendran variety has the highest carbohydrate content (41.33 g/100g), while Poovan 

has the highest protein content (1.37 g/100g). Mineral content in banana varieties ranges from 

0.17g to 0.70g/100g, with Rasakadali and Nendran showing the highest sodium (0.26 g/100g) 

and potassium (0.55 g/100g) levels, respectively (Siji & Nandini, 2017). Nadeeshani et al., 

2021 analyzed the nutritional composition of five banana varieties commonly cultivated in Sri 

Lanka. The studied banana cultivars had total carbohydrate values of 13.46-26.46%, protein 

levels of 0.14–0.2%, and dietary fiber contents of 1.97-2.49%. Linoleic, palmitic, α-linolenic, 

oleic, palmitoleic, stearic, and myristic acids were the main fatty acids found. Among the 

banana varieties examined, Kolikuttu stood out for its higher dietary fiber, protein, thiamine, 

and riboflavin content. Variety Ambul kesel was found to have the highest vitamin C content 

among the varieties studied (Nadeeshani et al., 2021).  
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     Due to nutrient richness and versatility in consumption, both ripe and unripe bananas were 

used for the preparation of various products. Ripe banana fruits were used for the preparation 

of yogurt, cake, ice cream, bread, wine, baby food, puree, and bakery products (R. Singh et al., 

2018). Green bananas are used for the preparation of chips and banana flour (R. Singh et al., 

2018). Banana flour contains 70-80% starch and hence it has been incorporated into various 

food items such as pasta, bread, cookies, and biscuits to increase its functional properties 

(Anyasi et al., 2013; Dibakoane et al., 2023). Recently, several researchers added unripe banana 

starch and flour for the preparation of different foods such as cookies (Aparicio-Saguilán et al., 

2007), pasta (Agama‐Acevedo et al., 2009; Biernacka et al., 2020; Oupathumpanont & 

Wisansakkul, 2021; Ovando-Martinez et al., 2009; Zandonadi et al., 2012; Zheng et al., 2016), 

and noodles (Ritthiruangdej et al., 2011; Saifullah et al., 2009) with enhanced functional 

properties. Banana flour incorporated edible films showed enhanced film strength,  higher film 

elastic modulus, and tensile strength (Sothornvit & Pitak, 2007). The raw banana powder as a 

weaning food for babies occupies a special place in the commercial market and it is marketed 

by various industries such as Baby Vita, Slurrp Farma, Dr. Food, Staple green, etc. 

     Similarly, banana peel is also utilized to improve the nutritional and physicochemical 

properties of various products. Recent research has shown that mature banana (Nanica 

cavendish) peel can be used to make gluten-free Rissol, while the peel of Musa cavendish can 

be incorporated into bakery products and pasta. Furthermore, Musa balbisiana peel powder has 

been used to enhance the sensory and nutritional quality of chicken sausage (Gomes et al., 

2022; Segura-Badilla et al., 2022; Zaini et al., 2020). Nida et al. (2023) utilized it to prepare 

3D-printed food package casings and apart from the food sector, the banana peel has also found 

applications in wastewater treatment, biofuel production, bioplastic, and nanocellulose (Alzate 

Acevedo et al., 2021; Nida et al., 2023). Notably, banana peels find applications across various 

industries, including cosmetics, medicine, food processing, beverages, textiles, energy 

production, paper manufacturing, bio-absorbents, biofuel production, and agriculture (Bhavani 

et al., 2023). 
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1.2.3. Phytochemicals reported in bananas and their associated health benefits 

     Due to the incredible therapeutic potential such as anti-inflammatory, anti-cancer, anti-viral, 

and antioxidant properties bioactive compounds or plant secondary metabolites are of great 

significance to mankind. There are mainly six classes of bioactive compounds reported from 

bananas. It includes carotenoids, flavonoids, biogenic amines, phenolic compounds, organic 

acids, and phytosterols (Fig. 1.3.) (Pereira & Maraschin, 2015; B. Singh et al., 2016). 

   

  

 

 

 

 

 

 

 

Fig. 1.3. Major classes of bioactive compounds reported from banana (Created with 

BioRender.com) 

     Polyphenols, the most abundant bioactive compounds, which impart the astringent taste to 

bananas, well known for their potent antioxidant, anti-tumor, anti-bacterial, anti-viral, anti-

inflammatory and vasodilation properties (Anyasi et al., 2013; De Bruyne et al., 1999; Haslam, 

1996; Lairon & Amiot, 1999; B. Singh et al., 2016). In 2006, Mattila and his team conducted 

a comprehensive study on the content of total phenolic acids in Musa sapientum banana 

through high-performance liquid chromatography (HPLC) and found the total phenolic acids 

as aglycones in Musa sapientum species of banana was 25.4 mg/100 g fresh weight (fw) 

(Mattila et al., 2006). Bennet et al., 2010 analyzed the phenolics in the fruit pulp of Musa 

acuminata Juss. cultivars and identified condensed tannins, catechin, gallocatechin, delphidin, 

and epicatechin in the matrix (Bennett et al., 2010).  
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     The total phenol content (TPC) of pulps and peels from eight Malaysian banana cultivars 

was examined by Sulaiman et al. (2011). The fresh pulps of the Raja cultivar exhibited the 

highest TPC content (Sulaiman et al., 2011). Through High-performance liquid 

chromatography coupled with electrospray ionization-quadrupole-time of flight-mass 

spectrometry (HPLC-ESI-QTOF-MS/MS) analysis 24 phenolic compounds including ferulic 

acid, caffeic acid, p-coumaroyl glycolic acid, cyanidin 3,5-O-diglucoside, myricetin 3-O-

rutinoside, umbelliferone, etc. were tentatively characterized in the ethanol extract of 

Australian grown bananas (Bashmil et al., 2021). The organic acids reported from bananas 

include citric, malic, lactic, and acetic acid (Lopes et al., 2020; B. Singh et al., 2016). 

     Several pharmacological studies revealed that bananas were beneficial and efficient in 

treating gastrointestinal tract disorders. Pannangpetch et al. (2001) investigated the gastro-

protective activities of two banana cultivars grown and consumed in Northeastern Thailand: 

"Palo" (Musa paradisiaca) and "Hom" (Musa sapientum Linn.). The results showed that rats 

treated with extracts of Palo or Horn bananas at a dose of 1 g/kg/day for 3 days had significantly 

shorter gastric lesions compared to the control group (Pannangpetch et al., 2001). The anti-

ulcerogenic action of bananas appears to be due to their ability to stimulate the growth of gastric 

mucosa (Best et al., 1984). In a study by Lewis and co-workers in 1999, an active anti-

ulcerogenic ingredient was extracted from unripe plantain through sequential solvent extraction 

method and identified it as the flavonoid leucocyanidin (Lewis et al., 1999). Studies by Prabha 

et al., 2011 also indicated the presence of leucocyanidin in the unripe pulp of Musa sapientum 

species (Prabha et al., 2011). According to research, bananas can help in treating 

hyperlipidemia and several atherosclerotic conditions also. Hypolipidemic activities, such as a 

decrease in the concentrations of free fatty acids, cholesterol, phospholipids, and triglycerides 

in the kidney, liver, and blood serum were observed in male rats upon treatment with flavonoid-

rich extract of unripe banana (Musa paradisiaca) (Krishnan & Vijayalakshmi, 2005; 

Vijayakumar et al., 2009).  

     Carotenoids are another class of molecules that is abundant in banana. Carotenoids are well 

known for having many physiological properties that contribute to health, including provitamin 

A and their activity as antioxidants, particularly in scavenging singlet oxygen. Carotenoids 

identified in bananas were α-carotene, β-carotene, lutein, isolutein, violaxanthin, α-

cryptoxanthin, auroxanthin, β-cryptoxanthin, and neoxanthin (Lopes et al., 2020; B. Singh et 

al., 2016). Another interesting class of compound reported from bananas is biogenic amines. 

Amination of aldehydes and ketones or decarboxylation of amino acids results in the formation 
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of biogenic amines. These compounds are found to have an impact on our mood, ability to 

concentrate, and emotional stability. In 1959, a study on physiologically active biogenic amines 

in common fruits and vegetables revealed the presence of norepinephrine, dopamine, and 

serotonin in both the pulp and peel of bananas (Udenfriend et al., 1959). 

     Phytosterols are another class of molecule abundant in banana. Villaverde et al., (2013) 

identified the following phytosterols campesterol, cycloeucalenone, cycloartenol, 

cycloeucalenol, stigmasterol, and β-Sitosterol in Musa balbisiana and Musa acuminata 

cultivars (Villaverde et al., 2013). Two new steryl glycosides, myo-inosityl-β-D-glucoside, and 

sitosterol gentiobioside, two new acyl steryl glycosides, sitoindoside-III and sitoindoside-IV, 

and β-sitosterol were identified in the unripe pulp of Musa paradisiaca (Ghosal, 1985). Among 

these, steryl glucosides gained special attention due to their pharmacological actions, which 

included anti-inflammatory, anti-cancer, and hepatoprotective qualities (Oliveira et al., 2006). 

In the lipophilic extract of dwarf Cavendish bananas, Olivera et al. (2006) identified 

campesterol, stigmasterol, sitosterol, and fatty acids, including palmitic, stearic, linoleic, 

linolenic, 22-hydroxydocosanoic, 24-hydroxytetracosanoic, and 26-hydroxyhexacosanoic 

acids (Oliveira et al., 2006). In addition to steroids, they have also reported the α-hydroxy fatty 

acids and ω-hydroxy fatty acids in these extracts (Oliveira et al., 2006). Vilela et al. reported 

sterols such as β-sitosterol, campesterol, and stigmasterol from the ripe pulp of ten Musa 

species (Vilela et al., 2014). These diverse arrays of phytochemicals belonging to different 

classes indicate the potent health benefits of banana consumption. 

1.2.4.  Starch 

1.2.4.1. Starch-structure, composition, and properties 

     Starch (CAS No. 9005-25-8) is the predominant carbohydrate reserve in plants, the most 

abundant carbohydrate molecule on earth after cellulose, and is the weaning food for a growing 

plant embryo; this molecule is critical for the existence of life on earth. In one way or the other, 

the life and livelihood of humans depend upon starch molecules. Starch comprises two kinds 

of homo-polymer (glucans) of α-D-glucose units, i.e., amylose and amylopectin. The 

amylopectin consists of α-(1,4) linked glucose units along with intense branching, which occurs 

by the formation of α-(1,6) linkages by the glucose chains at intervals of 10 nm along the axis 

of the molecule. The glucose units are joined by α-(1,4) glycosidic linkages to create linear 

chains ‘amylose’ with limited branching point at α-1,6 position (Durrani & Donald, 1995). The 

length of the glucose chain was considered as the degree of polymerization (DP). Amylose is 
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typically 500–5000 DP and contains <1% branch linkages (α-1,6 linkages) with an average 

molecular weight of 105-106 Daltons. In contrast, amylopectin has a DP ranging from 5000 to 

50000, with a high branching pattern, and a molecular weight of 107-109 Daltons (Regina et al., 

2010). The amylose and amylopectin are arranged in a semi-crystalline structure in the matrix 

of the starch granule. The starch matrix consists of alternating amorphous and crystalline areas 

formed by the amylose and amylopectin units, respectively (P. J. Jenkins et al., 1993). The 

amylopectin's branched design enables nearby chains to create double helices, which then fit 

into crystalline lamellae, with the branch points located in the non-crystalline lamellae. The 

alternating crystalline and amorphous lamellae result in the formation of the semi-crystalline 

matrix of starch granules (Seung, 2020). Starch normally contains about 20-30% amylose and 

70-80% amylopectin. The amylose and amylopectin ratio varies from species to species, and 

the starch properties, such as water absorption, pasting, gelatinization, and retrogradation, also 

vary accordingly (Marichelvam et al., 2019). Starch granules with high amylose content absorb 

limited water content during cooking, in contrast, starch granules with high amylopectin 

content (waxy starches) have very low resistance to breakdown during processing, giving high 

viscosity, and enable expansion in snacks (Biliaderis, 1991). 

     Starch from different botanical sources was found to have different crystalline patterns and 

thus exhibit specific X-ray diffraction patterns accordingly.  Based on X-ray diffraction patterns 

starch was generally classified into three crystalline structures: type-A, type-B, and type-C 

(Tester et al., 2004). The glucose helixes are densely packed in A-type crystalline and B-type 

crystalline starch, on the other hand, has less dense packing, which allows water molecules to 

move freely between the branches. The combination of A and B-type crystallinity forms the C-

type crystalline starch (Dome et al., 2020). In C-type crystals, the starch granule core is formed 

by a B-type structure and surrounded by A-type crystals. A-type crystalline structure is mainly 

found in rice, wheat, and maize. The dense packing in A-type crystals prevents chemical 

reactions such as acid hydrolysis. Starch with high amylose content exhibits B-type crystalline 

structure e.g., starches extracted from potatoes, canna, banana, and sago. Starch extracted from 

peas, beans, some bananas, and cassava exhibits a C-type crystalline structure (Dome et al., 

2020).  

     Starch swelling, gelatinization, retrogradation, and gelation were the significant 

physicochemical properties associated with starch. Starch is insoluble in water below its 

gelatinization temperature. Since water diffuses and absorbs into the amorphous portions of 

starch, it causes slight swelling of starch in cold water; however, this swelling can be reversed 
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by drying. However, during heating, as temperature increases, a point is reached where granule 

swelling becomes irreversible. At this point the the granules lose their structural integrity and 

keep expanding, leaking amylose into the aqueous intergranular phase. As a result, the viscosity 

increases significantly. The term ‘gelatinization’ is used to describe the collective processes of 

swelling and hydration, solubilization of starch molecules, and disintegration of granular 

structure (Biliaderis, 1991). the parameters like type of starch, heating temperature, presence 

of other solutes, and agitation imparted during heating will affect the gelatinization process 

(Biliaderis, 1991). For gelatinization to initiate at least 50 °C temperature and more than 25% 

water content is required (Tako et al., 2014). The presence of solutes, lipids, or proteins raises 

gelatinization temperature and slows retrogradation. The amylose/amylopectin ratio greatly 

influences these processes. Amylose recrystallizes faster than amylopectin, requiring stronger 

conditions for gelatinization and faster retrogradation (Perin & Murano, 2017).  

     Upon cooling of the heated starch solution, gelatinized dispersion in the form of a loose 

paste or a gel will be formed depending on the concentration of starch. Further, the chains of 

swollen granules, through hydrogen bonding, form a three-dimensional dimensional network 

that will be immersed in a continuous matrix of entangled amylose molecules. This complex 

polymer blend solidifies into ‘gel’. These gels are in a non-equilibrium state, and during 

storage, they undergo further aggregation and recrystallization. These crystals then gradually 

increase rigidity, and phase separation from the solvent occurs. This process was termed 

syneresis. The term ‘retrogradation’ was used to indicate the re-association of disaggregated 

amylopectin and amylose chains in a gelatinized state to form ordered structures. 

Retrogradation is the primary reason for the staling of baked products such as bread (Biliaderis, 

1991; Perin & Murano, 2017). Gelatinization and retrogradation are directly correlated with 

starch digestibility. Completely gelatinized starch will be digested and absorbed in the small 

intestine and retrograded starch shows resistance to digestion (Wang et al., 2015). 

1.2.4.2.  Starch digestion in humans  

     Starch digestion begins in the mouth with the action of the enzyme salivary α-amylase 

(ptyalin), which is aided by chewing and starch hydration. Once the food reaches the stomach, 

the acidic gastric environment quickly deactivates the enzyme. Digestion continues in the 

duodenum, where pancreatic α-amylase further breaks down starch into maltose, maltotriose, 

and α-limit dextrins, which cannot be absorbed directly. The enzymes maltase-glucoamylase 

(MGA) and sucrose-isomaltase in the brush border of the small intestine then convert these 

products into glucose. Undigested starch passes from the small intestine to the large intestine, 
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Fig. 1.4. Starch digestion in humans (Source: Perin & Murano, 2017, 

https://doi.org/10.1177/1934578X1701200606) 

where probiotic microorganisms ferment it (Fig. 1.4.) (H. N. Englyst & Cummings, 1985; J. 

Singh et al., 2010).  

     Enteroendocrine cells scattered throughout the gastrointestinal tract produce various 

hormones that influence functions related to digestion, including secretion, motility, 

absorption, and digestion. The duodenum and jejunum produce cholecystokinin (CKK), which 

stimulates pancreatic secretion and gallbladder contraction. The glucagon-like peptide 1 (GLP-

1) is released by intestinal L-cells, while gastric inhibitory polypeptide (GIP) is released by K 

cells in the duodenum and jejunum. These hormones stimulate insulin secretion, reduce the 

secretion of glucagon, and slow down gastric emptying (Li et al., 2023). 

     The resealed glucose is absorbed through two main transport systems: sodium-dependent 

glucose transporter 1 (SGLT1) and glucose transporter 2 (GLUT2). SGLT1, located on the 

brush border of enterocytes, uses the sodium gradient, maintained by Na+/K+-ATPase, to 

actively transport glucose into the cells. Glucose then exits the enterocytes into the bloodstream 

via GLUT2, which is found in the basolateral membrane (Perin & Murano, 2017).  

  

  

 

 

 

 

 

                  

 

 

1.2.5.  Glycemic index and glycemic load (GI-GL) 

     The term GI was coined by Jenkins and his colleagues in 1981, and GI remains a relevant 

topic still. The GI concept was developed to rank or classify carbohydrate-rich foods in the diet 

based on their postprandial glycemic response. GI measures the rise in blood glucose levels 

after consuming a 50 g carbohydrate portion of a test food, expressed as a percentage of the 

response to the same amount of carbohydrate from a standard food (glucose or white bread) 

consumed by the same individual (Augustin et al., 2015; D. J. Jenkins et al., 1981; Joint, 1998). 
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GI of a food is evaluated through clinical as well as in vitro studies. In simpler terms, GI is a 

measurement of a food's ability to raise blood sugar levels in relation to a similar quantity of a 

reference food. The in vitro and in vivo assessment of starch digestibility and the factors 

influencing it gained a great attraction since starch digestibility has been associated with the 

GI of food. 

     Since GI is an indication of post-prandial glucose response, it is used to assess the nutritional 

quality of food. A GI value of 55 or less makes a food a low GI food; if it is 56 to 69, it is 

termed as mid-range GI and a value more than 70 indicates a high GI food (Fig. 1.5.) (D. J. 

Jenkins et al., 1981). The product of the food's GI value and the amount of available 

carbohydrates in grams per serving is the food's GL (Kim, 2020). GL is calculated by 

multiplying the food's carbohydrate content in a specified serving size by its GI value, then 

dividing the result by 100 (Foster-Powell et al., 2002). A GL value of 10 or below is categorized 

as low, 11-19 as medium, and 20 or above as high (Fig. 1.5.) (Foster-Powell et al., 2002; 

Carneiro & Leloup, 2020). 

 

 

 

 

 

 

  

Fig.1.5. Impact of different GI-GL category foods on blood glucose level (Source: Carneiro & 

Leloup, 2020, https://doi.org/10.3390/nu12102989) 

     Clinical studies have demonstrated that low GI diets improve glycemic control, serum 

lipids, and cardiovascular risk factors, potentially aiding weight loss. Epidemiological studies 

associate low GI diets with reduced risks of diabetes, cardiovascular diseases, and certain 

cancers. Clinical trials further support the benefits of low GI and GL diets in enhancing 

glycemic control and lowering cardiovascular disease (CVD) risk factors in type 2 diabetes 

mellitus (Augustin et al., 2015). The portion size of foods consumed is important for managing 

blood glucose and for losing or maintaining weight. However, the utility of GI needs to be 
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balanced with the basic nutrition principles for a range of healthful foods and moderation of 

foods with few nutrients (Gray & Threlkeld, 2015).  

1.2.6.  Countries with regulations on GI-food labelling 

     Even though the GI labelling of food provides potential benefits for consumers managing 

their blood glucose levels, currently, very few countries have regulations regarding the use of 

GI on food labels. A comprehensive literature review was conducted using PubMed with the 

keywords "GI food labelling," "GI logos," and "GI endorsement," and also visiting food 

regulatory authority sites and general Google search. Australia was the first country to 

introduce GI labeling of food products. In 2001, the Australian government, in collaboration 

with the University of Sydney, launched the GI Symbol Program, which allowed food 

manufacturers to voluntarily display the low GI symbol on their products (Fig. 1.6.). In 2007 

New Zealand also adopted Australia’s GI symbol in food labelling (GI Foundation, n.d.). The 

GI Symbol was registered by the University of Sydney and licensed to the GI Foundation. The 

University of Sydney, Diabetes Australia, and the Juvenile Diabetes Research Foundation 

Australia are the three partners of this non-profit organization (GI Foundation, n.d.). 

     The GI Foundation of South Africa (GIFSA), established in 1999, also introduced GI 

labelling on food and beverage products in 2011. The GIFSA endorsement logo categorizes 

food into, frequent food (GI: 0-40), often food (GI:  40-55), active food (GI: 56-70), and 

exercise food (GI >70) (Fig. 1.6.). Along with GI, the food must also meet specific 

requirements of fat, dietary fiber, carbohydrate, sugar, sodium, protein, and alcohol content to 

fall into each category (GIFSA, n.d.). Low GI claims in Singapore are subject to particular 

guidelines provided by Singapore's Healthier Choice Symbol (Fig. 1.6.) (Healthier Choice 

Symbol, n.d.).  In India, the Food Safety and Standards Authority of India (FSSAI) permits the 

use of low GI claims in the nutrient labelling of food but no GI symbol has been implemented 

so far (FSSAI, 2019, n.d.). Although voluntary claims are permitted, there are no national 

regulations in China specifically pertaining to GI. GI claims are accepted in the USA even if 

they are not strictly controlled since they are thought to be covered by general food labelling 

laws. Current food laws prohibit GI claims in both the European Union and Canada (Barclay 

et al., 2021). 

     These inconsistent food regulations around the world highlight the need for standardization 

and the creation of global standards for GI claims in food, which would benefit people with 

diabetes and other lifestyle diseases (Barclay et al., 2021). 
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Fig. 1.6.  International GI symbols (Source: Barclay et al., 2022, 

https://doi.org/10.3390/nu13093244) 

 

  

  

  

 

 

 

  

 

 

 

1.2.7.  In vitro GI-GL studies 

     The determination of the GI of food through clinical studies involves extensive and 

expensive procedures and it also has great ethical concerns. Therefore, the measurement of 

starch digestibility in vitro and the prediction of GI was introduced.  

     The first effort to determine in vitro starch digestibility was done by Southgate in 1969. His 

two publications in the same year dealt with the determination of available and unavailable 

carbohydrates in the food matrix using enzymes amyloglucosidase and pullulanase (Southgate, 

1969a, 1969b). This method was highly criticized since the starch digestion was incomplete, 

and later in 1982, Englyst and his co-workers (H. Englyst et al., 1982) introduced a more 

efficient method for complete hydrolysis of starch with enzymes α-amylase, pullulanase, and 

amyloglucosidase and further determination of non-starch polysaccharides through gas 

chromatography technique. One significant drawback of this method was the initial heating 

step of samples at 100 °C, contradicting the normal physiological conditions. Hence in 1986, 

Berry introduced a modified method of Englyst et al. (1982) where the initial heating step was 

eliminated, and the shaking water bath facility cooperated to mimic the physiological 

conditions more accurately (Berry, 1986). The long experimental time was the major drawback 

of this procedure. 

     In the year 1992, another significant contribution was made by Englyst and his team. They 

developed an in vitro digestion method that can differentiate the starch fractions of the food 
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matrix into rapidly digestible starch (RDS), slowly digestible starch (SDS), and RS. As the 

name indicates, these fractions show various degrees of hydrolysis during enzyme incubation. 

RDS is the amount of starch digested by enzymes within 20 minutes of digestion and SDS is 

the amount of starch that can be completely digested within 20 minutes to 120 minutes. The 

portion of starch that was not hydrolyzed even after 120 minutes of amylase and pullulanase 

treatment is termed RS (H. N. Englyst et al., 1992). Compared to B-type starches, which 

typically contain a significant proportion of RS, type-A starches have higher amounts of RDS 

and SDS fractions (Lehmann & Robin, 2007). SDS provides various health advantages by 

helping to stabilize and maintain blood glucose levels and has a moderate impact on GI. 

Whereas RS imparts health benefits mainly through the short chain fatty acids (SCFA) 

produced through the fermentation of RS by probiotics in the large intestine (Bojarczuk et al., 

2022; Lehmann & Robin, 2007). The Englyst 1992 method got wide acceptance, and later 

methods for in vitro assessment of starch digestibility were a modification of this basic method. 

     In 1994 Granfeldt et al. introduced the term hydrolysis index (HI) for measuring starch 

hydrolysis rate.  The HI was the ratio between the area under the starch hydrolysis curve for 

test food and the for a reference food which was expressed in percentage, which in turn used 

to predict the GI of food (Granfeldt et al., 1994). In 1997 another approach was put forward by 

Goni and others, they introduced a mathematical first-order reaction kinetic equation (C = C∞(1 

− e−kt) ) for the prediction of HI and, thereby prediction of GI (Goñi et al., 1997). This method 

of GI prediction acquired wide acceptance and is still used for the prediction of GI of starchy 

food matrices. 

     Currently, there are many in vitro starch digestion methods that were the modification of 

Englyst’s method. These methods include three basic digestion phases of oral, gastric, and 

intestinal digestion processes, but differ in the way of implementation of the physiological 

conditions. It includes variations in the duration of digestion time, choice of enzymes, 

incubation temperature, pH, and mode of execution (McCleary et al., 2020; Ren et al., 2016; 

Tudoricǎ et al., 2002; Urooj & Puttraj, 1999). 

     While Englyst’s method followed a 2-hour digestion protocol, the method put forward by 

McCleary et al., 2020 employs a digestion time of 4 hours, which is the average time of 

residence of food in the human small intestine. In addition to RDS, SDS, and RS they have 

introduced a new term ‘total digestible starch’ (TDS) to refer to all starch that is digested 

within four hours. Whereas RS is starch that is not digested in a period of four hours or less 

(McCleary et al., 2020). Based on this method they have developed kits for the rapid 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/amylase
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/pullulanase
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Fig. 1.7. Major milestones in the assessment of in vitro starch digestibility and estimation of GI 

(Created with BioRender.com) 

assessment of RDS, SDS, TDS, and RS fractions of samples (Digestible and Resistant Starch 

Assay Kit, n.d.).  

     Recently, INFOGEST , an international network of researchers focused on improving the 

understanding of food digestion and the nutritional value of foods put forward a static in vitro 

simulation of gastrointestinal food digestion involving oral, gastric, and intestinal phases for 

evaluating the GI, and nutrient bioavailability (Brodkorb et al., 2019). A schematic 

representation of major milestones in the assessment of in vitro starch digestibility and 

estimation of GI is represented in Fig. 1.7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2.8. Resistant starch (RS) 

1.2.8.1. RS-structure and classification 

     Englyst and his team in 1982 introduced the term RS to represent the starch fraction which 

exhibited resistance to digestion. In physiological conditions, Since RS cannot be absorbed or 

digested in the small intestine, it passes to the large intestine where it is fermented by bacteria 

(H. Englyst et al., 1982). Many investigations have been conducted to understand the structural 
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features of RS. According to the studies of Tharanathan, 2002, RS is a linear α-1,4 linked 

glucans chain derived from the retrogradation of amylose fractions. This compact structure will 

be the factor that limits the accessibility of digestive enzymes to RS (Tharanathan, 2002). 

Similarly high amylose starch shows high resistance to digestion and more susceptible to 

retrogradation and favors resistance to enzymatic digestion (Nugent, 2005).  

     In 1992, Englyst and coworkers classified RS into further subgroups. They divided RS into 

three subcategories as physically inaccessible starch (RS1), resistant starch granules (RS2), and 

retrograded starch (RS3). RS1 includes starch which becomes inaccessible for enzymes due to 

the structure of the seed, the presence of an intact cell wall, etc. The food matrix and protein 

encasements provide a barrier that prevents enzymes from physically accessing RS1. Examples 

include unmilled or partly milled seeds, grains etc. The second category (RS2) holds starch 

showing resistance to digestion due to the peculiar nature crystalline nature of granules, type 

B crystallinity, as seen in raw potato and banana. High amylose starch also belongs to RS2 

category. RS3 includes cooked and cooled starches, the retrograded starches, which are present 

in bread and cornflakes (H. N. Englyst et al., 1992). The cooling process causes the starch 

molecules to realign and recrystallize, enhancing their resistance to degradation by enzymes. 

The main food sources of RS3 are cooked and cooled potatoes, pasta, and rice.  

     Later Nugent (2005) introduced a new classification system of RS with four subcategories: 

RS1, RS2, RS3 & RS4. This system closely resembles Englyst’s classification (1992) but 

introduced an additional category RS4 to include starches that were chemically modified to 

obtain resistance to digestion. Here chemical cross-linking agents are used for attributing the 

compact structure to starch, e.g. esterified starch  (Nugent, 2005). Further, in 2017 Lockyer and 

Nugent introduced one more additional category RS5 in the RS classification system (Fig. 1.8.). 

RS5 comprises starch containing amylose-lipid complex and exhibits great resistance to 

digestion. The amylose-lipid complexes formation is influenced by various parameters such as 

the length of the starch chain, the kind of fat, water content, the degree of polymerisation, 

amylose to lipid concentration, and the processing method (Andriani et al., 2021). The RS 

content of RS1, RS2, and RS3 was found to vary greatly with cooking, processing, and other 

treatments and RS5 has more thermal stability (Lockyer & Nugent, 2017). 
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   Fig. 1.8. RS classification (Created with BioRender.com) 

Fig. 1.9. Health benefits of RS (Source: Guo, J et al., 2022, 

https://doi.org/10.1016/j.jafr.2022.100380) 

   

  

  

 

 

 

 

 

1.2.8.2. RS and health benefits 

     RS has gained a great interest in the food industry due to its associated numerous health 

benefits including improved intestinal health, glycemic balance, lipid metabolism, body weight 

management, diabetes, obesity, and lipid disorders (Fig. 1.9.). 
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     The main physiological potential of RS is attributed to the production of SCFA by 

fermentation of RS by gut bacteria. Bacteroidetes and Firmicutes phyla are the primary RS 

fermenters. SCFAs such as acetate, propionate, and butyrate were produced by fermentation 

which have several physiological and metabolic impacts on humans as well as promote the 

growth of the probiotics (Guo et al., 2022). These SCFA are the prime energy source for the 

colonocyte and they act as growth factors to the healthy epithelium. Butyrate is predominantly 

produced by Firmicutes and propionate mainly by Bacteroidetes phylum (Chen et al., 2024). 

The SCFAs not only lower the risk of gastrointestinal diseases but also play crucial roles as 

activators for G protein-coupled receptors (GPCRs) engaged in immune system modulation 

(Segain et al., 2000; Smith et al., 2013). Activated GPCR coupled free fatty acid receptors 2 

and 3 (FFAR2, FFAR3) enhance the secretion of  GLP-1 and peptide YY (PYY) from intestinal 

L cells and improve insulin secretion and sensitivity thereby exerting beneficial effects in 

subjects with diabetes and obesity by providing satiety (Tolhurst et al., 2012).  

     Among the SCFA produced butyrate plays a crucial role in maintaining colon health. 

Butyrate lowers the risk factors that lead to the development of colorectal cancer and intestinal 

inflammation (Brouns et al., 2002). It also helps in the reduction of the luminal pH, which in 

turn helps to inhibit the growth of pathogenic microorganisms and also helps in increasing the 

absorption of nutrients (Chen et al., 2024). By suppressing the production of pro-inflammatory 

cytokines like tumour necrosis factor- α (TNF-α), and modulating the gut-associated lymphoid 

tissue (GALT), an integral part of the human immune system, butyrate demonstrates anti-

inflammatory properties (Chen et al., 2024; Cummings et al., 2004; Lockyer & Nugent, 2017; 

Segain et al., 2000). SCFA, such as acetate plays a crucial role in lipid biosynthesis and 

cholesterol synthesis and they show anti-inflammation properties by modulating the anti-

inflammatory cytokine interleukin 10 (IL-10) level (LeBlanc et al., 2017; Topping et al., 2003). 

Propionate is involved in gluconeogenesis, associated with the inhibition of cholesterol 

synthesis, indicating potential cardioprotective benefit, and also regulates satiety hormones 

(Canfora et al., 2015). It also has a role in hepatic glucose production regulation and exerts 

anti-inflammation potential by inhibiting the nuclear factor-kappa B (NF-κB) pathway (Chen 

et al., 2024). 

1.2.8.3. Effect of RS on mineral absorption 

     The effect of RS on mineral absorption was well explored. In comparison to a completely 

digestible starch meal, a meal containing 16.4% RS increased the apparent absorption of 

calcium and iron in research carried out by Morais et al. in 1996 on infant pigs (Morais et al., 
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1996). Clinical studies by Trinidad and team (1996) proved that the SCFAs propionate and 

acetate were found to enhance calcium absorption in the distal colon of humans (Trinidad et 

al., 1996). 

1.2.8.4. RS and hypocholesterolemic effects 

     The hypocholesterolemic effects of RS were also well explored. RS was found to be more 

effective than cholestyramine in lowering lipid levels in rats. Feeding studies in rats 

demonstrated that the RS fractions of beans increased hepatic mRNA levels, sterol excretions, 

and decreased blood cholesterol in rats. The administration of bean starch to rats resulting in 

elevated levels of hepatic scavenger receptor class B1 (SR-B1) and cholesterol 7-α-

hydroxylase mRNA suggested that RS had a reducing effect on blood cholesterol. Additionally, 

the bean starches enhanced the concentration of SCFA in the cecum and decreased serum and 

total cholesterol levels (Younes et al., 1995). 

1.2.8.5. RS and hypoglycemic effect 

     Another significant attribute of RS is its hypoglycemic effect. The best way for diabetes 

management is to keep post-prandial glycemia low; hence food rich in RS content is the best 

option for the diabetic population (Chen et al., 2024). The effect of RS on post-prandial plasma 

concentrations of glucose was investigated in 10 healthy young males by Raben et al. in 1994. 

The test meal given to the participants was 50 g of pre-gelatinized starch (0% RS) or 50 g of 

raw potato starch (54% RS). It was found that after the RS-rich meal, post-prandial plasma 

concentrations of glucose were significantly lower compared with after the RS-less meal. This 

implies the significance of RS in the reduction of post-prandial glycemia and increased satiety 

(Raben et al., 1994). Following a 10-week intervention, the RS-fed group showed a significant 

decrease in fasting blood glucose, triglyceride, low-density lipoprotein levels, and the area 

under the glucose curve as compared to the control group. The relative abundance of beneficial 

Bacteroidetes, Lactobacillus, Lachnospiraceae, and Faecalibaculum, and a lower ratio 

of Firmicutes to Bacteroidetes was also observed (Chang et al., 2024) 

1.2.9. Banana starch and its significance 

     The crystallinity of banana starch varies with varieties. Varieties like Nangka, Ambon, 

Kepok, and Kapas exhibit B-type crystallinity (Marta et al., 2019), whereas varieties like 

Pisang Awak, Dwarf Red, and Cavendish exhibit C-type crystallinity (Bi et al., 2017).  The 

granular morphology of banana starch also varies with varieties. Scanning electron microscopy 

analysis of Kapas starch showed elongated granules and Kepok, Ambon, and Nangka varieties 

exhibited round morphology (Marta et al., 2019). Starch granules of two banana varieties (Hom 

https://www.sciencedirect.com/topics/immunology-and-microbiology/bacteroidetes
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/lactobacillus
https://www.sciencedirect.com/topics/medicine-and-dentistry/firmicutes
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/bacteroidetes
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Khieo & Namwa) cultivated in Thailand showed elongated and round-shaped granules with B-

type crystalline structure (Thanyapanich et al., 2021). 

     The RS in bananas is mainly composed of RS2, which is resistant to digestion due to its 

crystalline structure (Faisant et al., 1995). RS2 was found to decline by food processing and 

cooking methods (Yi et al., 2021). The RS content of banana flour can vary depending on the 

processing method and the banana cultivar used. Studies in the Musa acuminata subgroup 

Cavendish showed that air velocity during the drying process has a major impact on the RS 

content. The RS content of green banana flour dried at higher air velocities was found to be 

higher when the air temperature was below the gelatinization temperature. They showed an RS 

content ranging from 40.90% to 58.50% based on variations in drying conditions (Tribess et 

al., 2009). Both flour and starch prepared from the unripe plantain bananas of the variety Terra 

(Musa paradisiaca) showed an RS content of 49% and 50% respectively (Pelissari et al., 2012). 

Studies by Das et al., 2022 showed that the intrinsic RS content of bananas can be increased 

from 38.50% to 68.99% through amylopullulanase treatments (Das et al., 2022). A study on 

unripe banana flour from 12 commercial samples across five Brazilian states revealed RS 

content variation from 4% to 62% (Hoffmann Sardá et al., 2016). Banana flour of the 

‘Mountain’ variety exhibited  25% RS with tray drying and 37% with freeze drying (Ahmed et 

al., 2020). Disaggregation of starch molecules during freeze-drying will put them on a rigidity 

angle hence the content of the non-digestible portion increases (Kaur et al., 2020). Khawas and 

Deka's (2017) study found that treatment with debranching enzyme pullulanase and 

hydrothermal procedure can improve the RS yield from culinary bananas kachkal (Musa 

ABB). The RS content increased from 12.3 to 26.4% as a result of three cycles of continuous 

autoclaving and cooling (hydrothermal) followed by storage at -20 ºC. Likewise, using the 

debranching enzyme and subsequently retrograding at -20 ºC resulted in a 31.2% increase in 

the RS yield (Khawas & Deka, 2017). 

     The effect of banana flour in the glycemic response of the individual was investigated by 

researchers. The effect of banana ripening on the postprandial blood glucose and insulin 

responses was studied in ten type 2 diabetic subjects. On different days, they were fed 

with three meals: 40 g of white bread, 120 g of overripe banana, and 120 g of underripe banana. 

Compared to white bread (181 ± 45 mmol/L) the mean postprandial blood glucose response 

area of under-ripe bananas (62 ± 17 mmol/L) and over-ripe bananas (106 ± 17 mmol/L) 

was significantly lower. Even though the insulin response of the three meals was similar, the 

GI of the under-ripe (43 ± 10) and over-ripe bananas (74 ± 9) differed greatly. Authors suggest 
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that the low GI of under-ripe bananas may be ascribed to the high RS content (Hermansen et 

al., 1992). A study by Oladele and Williamson., 2014 evaluated the impact of RS in three 

plantain (Musa AAB) products i.e., boiled unripe plantain crisps (BUPC), boiled unripe 

plantain (BUP), and ripe raw plantain (RRP) on glycemic response of ten healthy volunteers. 

The study used white bread as reference and the obtained GI values for the samples BUP, 

BUPC, RRP, and white bread were 44.9, 55, 38, and 71.4 respectively (Oladele & Williamson, 

2016). Another study reported the GI value of mature ripe banana varieties. The GI values of 

Mysore, Gros Michel, Silk, and Pisang Awak were 61 ± 6, 67 ± 7, 61 ± 5, and 69 ± 9, 

respectively through clinical studies using bread as reference food (Hettiaratchi et al., 2011). 

In vitro studies demonstrated that the supplementation of 50% unripe banana flour was found 

to decrease the estimated GI of cookies (GI=98.6) compared to the control cookies (GI=116.8) 

(Agama-Acevedo et al., 2012). 

1.2.10. Prebiotic potential of banana pulp 

     Both in vitro and in vivo studies have demonstrated that banana starch promotes the growth 

of beneficial gut microbiota. The ratio of Firmicutes to Bacteroidetes is crucial for maintaining 

gut health. Bacteroidetes can help reduce obesity, enhance glucose regulation, and prevent 

inflammation-related diseases (Wu et al., 2019). The impact of green banana flour 

consumption on symptoms associated with obesity in rats fed with high-fat diets was examined 

by Rosado et al. in 2021. According to the study, green banana flour reduced inflammation and 

enhanced the metabolic status, adipose tissue remodeling, and gut microbiota composition of 

obese mice. In mice fed with a diet supplemented with unripe banana flour, the population of 

bacteroidetes (22-29%) in the gut was higher than the population of firmicutes (22-23%) 

(Rosado et al., 2021). In vitro studies showed that supplementation of banana flour in some of 

the probiotic foods helps in maintaining the viability of the probiotics. Fermented milk 

containing unripe banana flour maintained the viability of Streptococcus thermophilus, 

Lactobacillus acidophilus, and Bifidobacterium lactis (Batista et al., 2017) These microbes 

play a vital role in gut health by producing increased acetate, propionate, and butyrate levels. 

In a recent study, yogurt mixed with unripe banana flour preserved the viability of 

Lactobacillus delbrueckii subsp. Bulgaricus and Streptococcus thermophilus (Costa et al., 

2023). 

     Apart from RS, banana is a good source of dietary fiber, fructooligosaccharides (FOS), and 

Inulin (Anyasi et al., 2013). Since banana peel is a good source of dietary fiber, it has been 

https://scholar.google.co.in/citations?user=7ePOH9cAAAAJ&hl=en&oi=sra
https://scholar.google.co.in/citations?user=9_ntw_QAAAAJ&hl=en&oi=sra
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used for the development of cellulose-based prebiotic fiber through enzymatic hydrolysis 

(Phirom-on & Apiraksakorn, 2021). Salini and Usha., 2015 studied the fructan distribution in 

seven banana cultivars and among them, Nendran had the highest fructan content 

(1433.3 mg/100 g). They also found a significant increase in the yield of fructans from 1.4% 

to 6.5% by pectinase pre-treatment (Shalini & Antony, 2015). Further, they evaluated the 

prebiotic potential of isolated Nendran fructans and the study demonstrated a high prebiotic 

activity score by promoting the growth of  Lactobacillus plantarum, and the activity was even 

higher than commercial FOS and inulin (Shalini et al., 2017). A recent research reported FOS 

content of 1.34 ± 0.01 mg/100g dw and an exceptionally high level of inulin content of 37.442 

± 5.72 g/100g dw in Gros Michel banana (Musa sapientum) (Pongmalai & Devahastin, 2020). 

1.2.11. Current research in banana 

     Currently, there are many national and international organizations and research institutions 

working on various aspects of bananas. In order to promote collaborative research on bananas, 

the Banana Asia and Pacific Network (BAPNET) was first founded in 1991 as Asia and Pacific 

Network (ASPNET) and changed its name to BAPNET in 2001. This committee convenes 

biennially to evaluate progress, pinpoint research requirements, and identify areas for 

collaboration and synergy among countries. The network is managed by Alliance 

Bioversity-  International Center for Tropical Agriculture (CIAT) (“BAPNET,” n.d.).  The 

International Network for the Improvement of Banana and Plantain (INIBAP) was established 

in 1984, in Washington DC (USA), by a group of donor countries and organizations. The 

initiative aims to enhance banana and plantain production, particularly benefiting developing 

countries, by supporting and coordinating research. It strengthens regional and national 

programs focused on developing improved and disease-free genetic material and facilitates the 

exchange of such material through regional and global trials of new cultivars. Additionally, the 

initiative coordinates the collection and dissemination of relevant information and supports 

training programs for technicians and scientists in developing countries (INIBAP, n.d.).  

     The Centre de Coopération Internationale en Recherche Agronomique pour le 

Développement (CIRAD, France) works to develop hybrid disease-resistant varieties of 

bananas (CIRAD, n.d.).  The International Institute of Tropical Agriculture (IITA) in Nigeria 

focuses on banana breeding and crop improvement (IITA, n.d.). The Taiwan Banana Research 

Institute (TBRI, Taiwan) is a pioneer institute in the field of research on banana breeding, crop 

improvement, pest management, and maintenance and conservation of banana germplasm. 

https://www.sciencedirect.com/topics/food-science/lactobacillus
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TBRI has a germplasm collection of 229 accessions of bananas (Taiwan Banana Research 

Institute - TBRI | Improving the Understanding of Banana, n.d.).  

     In India, many research institutions work in various fields of banana research. The Indian 

Council of Agricultural Research-National Research Centre for Banana (ICAR-NRCB) located 

in Tamil Nadu focuses entirely on banana research. Various fields, such as crop improvement, 

postharvest value addition, physicochemical characterization, and germplasm conservation of 

bananas are the key research areas in NRCB. The research institutes such as Banana Research 

Station (BRS, Kerala), Tamil Nadu Agricultural University (TNAU, Tamil Nadu), Central 

Institute for Subtropical Horticulture (CISH, Lucknow), Indian Institute of Horticultural 

Research (IIHR, Karnataka) also focus on studies on crop improvement, post-harvest handling, 

value addition, germplasm maintenance, integrated pest management of bananas in India. 

Studies regarding the taxonomy, systematics, and plant physiology of Musa genera and bananas 

were an important research area at Calicut University, Kerala (Sreejith & Sabu, 2017). They 

also maintain a huge germplasm of many endangered and rare bananas. 

1.3. Rationale of the present study 

     Currently, the global incidence of inflammatory bowel disease (IBD) and gut-related 

diseases is increasing steeply (Banerjee et al., 2023). IBD encompasses a range of 

gastrointestinal tract conditions marked by persistent inflammation, including Crohn's disease 

(CD) and ulcerative colitis (UC) (Chapman-Kiddell et al., 2010). The growing trend of 

urbanization, accompanied by higher consumption of ultra-processed foods, poor dietary 

habits, and lack of sleep is causing an increase in IBD cases among young adults and even 

adolescents in India. IBD requires lifelong therapy and constant monitoring causing a 

significant healthcare burden to the population (Banerjee et al., 2023). Through modulation of 

diet and gut microbiota, issues of IBD can be addressed to an extent. Studies have demonstrated 

the importance of the gut microbiome in regulating the risk of a variety of chronic diseases, 

such as obesity, type 2 diabetes, cardiovascular disease, inflammatory bowel disease, and 

general well-being (R. K. Singh et al., 2017).  Therefore, there is a growing importance in 

prebiotic research and the development of functional foods to meet these requirements. The 

demand for convenience foods i.e., ready-to-eat (RTE) and ready-to-cook (RTC) products 

which require minimal time and effort to cook is growing quickly due to socio-economic 

changes, hectic lifestyles, and increased urbanization. Currently, due to the increased health 

awareness, RTC products with specific health benefits are experiencing high market demand. 
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Although unripe bananas are recognized for their prebiotic potential, there have been limited 

efforts to utilize this potential and develop convenient food products from this commodity. This 

highlights a significant research opportunity in this area to develop convenient foods from 

unripe bananas through technological interventions to meet public health. 

     Red banana, Cavendish, Grand Nain, Robusta, and Monthan are popular banana varieties 

globally, known for their high prebiotic content, including bioactive carbohydrates like RS, 

fructan, and fiber  (Afzal et al., 2022; Pereira & Maraschin, 2015). Musa (AAB) cv. Nendran 

is a popular cultivated variety of banana in South Indian states, especially in Kerala. Nendran 

is consumed in both raw and ripe form. Nendran attains bunch maturity after 5-6 months from 

flowering, the long and thick fruits with good keeping quality make unripe Nendran the best 

option for the preparation of the world-famous Kerala banana chips and as the first weaning 

food of babies (Chitra, 2015). The ripe Nendran, a popular fruit of Kerala, is widely used to 

prepare various value-added products and unripe Nendran is still an underutilized commodity. 

Even though unripe Nendran-derived weaning powders are popular in the market, there have 

been no value-added products with novel utility developed from this commodity. Despite its 

prevalence, there are no previous reports on the complete nutritional profile and bioactive 

carbohydrate content (RS, fructan, & fiber) of Nendran, nor have there been efforts to develop 

value-added products from its unripe pulp to harness its prebiotic benefits.  

     Given Nendran’s indigenous nature in Kerala, our study aims to explore the complete 

nutritional profile, bioactive carbohydrates (RS, fiber, fructan), phytochemicals, and value 

addition scope of Nendran pulp in novel forms. Similarly, unripe Nendran peel is also an 

underutilized and underexplored commodity. Nendran peel accounts for nearly 35% of the total 

weight of bananas and is typically discarded as waste. Each year, about 40 million tonnes of 

peel are generated and the majority of these peels are often dumped away in landfills. A 

substantial portion of this priceless raw material is wasted due to inefficient agricultural waste 

management techniques and a lack of awareness. Transforming banana by-products into useful 

commodities would enhance agricultural development, and market viability of banana pulp-

based products and also contribute to a circular economy (Alzate Acevedo et al., 2021; Zou et 

al., 2022). Even though Nendran peel is consumed traditionally in Nendran prevalence areas 

and is known for its anti-diabetic potential, but lacks scientific validation. The UN 2030 agenda 

for sustainable development aims to eliminate food waste and maximize food resources 

(Transforming Our World: The 2030 Agenda for Sustainable Development, n.d.) and our study 

aligns with this mission. 
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     The present study focused on the extensive phytochemical, nutritional, and prebiotic 

characterization (bioactive carbohydrates - RS, fructan, fiber) of Nendran peel. Understanding 

the potential and current scenario of underutilization, through this work, we aim to explain the 

untapped health potentials of both pulp and peel of unripe Nendran bananas, investigation on 

its phytochemical profile, and utilization of it in novel forms. These interventions on value 

addition of a previously underutilized agricultural crop can help in improving the income of 

farmers and provide nutritious food to consumers as well. Building upon this background, the 

following objectives have been formulated. 

1.4. Objectives 

• Value addition of raw Nendran pulp and studies on its nutrient content, bioactive 

carbohydrates & shelf stability analysis. 

• Phytochemical exploration studies of unripe Nendran pulp and product. 

• Evaluation of process-induced changes in the RS content of raw pulp, and its relation 

to GI-GL. 

• Phytochemical exploration studies in unripe Nendran peel and evaluation of its anti-

inflammatory and α-glucosidase inhibition potential. 

• Exploration of bioactive components in banana peel and scope for value addition. 

     The thesis is organized into 7 chapters and each objective is discussed in detail in the five 

working chapters.  

     Chapter 1 gives a general introduction and literature review on bananas, covering their 

origin, production statistics, post-harvest uses, phytochemicals, and health benefits.  

     Chapter 2 includes studies on the assessment of the value addition potential of unripe 

Nendran pulp and the development of a novel product banana grit (BG) from the pulp of unripe 

Nendran. The novel utilities of grit offer a way to position bananas in a new form rather than 

conventional weaning food. The chapter also discusses the proximate analysis, bioactive 

carbohydrate content, mineral composition, and shelf life analysis of the product. 

     Chapter 3 discusses extensive phytochemical characterization studies conducted in the 

unripe Nendran pulp as well as BG. The study revealed the presence of carotenoids, β-

sitosterol, glycolipids viz. monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol 

(DGDG), acyl steryl glycosides (ASG) viz. sitoindoside-II, sitoindoside-I, sterylglycoside (𝛽-

Sitosterol 𝛽-D-glucopyranoside), and glucocerebroside (GC) in BG as well as in pulp. The 
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present work serves as the first report on the isolation of GC from Musa species and also the 

first report on phytochemical isolation studies from the Nendran cultivar. Literature shows that 

these compounds have a myriad of health benefits, which emphasize the potential health 

benefits of BG consumption.  

     Chapter 4 discusses exclusively studies on the RS content of unripe Nendran pulp and 

processed-induced changes in it and its relation with GI. This chapter describes the in vitro 

starch hydrolysis and prediction of GI of BG. Further, the GI-GL values of two preparations of 

BG i.e., BG upma and porridge were assessed at the clinical level in collaboration with Madras 

Diabetes Research Foundation (MDRF), Chennai and the data showed a high correlation with 

in vitro predicted GI. The data on the RS content of BG was compared with preparations like 

rice, oats, and chapati, and found that BG preparations contained more RS compared to these 

items, indicating the nutritional superiority of BG in terms of RS content over these products.  

     After completing our studies on the pulp, we have focused on the peel, since peel is the 

major by-product generated during the BG production. Considering its potential application in 

the functional food industry we have conducted extensive phytochemical and nutrient 

evaluation of peel which is described in detail in Chapters 5 & 6. Building upon our discovery 

of GCs from the pulp of Nendran bananas for the first time, we were curious to explore the 

presence of GCs in banana peel and evaluate their anti-inflammatory properties. The 

phytochemical exploration studies were conducted in unripe Nendran peel for the isolation of 

GC (Chapter 5). The studies revealed the presence of eighteen molecular species of 

glucocerebroside containing α- and ω-hydroxy fatty acids from the peel. The GC consortium 

exhibited remarkable in vitro anti-inflammation and α-glucosidase inhibition potential. 

     Chapter 6 discusses proximate composition and bioactive carbohydrate content in peel. 

Through this work, we have identified lyophilized raw banana peel as a potent source of 

bioactive carbohydrates. Lyophilized raw Nendran peel contains RS (18.11 ± 0.06%), dietary 

fiber (26.87 ± 0.92%), and fructan (1.34 ± 0.31%). The chapter also discusses the in vitro 

immunomodulation properties and α-glucosidase potential of methanol extract of peel. These 

studies indicate the scope for value addition potential of unripe peel for the development of 

prebiotic supplements as well as functional food ingredients. 

     Chapter 7 summarizes the entire work carried out in the thesis.  
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Chapter 2 

Value addition of raw Nendran pulp and studies 

on its nutrient content, bioactive carbohydrates 

& shelf stability analysis 

2.1. Introduction 

2.1.1. Musa (AAB) cv. Nendran 

     Raw banana Musa (AAB) cv. Nendran (Fig. 2.1.) is a popular cultivated variety of banana 

in South Indian states (Tamil Nadu, Kerala, Karnataka), and elsewhere in the world. 'Nendran' 

has different names in various parts of the world, such as 'Rejeli' in North Indian states, 'French 

plantain/Horn plantain' in England, 'Hooru plantain' in Denmark, 'Banana cent livers' in France, 

'Pisang feige/Hornfeermige' in Germany, 'Pisang candi' in Indonesia, 'Pisang lang/Pisang 

Nangka/Pisang ton dok' in Malaysia, 'Bhangoaisan' in the Philippines, and 'Kluai nga chang' in 

Thailand (Sreejith & Sabu, 2017).  

 

 

 

 

 

 

 

 

 

 

     A mature unripe Nendran infructescence weighs approximately 12-15 kg with 4-6 hands, 

around 9 kg of pulp, and 4.5 kg of peel. Nendran attains bunch maturity after 5-6 months from 

flowering, the long and thick fruits with good keeping quality make unripe Nendran the best 

option for the preparation of the world-famous Kerala banana chips (Chitra, 2015). The 

Fig. 2.1. Nendran habit with mature infructescence 
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Nendran fruits are large, and thick (20-27 cm long and 14-18 cm circumference) with a thick-

leathery peel having three prominent ridges and a distinct nipple. The interior colour of the 

fruit will remain creamy, and yellowish when it is raw and eventually turns yellowish orange 

during ripening, simultaneously the peel colour also turns yellow. When the peel is green, the 

flavour of the pulp is bland and its texture is starchy, as the peel changes to yellow, brown to 

black, the sweetness increases, and the texture becomes soft (Sreejith & Sabu, 2017). 

2.1.2. Cultivation practices of Nendran banana 

     Banana is mainly cultivated in tropical humid lowlands and is grown from the sea level to 

1000 m above mean sea level. Soil with good fertility and an assured supply of moisture is best 

suited for banana cultivation. Nendran is cultivated as both a rainfed and irrigated crop. The 

recommended spacing for Nendran bananas is 2.0 × 2.0 meters, with a planting density of 2500 

suckers per hectare. Organic manures like vermicompost (2 kg/pit), groundnut cake/neem cake 

(1 kg/pit), farm yard manure (FYM-10 kg/plant), nitrogen-phosphorous-potassium (NPK) 

biofertilizer-Plant Growth Promoting Rhizobacteria (PGPR-mixture, 50-100 g/pit) are usually 

applied at the time of planting. The additional nutrient requirement for Nendran during the 

growing period includes FYM/Compost: 20 kg, rock phosphate: 200, and ash: 1 kg. These 

nutrients were applied in two equal split doses in the 2nd and 4th months after planting. Nendran 

bananas planted in October under deep water table conditions need specific irrigation practices. 

They require nearly 40 L of irrigation per plant once every two days during the summer season 

for higher bunch yield. Nendran bananas are vulnerable to pests like the banana pseudostem 

weevil and diseases like Sigatoka leaf spot. Management practices include field sanitation, 

swabbing mud slurry around the pseudostem, and using entomopathogens for pest control. For 

diseases, burning affected leaves and employing bioagents are usually practiced 

(Organic_production_of_banana.Pdf, n.d.; VFPCK -, n.d.). 

2.1.3. Nendran clones and traditional uses of Nendran 

     Nendran has many cultivated varieties (clones) including Manjeri Nendran (early maturing), 

Kaliyethan (common variety in Thiruvananthapuram district), Quintal Nendran (high-

yielding), Attu Nendran (tall variety, long fruits), Chengazhikkodan (fruits are tasty and golden 

yellow in colour), Nedunendran (fruits are bigger, high-yielding), Mindoli (late maturing, fruits 

are bigger), Mettuppalayam (tall variety, high yielding, long duration), Zanzibar (very big 

fruits, with two or three hands in a bunch), Attunendran (suitable for rain-fed crop). Among 

them, Chengalikodan is a very popular variety of Thrissur, that has conferred the geographical 

indication tag and is known for its unique shape, red spots on the peel, colour, and taste (Fig. 
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2.2.). This particular variety of Nendran was given as an offering to lord Krishna in Guruvayoor 

Temple during the festival of Onam, hence of great religious significance(Sreejith & Sabu, 

2017; VFPCK -, n.d.).  

 

 

 

 

 

 

 

 

      

Ripe Nendran bananas were used for the preparation of halwa, payasam, and various snacks 

showcasing their versatility and culinary appeal. However, the unripe Nendran has yet to garner 

recognition in the public domain and remains as an underutilized commodity. Traditionally, it 

is used for making banana chips, as a weaning food for babies, and in selected culinary dishes 

(Fig. 2.3.). Apart from its use as a weaning food, no other value-added products derived from 

unripe Nendran pulp with novel applications are available in the market. So far, no efforts have 

been made to harness the prebiotic benefit of Nendran and its utilization in novel forms. 

 

 

 

 

                

Fig. 2.3. Traditional preparations of unripe Nendran banana  

(Sources:https://keralahypermarketonline.com/product/banana-chips-500-gms/, 

http://www.lincyscookart.com/2015/08/vazhakka-thoran-raw-banana-thoran.html,                

https://www.myforkinglife.com/green-banana-porridge/) 

Fig. 2.2. Ripe Chengalikodan banana  

(Source: https://english.mathrubhumi.com/features/agriculture/soil-quality-increased-value-

of-chengalikodan-bananas-1.5257602) 
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2.2. Objectives  

     Given the Indigenous nature of Nendran in Kerala and understanding the current scenario 

of underutilization, our study aims to explore the nutritional profile, bioactive carbohydrates 

content, value addition scope of Nendran pulp, and the development of novel products from 

the commodity and its characterization studies.  From this background, the following objectives 

were formulated. 

• Evaluation of proximate composition and bioactive carbohydrate content (dietary fiber 

content and fructan) of unripe pulp. 

• Development of novel products from unripe Nendran pulp. 

• Product optimization and diversification studies. 

• Analysis of proximate composition and bioactive carbohydrate content of the product. 

• Estimation of total carotenoid content, mineral composition, and shelf life analysis of 

product. 

2.3. Materials and methods 

2.3.1. Chemicals and standards 

     The HPLC grade solvents were purchased from Merck Life Science Pvt Ltd (Mumbai, 

India). The carotenoid HPLC standard (β-carotene - catalogue no. C4582-10MG) was procured 

from Sigma-Aldrich, India. Potato dextrose agar (GM096-500G), nutrient agar (M0871-500G), 

agar powder (GRM026-500G), and peptone (RM-001) were procured from Hi-media. The 

Total Dietary Fiber Assay Kit (K-TDFR) and Fructan Assay Kit (K-FRU) were procured from 

Megazyme Ltd., Ireland. Other reagents used were of standard analytical grade. 

2.3.2. Voucher specimen deposition 

     The voucher specimen of Nendran (Musa (AAB) cv. Nendran) was collected on 15th May 

2019 from local organic farmers in Vellayani, Ookode (8°25'54.3"N 77°00'14.8"E) 

Thiruvananthapuram District, Kerala, India.  The specimen was identified and deposited at the 

Herbarium of Jawaharlal Nehru Tropical Botanic Garden & Research Institute 

Thiruvananthapuram, Kerala, India (TBGT voucher number: TBGT 94628, Fig. 2.4.). 
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Fig. 2.4. Voucher specimen of Nendran 

 

 

 

 

 

 

 

 

 

 

 

2.3.3. Raw material collection  

     The mature unripe Nendran banana (16.32 kg) of 150 days of maturity from flowering, was 

purchased from ‘Nostalgia-organic farm’ in Vellayani, Ookode, Thiruvananthapuram, Kerala.  

The collected raw material was used for the studies discussed in chapters 2 & 3. The images of 

Nendran banana habit, infructescence, and different stages of maturity are shown in Fig. 2.5.  

2.3.4. Proximate analysis of unripe pulp 

     The moisture, fat, protein, ash, and carbohydrate content of BG was determined according 

to AOAC Method, 1990 (AOAC: Official Methods of Analysis (Volume 1), n.d.). 

2.3.4.1. Moisture content 

     The moisture content was determined by the oven-drying method. The sample (5 g) was 

kept in the oven at 105 ˚C for 3 hours until a constant weight was obtained.  

2.3.4.2. Fat content  

     Fat content in samples was determined by using the Soxhlet extraction method. The sample 

(5 g) was packed in a paper thimble and extracted with 300 mL of hexane at 40 °C for 6 hours.  

2.3.4.3. Protein content 

     The total protein content was determined using the Kjeldhal method and total protein 

content was calculated using the conversion factor (6.25). 
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2.3.4.4. Ash content 

     The sample (5 g) was placed on a Bunsen burner for charring, the charred sample was then 

incinerated in a muffle furnace at 550 °C for 24 hours.  

2.3.4.5. Carbohydrate content 

     The carbohydrate content of the sample was calculated by the difference of mean values of 

moisture, protein, fat, and ash from hundred. 

 Total carbohydrates (%) = 100 - (Moisture + Protein + Fat + Ash) 
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 Fig. 2.5. a-e. Nendran habit, mature Nendran infructescence & different stages of maturity of Nendran banana 
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2.3.5. Estimation of total dietary fiber (TDF) content of unripe pulp 

     Unripe pulp's TDF content was estimated using the Megazyme Total Dietary Fiber Assay 

Kit (K-TDFR).  The method is based on AACC method 32-05.01 and AOAC Method 985.29. 

The assay was conducted according to the manufacturer’s instructions. The TDF content was 

determined by treating the sample (1 g, in 40 mL of 2-(N-morpholino) ethanesulfonic acid-

tris(hydroxymethyl)aminomethane (MES-TRIS) buffer solution, pH 8.2) with heat stable α-

amylase (50 µL, 3000 U/mL) at 100 °C to gelatinize, hydrolyze and depolymerize the starch. 

Further, the sample was incubated at 60 °C with protease (100 µL, 50 mg/mL; ~ 350 tyrosine 

U/mL) to solubilize and depolymerize proteins. Then following the addition of 

amyloglucosidase (200 µL, 3300 U/mL) to hydrolyze starch fragments into glucose; four 

volumes of ethanol were then added to precipitate soluble fiber and eliminate depolymerized 

protein and glucose. The solution was passed through a Gooch crucible containing celite. 

The residue was washed with acetone, 95% ethanol, and 78% ethanol. It was then dried and 

weighed. Further, one sample was used to assess the protein content and the other one was used 

for measuring the ash content (Total Dietary Fiber Assay Kit, n.d.). The TDF is calculated by 

the weight of the dried residue less the weight of the protein and ash (Scheme 2.1.). 

 

 

 

 

 

 

 

 

 

 

 

                 

 

 

Scheme 2.1. TDF content analysis (Source: Megazyme Total Dietary Fiber Assay Kit method, 

scheme created with BioRender.com)
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 2.3.6. Estimation of fructan content of unripe pulp 

     The fructan content in the sample was assessed using the Megazyme Fructan Assay Kit (K-

FRUC). This kit is designed for precise measurement of fructan in food products containing 

starch, sucrose, and other sugars as well as plant extracts and animal feed. It is included in three 

approved techniques for determining fructans: AOAC method 2016.14 (for adult nutritional 

products and infant formula), AOAC method 999.03 (for foods), and AOAC method 2018.07 

(for animal feed). The assay was performed following the manufacturer's guidelines. The initial 

phase of the assay involves the removal of interfering substances i.e., sucrose and starch using 

sucrase, pullulanase, maltase, and β-amylase to monomeric glucose and fructose. The glucose 

and fructose were removed from the solution by treating with sodium borohydride to sorbitol 

and mannitol. In the second phase, fructan was cleaved to glucose and fructose by treatment 

with exo-inulinase, endo-inulinase, and endo-levanase. The glucose and fructose derived from 

fructan were quantified using the P-hydroxybenzoic acid hydrazide (PAHBAH) reducing sugar 

assay (Fructan Assay Kit, n.d.). The schematic representation of the assay protocol is given in 

Scheme 2.2. 

        

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Scheme 2.2. Fructan content estimation (Source: Megazyme Fructan Assay Kit 

method, scheme created with BioRender.com)
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2.3.7. Value addition of unripe Nendran pulp-development of novel banana grit (BG) 

     The pulp of Nendran was converted to a novel RTC product ‘BG’ by preliminary treatments 

and drying techniques. Fully matured Nendran banana, i.e., before ripening, was used to 

prepare BG. BG was prepared from the unripe pulp of Nendran by pre-treatments and drying. 

As the processing details of BG are part of technology transfer (discussed under section 2.4.13.) 

those details are not mentioned in the thesis. 

2.3.8. Assessment of raw material from different locations 

     The suitability of raw materials from different locations for preparing BG was evaluated. 

Mature unripe Nendran was purchased from the Wayanad district of Kerala and compared with 

Nendran collected from Thiruvananthapuram. Proximate analysis of both pulp was carried out 

according to the AOAC method (AOAC: Official Methods of Analysis (Volume 1), n.d.) and 

BG was prepared from both raw materials.  

2.3.9. Proximate analysis of BG 

     The proximate composition of BG was analyzed according to methods mentioned in section 

2.3.4. (AOAC: Official Methods of Analysis (Volume 1), n.d.). 

2.3.10. Determination of soluble, insoluble, and TDF content of BG 

     The soluble, insoluble, and TDF content of BG was determined using the Megazyme Total 

Dietary Fiber Assay Kit (K-TDFR).  The assay was conducted according to the manufacturer's 

instructions (Total Dietary Fiber Assay Kit, n.d.) and the schematic representation of the 

procedure is given in Scheme 2.3. 

 

 

 

 

 

 

 

 

 

Scheme 2.3. Soluble and insoluble dietary fiber content analysis (Source: Megazyme Total 

Dietary Fiber Assay Kit method, scheme created with BioRender.com) 
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2.3.11. Determination of fructan content of BG 

     The fructan content of BG was determined according to the procedure mentioned in section 

2.3.6. 

2.3.12. Mineral composition of BG 

     The mineral composition of BG was estimated using inductively coupled plasma mass 

spectrometry (ICP-MS, Thermo scientific iCAP RQ ICPMS) analysis.  

2.3.13. Evaluation of pesticide content of BG 

     The pesticide residue analysis of BG was conducted at the pesticide residue research and 

analytical laboratory, college of Agriculture, Vellayani, Thiruvananthapuram based on the 

AOAC approved (AOAC 20th Edition 2016:2007.01) quick, easy, cheap, effective, rugged, and 

safe (QuEChERS) method for analysis of pesticide residue in fruits and vegetables (Lehotay, 

2007). The presence of 98 pesticides was screened in BG.  

2.3.14. Evaluation of total carotenoid content (TCC) of BG 

     The TCC of BG was estimated as per the literature report with slight modification 

(Rodriguez-Amaya & Kimura, 2004). The TCC of BG was evaluated by preparing two extracts, 

i.e., hexane and acetone. In brief, BG (100 g) was powdered and passed through 20 mesh and 

extracted with hexane at 70 °C for 6 hours in a Soxhlet apparatus, which yielded 413.5 mg of 

hexane extract, and from that 2.5 mg of sample was taken for total carotenoid content 

measurement. For acetone extraction, BG (6 g) was powdered and passed through 20 mesh, 

from that a portion of the sample (3 g) was extracted with 50 mL chilled acetone for 30 minutes 

and the process was repeated until the sample was colourless. The extract was then transferred 

to petroleum ether (25 mL) and the absorbance was read at 450 nm in an ultraviolet-visible 

(UV-VIS) spectrophotometer (UV-2600, Shimadzu, Japan) and quantified using the absorption 

coefficient of 2500 (recommended for the estimation of carotenoid mixtures). 

 

Total carotenoid content (µg/g) =          A × V (mL) × 104                     

                                                        A1cm
1%  × sample weight (g) 

 

     Where A is the absorbance at a specified wavelength, V is the total volume of extract (25 

mL), A1cm
1%

 is the absorption coefficient (2500). The total carotenoid content of BG hexane 

extract was measured by dissolving 2.5 mg of the extract in 10 mL of petroleum ether and the 

total carotenoid content was measured as described above. Further to this, the variation in the 

carotenoid content of BG with location (Wayanad and Thiruvananthapuram) and variation in 

TCC with ripening of Nendran was also evaluated by preparing the acetone extract. 
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2.3.15. Qualitative HPLC-diode array detector (DAD) profiling of carotenoids in the BG 

hexane extract 

     The carotenoid fingerprinting of the BG was performed by using the hexane extract of BG 

and analyzed with the analytical Nexera X2 HPLC system (Shimadzu, Japan) equipped with a 

reverse phase, shim-pack GISS 5µm C18 column (250 × 4.6 mm, Shimadzu) connected to a 

Photo Diode Array (PDA) detector (SPD-M20A) and an autosampler (SIL-30AC). The mobile 

phase comprised of acetonitrile:methanol:tetrahydrofuran (ACN:MeOH:THF 40:56:4) with a 

flow rate of 1 mL/minutes, and isocratic elution for 30 minutes. The weighed β-carotene 

standard (5 mg) was dissolved in THF (10 mL) and 20 μL of the sample was injected. The 

hexane extract (50 mg) of BG (extraction procedure mentioned under section 2.3.14.) was 

dissolved in 2 mL of THF and filtered through a 0.2 µm nylon filter (Micro-Por Minigen 

Syringe Filter, Genetix Biotech Asia, New Delhi) prior to analysis, and 20 μL of the sample 

was injected. The column temperature was maintained at 25 ºC and eluting peaks were 

monitored at 450 nm (Bushway, 1986). 

2.3.16. Shelf life evaluation of BG 

     For the shelf life evaluation, BG was packed in polyethylene-polypropylene blend 

packaging material, sealed under vacuum, and stored at room temperature (27-33 °C) and 

evaluated the change in three critical parameters such as moisture content, microbial load, and 

colour characteristics periodically for one year. 

2.3.16.1. Change in moisture content 

     Change in the moisture content of the sample was analyzed following the AOAC method 

mentioned in section 2.3.4.1. 

2.3.16.2. Enumeration of microorganism in BG-yeast & mold count and total plate count 

     The yeast and mold count was determined using potato dextrose agar medium and, the 

bacterial count (total plate count/aerobic plate count) was evaluated using nutrient agar medium 

following the methods of the bacteriological analytical manual (1992), Compendium of 

Methods for the Microbiological Examination of Foods (1992) & FSSAI Manual of Methods 

of Analysis-Microbiological Examination of Food and Water (ELLIOT et al., n.d.; Manual-

Microbiology-Methods.Pdf, n.d.; Salfinger & Tortorello, 2015).   

     For yeast and mold determination, potato dextrose agar medium was prepared by dissolving 

7.8 g of potato dextrose agar and 2 g of agar powder in 200 mL of distilled water and the 

nutrient agar medium for total plate count enumeration was prepared by dissolving 5.8 g of 

nutrient agar and 2 g of agar powder in 200 mL of distilled water followed by autoclaving for 

20 minutes. Weighed 1 g of BG was mixed with 10 mL of peptone (0.1%) water and vortexed. 
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From this 10 mL tube, 1 mL was taken and added to a 9 mL tube. Likewise, it was serially 

diluted up to 10-4 dilutions. The appropriate dilution of the sample (1 mL) was inoculated in 

petri plates under aseptic conditions in a laminar airflow cabinet and the molten media at about 

45 °C was poured into each plate aseptically. The petri plates were incubated at 35 °C for 24 

hours to enumerate the bacterial count and for 48 hours for yeast and mold count. The average 

count of two plates was recorded and expressed as the number of colony-forming units per g 

(CFU/g). 

CFU/g    =   
No.of colonies

Dilution factor×Volume of sample pipetted
                        

 

2.3.16.3. Change in colour characteristics 

     Change in colour values of BG was determined by using Hunter Lab Colorimeter. The 

changes in L*, a*, and b* values were measured during one year of storage time. the yellowness 

index of BG was calculated using the measured L, a* and b* values (Hirschler, 2012). 

                             Yellowness index = 142.86 × (b*/L) 

2.3.17. Product improvement 

     One important observation made during the shelf life study was the gradual decline in the 

bright yellow colour of BG. Hence new interventions were taken to improve the colour 

characteristics and to retain the yellow colour. The BG was pretreated to improve the colour 

and the change in colour characteristics of the improved samples was analyzed periodically for 

one year. 

2.3.18. Various preparations using BG 

     An array of delicacies ranging from wholesome breakfast, BG upma, BG-green gram mix 

upma, BG Italian delight, BG-hot and sour, BG-cream cheese, to flavoured health drinks & 

porridge, payasam, etc. were prepared from BG with 6-8 minutes of cooking. Preparations like 

BG gruel, and BG-milk porridge can be formulated from BG even without cooking attributing 

BG a RTC as well as ready-to-reconstitute (RTR) status. 

2.3.19. Statistical analysis 

     All the experiments, except the estimation of soluble and insoluble fiber (n=1) and 

estimation of mineral content, were conducted in triplicates (n=3), with data presented as the 

mean ± standard deviation (SD). Statistical analysis was performed using IBM SPSS Statistics 

26 (SPSS Inc., Chicago, USA). An independent samples t-test was used to compare the means 

of two samples, with a significance level set at P ≤ 0.05. 
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Fig. 2.6a. Mature unripe Nendran               Fig. 2.6b. Mature unripe Nendran pulp 

2.4. Result and discussion 

     Before directly entering to the value addition trials, initially, the value addition potential of 

Nendran pulp was evaluated by assessing its proximate content, total dietary fiber content, and 

fructan content. Further a novel product ‘BG’ was developed from unripe Nendran pulp and 

evaluated its proximate composition, bioactive carbohydrate content, shelf life, and total 

carotenoid content. 

2.4.1. Proximate composition of unripe pulp 

     The mature unripe Nendran, nearly 150 days old after flowering, 20-27 cm long, and 16 cm 

around, apex lengthily pointed with floral relicts (Fig. 2.6a.). The mature unripe fruit pulp is 

greyish-white (Fig. 2.6b.). Pulp has a moisture content of 59.67 ± 0.13%, and the protein, fat, 

and ash content were 0.23 ± 0.01%, 0.31 ± 0.04%, and 1.21 ± 0.08% respectively. 

Carbohydrates content by difference is 38.58% ± 0.18% (Table 2.1). Drying 100 g of unripe 

Nendran pulp yields nearly 40 g of dried pulp, which was a comparatively good yield and 

indicates the value addition potential of unripe Nendran pulp. 

 

 

 

 

 

                            Table 2.1. Proximate composition of unripe Nendran pulp 

 

 

 

 

 

 

 

 

 

Parameters Amount (%) 

Moisture 59.67± 0.13 

Protein 0.23 ± 0.01 

Fat 0.31 ± 0.04 

Ash 1.21 ± 0.08 

Carbohydrate  

(by difference) 

38.58 ± 0.18 

Mean±SD (n=3) 
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2.4.2. Estimation of TDF content of pulp 

     In 1953, Prof. Hipsley introduced the term dietary fiber to describe the indigestible 

components of the plant cell wall. Since then, the definition has undergone numerous updates. 

Dietary fiber was described in 2000 by the American Association of Cereal Chemists (AACC) 

as the edible portions of plants that are either fully or partially fermented in the large intestine 

of humans and resist digestion and absorption in the small intestine (He et al., 2022). As per 

the widely recognized definition from Codex Alimentarius Alinorm in 2009, dietary fiber is 

defined as an edible carbohydrate polymer composed of three or more monomeric units that 

resist digestion by endogenous enzymes and, consequently, are neither broken down nor 

absorbed in the small intestine. Dietary fibers are categorized based on their structures into 

non-starch polysaccharides, RS, and resistant oligosaccharides (Guan et al., 2021). Based on 

its solubility and fermentable nature, dietary fiber is divided into soluble dietary fiber and 

insoluble fiber. Soluble fiber is viscous and gets fermented in the large intestine by gut 

microbiota to SCFAs. Examples of soluble dietary fiber include inulin, gum, pectin, 

glucomannan, FOS, galacto-oligosaccharides (GOS), and β-glucan. The insoluble dietary fiber 

is insoluble, non-viscous, non/least fermentable fiber e.g., cellulose, hemicellulose, lignin, 

cutin, suberin, etc. (Dhingra et al., 2012).  

     The total dietary fiber content of unripe pulp was found to be 7.24% on dw and 2.89% on 

wet basis (wb, n=1). Consumption of dietary fiber imparts numerous health benefits. The 

insoluble dietary fiber adds bulk to the diet, accelerates colonic transit, and provides improved 

bowel health (IDA-Position-Paper-Fibre-24.12.18.Pdf, n.d.). Soluble dietary fiber get 

converted primarily to SCFAs (acetate, propionate, and butyrate) by probiotics in the gut 

(Dhingra et al., 2012; He et al., 2022). SCFA provides energy to the colonocytes, promotes the 

secretion of mucosa, and thereby aids in colon health. The SCFAs not only lower the risk of 

gastrointestinal diseases but also play crucial roles as activators for GPCRs engaged in immune 

system modulation (Segain et al., 2000; Smith et al., 2013). Activated GPCR coupled free fatty 

acid receptors 2 and 3 (FFAR2, FFAR3) enhance the secretion of GLP-1  and PYY from 

intestinal L cells and improve insulin secretion and sensitivity thereby exerting beneficial 

effects in subjects with diabetes and obesity (Tolhurst et al., 2012).  

     Semaglutide, a GLP-1 receptor agonist available under the brand names Wegovy, Ozempic, 

and Rybelsus, is used as an anti-obesity drug for long-term weight management as well as an 

antidiabetic drug for type 2 diabetes. Unlike GLP-1, semaglutide boasts an extended half-life 

of about 7 days in the blood (165-184 hours), making it preferable for patients seeking effective 

weight loss. However, recent reports have highlighted the associated side effects of the drug 
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Fig. 2.7. Health benefits associated with dietary fiber consumption 

(Source: Waddell & Orfila, 2023, http://dx.doi.org/10.1080/10408398.2022.2061909) 

 

(FDA, 2024). In contrast, fermentable fiber demonstrates the ability to control appetite and 

provide satiety for extended periods with fewer associated side effects. This makes it a 

promising avenue for managing diabetes and obesity, leading to an increased focus on 

researching fermentable fibers that function as prebiotics. Fiber consumption also regulates the 

secretion of ‘CCK’, another satiety hormone that regulates the secretion of pancreatic enzymes 

(Waddell & Orfila, 2023). CCK regulates gastric emptying, rate of digestion, and absorption. 

Compared to non-diabetic persons, diabetes patients exhibit lower plasma levels of CCK and 

faster stomach emptying rates. Fiber supplementation was found to enhance postprandial CCK 

concentration and reduce plasma insulin and glucose responses (Bourdon et al., 2001). 

     Other benefits associated with bioactive carbohydrates include decreased blood cholesterol 

level (Dhingra et al., 2012), reduced risk of hypertension, coronary heart disease, stroke, and 

various gastrointestinal disorders (Anderson et al., 2009). increased absorption of calcium and 

magnesium, hypoglycemic effect (Guo et al., 2022), and increased satiety thus aiding in weight 

management in obesity and diabetes (Hughes et al., 2022). Health benefits associated with 

dietary fiber consumption are outlined in Fig. 2.7. The dietary fiber content of unripe pulp 

indicates the value-addition potential of unripe Nendran pulp. 
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2.4.3. Estimation of fructan content of pulp 

     Fructans, the oligo- and polysaccharides, consist of short chains of fructose units that 

terminate with a single D-glucose unit at the reducing end. Based on their linkage patterns, 

fructans are categorized into three primary types: the inulin group, which primarily or 

exclusively features (2→1) fructosyl-fructose linkages; the levan group, which comprises 

(2→6) fructosyl-fructose links either solely or mostly; and the branching group, which has 

notable amounts of both (2→1) and (2→6) fructosyl-fructose connections (Pérez-López & 

Simpson, 2020). 

     The analysis of fructan content in unripe pulp revealed that it contains 0.04% and 0.12% of 

fructan on wb and db respectively (n=1). A study by Shalini and Usha,2015 reported a 

remarkably high amount of fructan content of 1.4% in the Nendran banana and they found that 

the pectinase enzyme pretreatment significantly increased total fructans from an initial 1.4 to 

6.5% (Shalini & Antony, 2015). The differences in the fructan content observed in the same 

matrix (unripe Nendran pulp) can be attributed to differences in several factors such as 

differences in soil conditions, cultivar used, etc. (Shalini & Antony, 2015). Also, the method 

they employed for fructan quantification is the Megazyme fructan HK kit (K-FRUHK), which 

is designed for measuring all FOS and fructan polysaccharides. However, the fructan assay kit 

(K-FRUC) that we have used is designed for the precise measurement of fructan in food 

products containing starch, sucrose, and other sugars (Fructan Assay Kit, n.d.; Fructan HK 

Assay Kit, n.d.). These factors may have contributed to the reported higher values of fructan in 

the study by Shalini and Usha, 2015.  

     Clinical trials have demonstrated that fructan supplementation exerts favourable effects on 

health, encompassing improved glycemic control, enhanced prebiotic activity by promoting 

the abundance of Bifidobacterium, Lactobacillus,  improved laxation, reduced risk of colon 

cancer, increased insulin sensitivity, and immunomodulation properties (de Carvalho Correa et 

al., 2023). The presence of fructan further reinforces the health benefits of unripe pulp 

consumption for better gut health.  

2.4.4. Preparation of BG 

     A novel, preservative, and additive-free product coined ‘BG’ was developed for the first 

time from the pulp of unripe Nendran banana. BG was prepared using the pulp of matured 

unripe Nendran banana (150 days old after flowering; 20-27 cm long and 16 cm around) by 

pre-treatment and drying (Scheme 2.4.). Different stages in the BG production are shown in 

Fig. 2.8. 
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     Scheme 2.4. BG production 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     To the best of our knowledge, there has been no previous attempt to develop raw Nendran 

as grits, which can have wider applications as porridge, flavoured health drinks, gruel, and BG-

vegetable mix (BG-veg mix) that can be consumed as a main course food (Fig. 2.9.).  Along 

with BG, the banana powder is obtained as a byproduct during the processing of BG. From 3.3 

kg of unripe banana, 2 kg pulp is obtained and the yield of dried product from this pulp was 

800 g (40%), and from this, the final yield of BG and banana powder was 520 g (65%) and 280 

g (25%) respectively (Scheme 2.5.). 

Fig. 2.8. Different stages in the BG processing 
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Fig. 2.9.  Unripe Nendran, novel BG, and products formulated from BG 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.5. BG yield pattern 

        

     BG in RTC and RTR form offers a way to position banana in new forms rather than 

conventional weaning food. This Scientific & Technical Know-how developed by us focuses 

on the potential of utilizing an indigenous vegetable crop (raw banana) as a source of healthy 

carbohydrates alternative to cereal-based diet. These interventions on value addition can help 

in improving the income of farmers and at the same time provide nutritious food to consumers. 

2.4.5. Assessment of raw material from different locations 

     The suitability of raw materials collected from different locations was assessed for BG 

preparation. Mature unripe Nendran was purchased from the Wayanad district of Kerala and 

compared with Nendran collected from Thiruvananthapuram (Fig. 2.10.).  
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     The proximate analysis of each pulp was carried out (Table 2.2.) and BG was successfully 

developed from raw materials from Wayanad and Thiruvananthapuram. The moisture content 

of Wayanad Nendran pulp was lower than that of Thiruvananthapuram Nendran, resulting in a 

slightly higher yield of BG when using Nendran sourced from Wayanad. Additionally, the raw 

material cost is also lower in Wayanad, which is a critical factor from an industrial perspective. 

However, the colour of BG produced from Wayanad Nendran is less compared to that produced 

from Thiruvananthapuram Nendran (Fig. 2.10.). 

 

 

 

 

 

 

 

 

 

 

 

         Fig. 2.10. Images of Nendran and BG from different locations 

 

        Table 2.2. Proximate composition of Nendran from Wayanad and Thiruvananthapuram  

 

 

 

 

 

 

 

 

 

 

 

Parameters 

 
Wayanad Nendran 

Pulp 

 
Thiruvananthapuram 

Nendran Pulp 

 
Moisture (%) 

 
56.47 ± 0.42a 

 
59.67± 0.13b 

Protein (%) 0.19 ± 0.01a 
 

0.23 ± 0.01b 
 

Fat (%) 
 

0.17 ± 0.06a 
 

0.31 ± 0.04b 

Ash (%) 1.18 ± 0.06a 
 

1.21 ± 0.08b 

Carbohydrate (%) 41.99 ± 0.13a 
 

38.58 ± 0.18b 

Pulp-to-peel ratio 1.51 ± 0.89a 1.84 ± 1.21b 

Data expressed as mean±SD (n=3) and values with different superscripts in the same raw 

are significantly different (p≤0.05) 
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2.4.6. Proximate composition and bioactive carbohydrates content of BG 

     The proximate analysis showed that BG has a low moisture content (2.83 ± 0.05 %), 1.46 ± 

0.03% ash content, 0.41 ± 0.13% fat, 3.97 ± 0.22% protein content, and high carbohydrate 

content (91.31 ± 0.17 %, Table 2.3.). The low moisture and fat content of the BG indicates the 

high shelf stability of the product. Screening of bioactive carbohydrates in BG revealed a total 

dietary fiber content of 7.38±0.03%. This fiber is distributed as 5.66% insoluble fiber and 

1.69% soluble fiber and the fructan content was found to be 0.07 ± 0.01% (Table 2.4.). Dietary 

fiber and fructan are molecules known for their beneficial effects in maintaining a healthy gut 

(detailed in sections 2.4.2. & 2.4.3. of this chapter) and recognizing their significance, the 

World Health Organization (WHO) recommends a daily fiber intake of 25 g to support optimal 

health (WHO Updates Guidelines on Fats and Carbohydrates, n.d.).  

 

Table 2.3. Proximate composition of BG 

 

 

 

 

 

 

 

 

                          

                                                                                                                  

Table 2.4. Total dietary fiber and fructan content of BG 

                                                                                                                                     

 

 

 

                                                                                                                                

Parameters Amount (%)* 

Moisture 2.83±0.05 

Fat 0.41±0.13 

Ash 1.46±0.03 

Protein 3.97±0.22 

Carbohydrate (by difference) 91.31 ±0.18 

Parameter Amount (%)* 

Total dietary fiber 

Insoluble fiber# 

Soluble fiber# 

     Fructan 

7.38±0.03 

5.66 

1.69 

               0.07±0.01 

* wet basis, Mean±SD (n=3) 

*wet basis, Mean±SD (n=3, 
#
n=1) 
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2.4.7. Mineral composition of BG 

     The mineral composition analysis of BG showed that BG is a good source of potassium, 

and magnesium (Table 2.5.). Potassium and magnesium play pivotal roles in human 

metabolism. Research indicates that elevated intake of these minerals is associated with 

improved blood pressure levels and a decreased risk of coronary heart disease and 

stroke(Houston & Harper, 2008). According to the literature, potassium deficiency has been 

linked to disturbances in glucose metabolism. Experimental studies have shown that induced 

hypokalemia, a condition characterized by low serum potassium levels, can lead to reduced 

insulin sensitivity and impaired glucose tolerance (Chatterjee et al., 2011). In hyperglycemic 

glucose clamp studies (intravenous infusions of glucose), where hypokalemia was induced 

either through thiazide diuretics or low-potassium diets, researchers observed declines in 

insulin release in response to hyperglycemia (Gorden, 1973; Helderman et al., 1983). This 

decrease in pancreatic β-cell sensitivity to hyperglycemia and reduced insulin release suggest 

a direct impact of potassium levels on glucose metabolism(Helderman et al., 1983). 

Furthermore, studies have demonstrated that correcting potassium deficiency through 

supplementation can reverse the defects in insulin release caused by hypokalemia, highlighting 

the vital relationship between low potassium levels and glucose abnormalities. These findings 

underscore the importance of maintaining adequate potassium levels for optimal glucose 

metabolism and insulin sensitivity (Chatterjee et al., 2011; D’Elia, 2024; Gorden, 1973; 

Helderman et al., 1983). Magnesium is also a critical molecule with great physiological 

significance as it is a main co-factor in numerous enzymatic reactions (Barbagallo et al., 2021). 

Magnesium plays a critical role in insulin signalling by involving in the phosphorylation of 

insulin receptor kinase and in insulin-mediated cellular glucose uptake. Research demonstrates 

that a reduced dietary magnesium intake is associated with a higher risk of type 2 diabetes and 

glucose intolerance (Barbagallo, 2015). The substantial quantities of these two elements in BG 

serve as strong indicators of its suitability for individuals with diabetes, accentuating its 

potential health advantages for this population. 
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Table 2.5.  Mineral composition of BG 

Minerals 

 

Content (mg/100 g) 

Aluminum (Al) 0.66  

Arsenic (As) BDL* 

Cadmium (Cd) BDL 

Calcium (Ca) 1.07 

Chromium (Cr) 0.006 

Cobalt (Co) 0.001 

Copper (Cu) 0.12 

Iron (Fe) 0.22 

Magnesium (Mg) 39.58 

Manganese (Mn) 0.25 

Nickel (Ni) 0.012 

Potassium (K) 445.05 

Selenium (Se) 0.0004 

Lead (Pb) 0.004 

Lithium (Li) BDL 

Zinc (Zn) 0.149 

Boron (B) 0.22 

Vanadium (V) 0.017 

Gallium (Ga) BDL 

Rubidium (Rb) 0.690 

Strontium (Sr) 0.040 

Indium (In) BDL 

Cesium (Cs) 0.002 

Barium (Ba) 0.074 

Titanium (Ti) BDL 

Bismuth (Bi) 0.01 
                                                                          n=1,  *BDL- Below Detectable Limit 

2.4.8. Pesticide content of BG 

     One important concern with bananas is the presence of pesticide content in them. Hence the 

pesticide residue of BG was analyzed. BG was tested for 98 pesticides belonging to various 

classes including organochlorine compounds, organophosphorus compounds, synthetic 

pyrethroids, herbicides, and carbamates. All the analyzed pesticides were below the detectable 

limit in BG. 

2.4.9. Evaluation of TCC of BG 

     One of the characteristic attributes of BG is its bright yellow colour which in turn is linked 

with the carotenoid content in the BG, hence attempts were made to quantify the total 

carotenoid content in BG. According to the National Institute of Nutrition data (2017) 

(Longvah et al., 2017), the carotenoid content of raw banana (Musa × paradisiaca) was 224 

µg/100 g. Whereas, an exceptionally high level of carotenoid content i.e. 3466 ± 11.78 µg/100 

g of BG and 3819 ± 15.82 µg/100 g of BG (Fig. 2.11.) was obtained through the acetone and 
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Fig. 2.12. TCC of unripe and ripe Nendran pulp (db) 

hexane extraction routes respectively. The hot extraction method followed in the case of hexane 

may have resulted in the higher TCC value of hexane extract. The high amount of carotenoids 

in BG indicates the suitability of BG for alleviating vitamin A deficiency. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.11. TCC of BG (hexane and acetone extract route)  

 

     Further, the TCC of unripe Nendran pulp and ripe Nendran pulp sourced from 

Thiruvananthapuram was evaluated and the values were 3704 ± 21.18 µg/100 g and 4002 ± 

28.99 µg/100 g on db (Fig. 2.12.). Literature data shows that the carotenoid content of the ripe 

bananas of cultivars like Monthan, Poovan, Red, and Robusta was very low and it ranges from 

252 to 314 µg/100 g (Longvah et al., 2017).  

 

 

  

 

 

 

 

 

 

 

 Mean ± SD (n=3)  

Mean ± SD (n=3)  



75 
 

     Further to this, the variation in the carotenoid content of BG prepared from Wayanad and 

Thiruvananthapuram was evaluated. Interestingly, the TCC of grit developed from Wayand 

Nendran was 1466 ± 10.43 µg/100 g (Fig. 2.13.). The study indicates the variation in the TCC 

of BG when raw material was sourced from different locations.  

 

 

 

 

 

 

 

 

 

 

 

 

2.4.10. Qualitative HPLC-DAD profiling of carotenoids in the BG hexane extract 

     The HPLC profiling of the hexane extract was carried out for the identification of 

carotenoids in BG. The standard β-carotene peak was identified at a retention time of 21.30 

minutes (Fig. 2.14a.). In the extract, the peak at a retention time of 21.40 minutes corresponds 

to β-carotene along with other unidentified peaks (Fig. 2.14b.). The presence of β-carotene was 

further confirmed by spiking with standard β-carotene (Fig. 2.14c.). Among the carotenoids, α-

carotene and β-carotene have a high level of provitamin A activity (Englberger et al., 2006). 

Even though the micronutrient requirements in our body is very minimal, their impact on our 

body’s health is crucial and deficiency of any of them can lead to mild to severe even life-

threatening conditions. According to WHO, iron, vitamin A, and iodine deficiencies are the 

most widespread nutritional issues worldwide, particularly affecting children and pregnant 

women. Annually, 250,000 to 500,000 children with vitamin A deficiency go blind, and half of 

these children die within a year of becoming blind (Vitamin A Deficiency, n.d.). Since BG is a 

good source of provitamin A carotenoids, it can also help in alleviation of Vitamin A deficiency. 

 

 

Fig. 2.13. TCC of Thiruvananthapuram Nendran grit and Wayanad Nendran grit 

Thiruvananthapuram 

Nendran Grit 

Wayanad 

Nendran Grit 

Mean ± SD (n=3)  
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 β-carotene   β-carotene  
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b  
c  

.  

 β-carotene  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.14a. HPLC chromatogram of β-carotene standard, Fig. 2.14b. HPLC chromatogram of BG hexane extract, Fig. 2.14c. BG hexane extract 

spiked with standard β-carotene  
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2.4.11. Shelf life evaluation of BG 

     The shelf life of a food product is the duration from its production until it becomes 

unsuitable for consumption under specified environmental conditions (Awulachew, 2021). The 

moisture content and microbial load are two critical parameters that change significantly during 

the storage of a dry, low-fat product. Therefore, these parameters in BG were periodically 

evaluated over one year of storage. Additionally, since the product's colour is an important 

factor in attracting customers, changes in colour were also assessed throughout the study 

period. 

2.4.11.1. Change in moisture content 

     The moisture content of processed products indicates their shelf life. The high moisture 

content in food can lead to microbial spoilage and a shorter shelf life (Chitrakar et al., 2019). 

Critical evaluation of the changes in the moisture content of BG over one year of storage 

revealed that the moisture content of the product remained below 10% for the first nine months, 

indicating the high shelf life of BG. However, after nine months, the moisture content was 

monitored monthly and showed a rapid increase. By the 12th month, the moisture content had 

risen from 3.58% to 12.55% (Fig. 2.15.). 

 

 

 

 

 

 

 

 

 

 

Fig. 2.15. Change in moisture content of BG during one year of storage 

 

2.4.11.2. Enumeration of microorganism in BG-yeast & mold count and total plate count 

     Mold and bacterial growth are significant threats to the shelf life of food products. Hence, 

the microorganisms in the product was regularly assessed during storage. Periodic evaluations 

of the aerobic plate count and yeast & mold count of BG showed no microbial contamination 

during the first six months of storage. However, as the moisture content increased, the microbial 

count also increased. By the ninth month, the moisture content had risen to 8.43%, marking the 

Mean ± SD (n=3)  
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onset of microbial contamination. In the twelfth month of storage, the total plate count and 

yeast & mold count of BG were 2 × 104 CFU/g and 2 × 104 CFU/g respectively (Table 2.6.). 

According to the revised microbiological standards by the Food Safety and Standards Authority 

of India (FSSAI) for fruits, vegetables, and their products (2018), the maximum allowable 

limits for aerobic plate count and yeast & mold count for dried or dehydrated vegetables are 1 

× 105 CFU/g and 1 × 104 CFU/g respectively 

(Gazette_Notification_Fruits_Vegetables_04_04_2018.Pdf, n.d.). Up to 11 months, these 

values of BG are within the FSSAI-prescribed limits, indicating that the product remains shelf-

stable for up to 11 months. 

 

Table 2.6. Change in microbial load of the BG during one year of storage 

 

 

 

2.4.11.3. Change in colour characteristics 

     Product colour is a crucial factor from the customer's perspective, and products with bright 

colours are generally preferred in the market. BG's bright yellow colour is associated with its 

carotenoid content. Therefore, we evaluated BG's colour value and yellowness index during 

the storage study (Table 2.7.).  

 

 

 

Month of storage Aerobic Plate Count 

(CFU/g) 

Yeast & Mold Count 

(CFU/g) 

0 Nil Nil 

3 Nil Nil 

6 Nil Nil 

9 08 × 102 01 × 10² 

10 1.4 × 103 02 × 10² 

11 1.7 × 10³ 03 × 10² 

12 02 × 104 02 × 104 

Mean±SD (n=3) 
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      Table 2.7. Change in colour value and yellowness index of BG during one year of storage 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     In the initial month of storage, the yellowness index of BG was 87.22 and the TCC value 

was 2347 ± 34.5 µg/100 g and the product had a bright yellow colour (Fig. 2.16a.). A gradual 

decrease in the intensity of the bright yellow colour of grit was visible after 3 months of storage 

which was evident from the yellowness index also (Table 2.7.). The colour depletion became 

more visible by the end of 6 months of storage. From 6 months onwards the colour becomes 

light yellow and by the end of a year of storage, the products attain a cream colour (Fig. 2.16b.) 

with a TCC content of 111 ± 8.28 µg/100 g and yellowness index of 34.80. 

 

 

 

 

 

 

Month of storage Colour value Yellowness Index 

0 L*= 65.87±0.20 

a*= 07.12±0.04 

b*= 40.22±0.09 

87.22 

3 L*= 69.67±0.13 

a*= 03.74±0.03 

b*= 25.88±0.06 

53.06 

6 L*=72.28 ±0.28 

a*= 03.22± 0.04 

b*= 24.75±0.10 

48.91 

9 L*= 72.75±0.31 

a*= 03.23± 0.01 

b*= 20.21±0.12 

39.68 

12 L*= 73.89±0.26 

a*= 03.15±0.02 

b*= 18.00±0.26 

34.80 

Fig. 2.16a. BG-0 month of storage Fig. 2.16b. BG-12th month of storage 

Mean±SD (n=3) 
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     The reason behind the colour depletion of BG is the light and oxygen-induced degradation 

of carotenoids present in the matrix. There are multiple ways of carotene degradation namely, 

auto-oxidation, thermal degradation, photodegradation, and photo-isomerization. Due to the 

conjugated double bonds and electron-rich nature of the chromophore carotenoids are highly 

light-sensitive (Verduin et al., 2020). When exposed to heat and light, carotenoids tend to 

undergo isomerization from the all-trans configuration to various cis-configurations. During 

photo-isomerization, all-trans β-carotene transforms into different cis-configurations, while in 

the photodegradation process, β-carotene experiences hydrogen abstraction, leading to the 

formation of β-carotene radicals (Verduin et al., 2020). Thus, resulting in carotenoid depletion 

and fading of the products.  

     This light-induced carotenoid degradation can be addressed in different ways. Literature 

suggests the use of modified atmosphere packaging (MAP) as nitrogen flushing in packaging 

material such as the low density polyethylene (LDPE)/aluminum (Al)/polyester (PET); 

biaxially oriented polypropylene(BOPP)/metalized BOPP and BOPP/metalized BOPP with an 

oxygen scavenger helps in the better retention of β-carotene in the sweet potato chips (Júnior 

et al., 2018), which in turn will help the retention of the yellow colour of the product.  Another 

way is the usage of a primary packing with vacuum-sealed polypropylene pouches followed 

by an outer carton packaging which will prevent the direct interaction of light and oxygen with 

the product and hence reduce the photo-oxidative degradation of carotenoids.  

2.4.12. Product improvement 

     As colour depletion of the product was observed during the storage study, we have explored 

a cost-effective method to naturally retain the colour of BG. A pretreatment step has been 

introduced in the grit-making procedure (since this is part of technology transfer the process 

details are not mentioned in the thesis) to retain the colour and the yellowness index of the 

product was evaluated periodically (Table 2.8.). During the initial month, the yellowness index 

of BG was 100.05 with a TCC of 2735 ± 10.2 µg/100 g, and the product had a bright yellow 

colour (Fig. 2.17a.). By the end of one year of storage, the product retained the yellow colour 

with a yellowness index of 65.93 and TCC of 1013 ± 8.80 µg/100 g, making BG yellow and 

attractive for consumers even after one year of manufacturing (Fig. 2.17b.).  
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Table 2.8. Change in colour value and yellowness index of pretreated BG during one year of 

storage 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4.13. Significant outcome-technology transfer of BG 

     A significant outcome of this work was the technology transfer of BG, and BG-green gram 

combo (an improved version of the basic product) to the Kochi-based company Ms. MOZA 

ORGANIC Pvt. Ltd. on 1st January 2021 (Fig. 2.18.). The demonstration of BG and green gram 

production to the industry (Fig. 2.19.) was done on 9th January 2021 using 20 kg raw banana 

and 5 kg green gram as raw material. Another notable highlight we had during the journey was 

the official launch of products by the Hon. Director General (DG) of Council of Scientific and 

Month of 
storage 

Colour value Yellowness 
Index 

0 L*= 65.92±0.21 
a*= 06.38±0.13 
b*= 46.16±0.76 

100.05 

3 L*= 63.79±0.03 
a*= 06.13±0.01 
b*= 43.10±0.04 

96.51 

6 L*= 64.10±0.13 
a*= 06.08± 0.01 
b*= 41.44±0.36 

92.364 

9 L*= 65.52±0.15 
a*= 05.24± 0.04 
b*= 36.53±0.05 

79.64 

12 L*= 71.51±1.07 
a*= 04.09±0.01 
b*= 30.80±0.01 

65.93 

Mean±SD (n=3) 

Fig. 2.17a. BG -0 month of storage Fig. 2.17b. BG -12th month of storage 
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Industrial Research (CSIR) at the World Food India 2023 event on 3rd November 2023, at the 

CSIR stall, New Delhi (Fig. 2.20.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     Since BG was a new product in the market, product popularization through media was 

critical for the consumer acceptance of the product. Hence CSIR-National Institute of 

Interdisciplinary Science and Technology (CSIR-NIIST) has taken the initiative to publish 

newspaper reports about BG in ‘Mathrubhumi’ and ‘The Hindu’ newspapers (Fig. 2.21. & Fig. 

2.22). Following these reports, numerous online platforms also covered the news about BG and 

its technology transfer event (https://acumenias.in/current-affairs-

detail/bananagrit, https://www.drishtiias.com/daily-updates/daily-news-analysis/banana 

grit, https://journalsofindia.com/banana-grit/, https://youtu.be/qL5dz8rV6C8). 

 

 

Fig. 2.20. The official launch of products by the Hon. Director-General (DG) of CSIR at the 

World Food India 2023 event on 3rd November 2023, at the CSIR stall, New Delhi 

Fig. 2.19. Product development demonstration 

to the industry delegates 
Fig. 2.18. Technology transfer event of BG 

https://acumenias.in/current-affairs-detail/bananagrit
https://acumenias.in/current-affairs-detail/bananagrit
https://www.drishtiias.com/daily-updates/daily-news-analysis/banana%20grit
https://www.drishtiias.com/daily-updates/daily-news-analysis/banana%20grit
https://journalsofindia.com/banana-grit/
https://youtu.be/qL5dz8rV6C8
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2.4.14. Various preparations using BG 

     The novel utilities of BG, rather than for the conventional use for the preparation of weaning 

food (porridge) make it stand out from the conventional unripe banana powders available in 

the market. As previously discussed, an array of delicacies ranging from wholesome breakfasts 

like BG upma and BG-green gram mix upma to innovative dishes such as BG Italian delight, 

BG-hot and sour, and BG-cream cheese were prepared from BG. These dishes typically require 

only 6-8 minutes of cooking. BG combined with vegetables makes for a nutritious breakfast, 

while the BG and milk combination serves as a delicious porridge. BG along with green gram 

is an improved version of the basic product BG and it’s a perfect blend of protein and 

carbohydrate. The banana powder formed as a by-product during BG production also can be 

used for porridge preparation (Fig. 2.23.). Through product optimization trials, recipes were 

standardized for various products using BG (Table 2.9.). 

 

 

Fig. 2.21. Newspaper report about BG in 

‘Mathrubhumi’ newspaper (Published on 17-01-

2021, Mathrubhumi Thiruvananthapuram Edition) 

Fig. 2.22. Newspaper report about BG in ‘The 

Hindu’ newspaper (Published on 04-01-2021, The 

Hindu Thiruvananthapuram Edition) 
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                                            Table 2.9. Recipes for product development using BG 

 

Product Ingredients to be added* Cooking instruction 

BG upma  BG-50 g 

Green chilli-2 g 

Carrot-20 g 

Onion-15 g 

Grated coconut-5 g 

Curry leaves-2 g 

Ginger-2 g 

Mustard-1g 

Oil-5 mL 

Water- 200 mL 

In a hot pan, season the oil 

with mustard, then add 

BG, sliced onion, carrot, 

ginger, and curry leaves, 

and sort them. Add water, 

and salt, and allow it to 

boil. Cook for 3-4 

minutes. Add grated 

coconut mix well and 

serve hot. 

BG-green gram upma  BG-green gram mix-50 g 

Green chilli-2 g 

Carrot-20 g 

Onion-15 g 

Grated coconut-5 g 

Curry leaves-2 g 

Ginger-2 g 

Mustard-1 g 

Oil-5 mL 

Water- 200 mL 

Salt- as per taste 

In a hot pan, season the oil 

with mustard, then add 

BG-green gram, sliced 

onion, carrot, ginger, and 

curry leaves., sort them. 

Add water, and salt and 

allow it to boil. Cook for 

3-4 minutes. Add grated 

coconut mix well and 

serve hot. 

BG green gram mix BG porridge BG upma BG gruel BG shake 

Fig. 2.23. Various preparations using BG 
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BG porridge  BG- 10 g 

Milk - 100 mL 

Sugar-preference 

 

To BG, add boiling milk. 

Close it using a lid and 

allow it to stand for 10 

minutes. Add sugar as per 

requirement.  

Remark: 

If thick porridge is 

preferred, the porridge 

can be cooked for 4 

minutes. Garnish with 

fruits like ripe banana, 

apple, raisins, and dates 

as per choice. 

BG gruel  

 

 

BG - 10 g 

Water - 50 mL 

Grated coconut- as per taste 

Salt – as per taste 

 

To BG, add a sufficient 

quantity of boiling water 

to soak the grit. Close it 

using a lid and allow it to 

stand for 4 minutes. Then 

add water sufficient to 

make a gruel, garnish 

with coconut grating, and 

add salt to taste and drink 

it hot. 

Remark: 

If thick gruel is preferred, 

it can be cooked for 4 

minutes. 

BG payasam BG-10 g 

Water – ¼ glass (50 mL) 

Milk – ¼ glass (50 mL) 

Milkmaid – 1 tablespoon or as 

per taste 

Sugar - as per requirement 

Raisins and nuts  

Ghee - sufficient to sort raisins 

and nuts 

Cardamom powder- a pinch 

Boil BG with ¼ glass of 

water, then add milk and 

continue boiling, after 5 

minutes add milkmaid 

and mix well, if required 

sugar can be added. Then 

season with raisins sorted 

in ghee, and garnish with 

cardamom. 

BG shake  BG - 10 g 

Milk - 50 mL 

Cocoa powder – if cocoa flavor 

is appreciated or it can be 

omitted 

Sugar-preference 

 

To BG, add a sufficient 

quantity of boiling water 

to soak the grit. Close it 

using a lid and allow it to 

stand for 4 minutes. Then 

add milk, cocoa, and 

sugar and beat in a juicer 

bowl of mixer to make a 

shake. 
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BG-oats mix BG-oats formulation mix: 

BG- 10 g 

Rolled oats flake- 10 g 

Raisins - 1 g 

Almonds- 1 g 

Cashew nut- 1 g 

Milk- 250 mL 

To the BG-oats 

formulation mix, add 

milk, and mix well. Cook 

the product for 6 minutes 

on medium flame with 

occasional stirring. Add 

sugar /honey to taste 

(optional). 

BG hot and sour mix BG- 25 g 

Onion powder- 3 g 

Shallot powder- 3 g 

Garlic powder- 1 g 

Ginger powder- 0.3 g 

Tomato powder- 5 g 

Coriander leaf powder- 0.5 g 

Sugar- 0.1 g 

Green peas- 2 g 

Carrot- 1 g 

Spring onion dried- 0.2 g 

Salt- 2 g 

 

Seasoning oil  

Garlic oleoresin- 50 mg 

Black pepper oleoresin- 25 mg 

Capsicum oleoresin- 30 mg 

Cumin oleoresin- 25 mg 

Oil- 5 g 

 

Water 350 mL 

Boil 350 mL of water and 

add seasoning mix, 

seasoning oil, and BG to 

it and keep for 10 minutes 

and serve hot. 

 

If thick consistency soup 

is required, cook the mix 

for 6 minutes on medium 

flame. 

BG veg punch BG- 25 g 

Onion powder- 5 g 

Shallot powder- 3 g 

Garlic powder- 1 g 

Tomato powder- 3 g 

Coriander leaf powder-0.2 g 

Sugar- 3 g 

Corn flour- 1 g 

Spring onion powder- 0.5g 

Salt- 2 g 

Oregano- 0.2 g 

 

Seasoning oil  

Garlic oleoresin- 50 mg 

Black pepper oleoresin- 25 mg 

Capsicum oleoresin- 30 mg 

Cumin oleoresin- 25 mg 

Oil- 5 g 

 

Water- 350 mL 

Boil 350 mL of water and 

add seasoning mix, 

seasoning oil, and BG to 

it and keep for 10 minutes 

and serve hot. 

 

If thick consistency soup 

is required, cook the mix 

for 6 minutes on medium 

flame. 
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BG Italian delight BG- 25 g 

Onion powder- 2.5 g 

Shallot powder- 2.5 g 

Garlic powder- 1 g 

Milk powder- 8 g 

Rosemary- 50 mg 

Corn flour- 1 g 

Spring onion powder- 0.5 g 

Spring onion dried- 200 mg 

Salt- 2 g 

Oregano- 100 mg 

Black pepper powder- 100 mg 

Salt- 2 g 

 

Seasoning oil  

Garlic oleoresin- 50 mg 

Black pepper oleoresin- 25 mg 

Oil- 5 g 

 

Water- 350 mL 

Boil 350 mL of water and 

add seasoning mix, 

seasoning oil, and BG to 

it and keep for 10 minutes 

and serve hot. 

 

If a thick consistency is 

preferred, cook the 

mixture for 6 minutes and 

add 20 g of Mozzarella 

cheese and have as ‘BG 

creamy cheese’ 

BG for garnishing  Use BG for garnishing at 

the end of cooking any 

recipes, and also for 

soups. 

   *Serving Suggestion for 1 person 

 

2.5. Conclusion 

     Unripe banana 'Nendran' (Musa (AAB) cv. Nendran), an indigenous banana of Kerala, is an 

underutilized commodity. The current chapter discusses the proximate composition, total 

dietary fiber content, and fructan content of unripe Nendran pulp thereby indicating the value 

addition potential of unripe pulp. Further, a novel product, BG was developed from the pulp of 

the unripe Nendran banana by pre-treatment and drying. BG is a novel preservative-free and 

additive-free product, which is in RTC  as well as RTR form. BG in RTC and RTR form 

offers a way to position banana in a new form rather than the conventional weaning food. This 

Scientific & Technical Know-how developed by us focuses on the potential of utilizing an 

indigenous vegetable crop (raw banana) as a source of healthy carbohydrates alternative to 

cereal-based diet. These interventions on value addition can help in improving the income of 

farmers and at the same time provide nutritious food to consumers. Shelf-life studies showed 
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Fig. 2.24. Chapter 2 graphical abstract (Created with BioRender.com) 

that the product was shelf-stable for 11 months. Even though a gradual decrease in the bright 

yellow colour of BG was observed during storage, further product improvement trials helped 

to retain the colour for up to one year. BG was screened for the presence of 98 pesticides 

according to the AOAC method and they were below the detectable limit in BG. BG 

demonstrated nutrient superiority, by containing bioactive carbohydrates- fructan & dietary 

fiber, minerals- potassium, and magnesium, and TCC of 3466 ± 11.78 µg/100 g which helps in 

positioning it as a promising alternative to cereals. The presence of a considerable amount of 

dietary fiber BG indicates its suitability for promoting gut health and thereby providing overall 

wellness. Furthermore, being gluten-free makes the product suitable for individuals with gluten 

allergy. The significant outcome of this work is the technology transfer of BG to Ms. MOZA 

ORGANIC Pvt. Ltd. Kochi, India. 
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Chapter 3 

Phytochemical exploration of raw Nendran pulp 

and product 

3.1. Introduction 

3.1.1. Phytochemicals and their 

characterization 

     Plants are a reservoir of bioactive 

constituents, known as secondary 

metabolites, which play a crucial role in 

defending against invading microbes, 

predators, herbivores, and environmental 

stress. Research indicates that over 2,00,000 

chemical compounds have been identified within the plant kingdom from the 391,000 

described plant species (D’Amelio Sr, 1998; Divekar et al., 2022). Phytochemicals fall into 

various classes such as lipids, phenols, tannins, flavonoids, alkaloids, saponins, glycosides, 

volatile oils, resins, biogenic amines, terpenoids, organic acids, sterols and carotenoids 

(D’Amelio Sr, 1998; Divekar et al., 2022). With the diverse chemical structures and biological 

properties, phytochemicals offer a range of health advantages to humans, beyond their benefits 

to plants, through exhibiting diverse pharmacological effects including anti-cancer, anti-

microbial, anti-inflammatory, and antioxidant  properties (Saxena, 2023). Flavonoids, 

phenolics, phytoalexins, anthocyanins, triterpenes, steryl glycosides, carotenoids, 

phytoalexins, biogenic amines, and sterols were the phytochemicals reported from various parts 

of bananas. These compounds were attributed with a broad range of pharmacological benefits 

such as anti-diabetic, antioxidant, anti-inflammatory, anti-microbial, and anti-helminthic 

properties (Oguntibeju, 2019). 

     Characterization of plant bioactive compounds gained wide recognition due to their 

potential application in various fields including pharmaceuticals, nutraceuticals, and natural 

product research. The phytochemical exploration studies involve three basic steps, i.e., 

extraction, isolation, and characterization (De Silva et al., 2017). The extraction method plays 

a crucial role in obtaining the phytochemicals from the matrix. Traditionally, percolation, 

maceration, solvent extraction, and Soxhlet extraction techniques have been used for extracting 

the bioactive compounds from the matrix. Recently, more sophisticated and efficient 
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techniques such as ultrasound extraction, microwave-assisted extraction, supercritical fluid 

extraction, and enzyme-assisted extraction have been employed for extraction purposes (De 

Silva et al., 2017; Saxena, 2023). Following extraction, the analysis and characterization of the 

extracts are performed through non-chromatographic (spectrophotometric) or chromatographic 

techniques. Conventional chromatographic techniques include column chromatography and 

planar chromatography, such as thin-layer chromatography (TLC) and paper chromatography. 

Separation and purification of various phytochemicals are performed using open-column 

chromatography or its automated version, flash chromatography (Tsao Rong & Li HongYan, 

2013). Gas chromatography and HPLC are two popular chromatographic techniques used to 

separate, identify, and quantify the bioactive compounds in the extracts. Spectroscopic 

techniques such as nuclear magnetic resonance (NMR), and mass spectrometry (MS) were 

extensively used for the structural elucidation of compounds (Saxena, 2023).  

     The proton (1H), phosphorous (31P), and carbon (13C) NMR spectra offer essential 

information for structural elucidation. The distortionless enhancement by polarization transfer 

(DEPT) experiment is used to determine the multiplicity of carbon atoms. Comprehensive two-

dimensional NMR (2D NMR) experiments are typically performed to gather detailed structural 

insights. These 2D NMR techniques include correlation spectroscopy (COSY), which reveals 

information about directly coupled protons, 13C-1H shift correlation experiments such as 

heteronuclear single quantum coherence (HSQC), which facilitates the understanding of 

carbon-to-proton assignment transfer and heteronuclear multiple bond correlation (HMBC) 

helps to integrate fragments derived from other correlation sequences, aiding in molecular 

identification and structural elucidation (Emwas et al., 2019). The MS detectors are highly 

useful for the identification of bioactives which are present in very low concentrations. When 

tandem spectrometry (MS-MS) is used in conjunction with HPLC, better fragmentation 

patterns of the precursor and daughter ions are produced, giving more structural information 

needed for compound identification (McLafferty, 1981). 

3.1.2. Literature review on the phytochemicals in Nendran banana 

     In 2015, Sreejith and his team conducted extensive studies on edible bananas in South India. 

They collected the edible bananas cultivated in south India and unripe fruit pulp of 13 cultivars 

with different ploidy levels (AA, AB, AAB & ABB) was extracted with methanol and subjected 

to gas chromatography-MS (GC-MS) analysis to characterize the phytochemical composition 

and Nendran was one among the selected bananas (Sreejith & Sabu, 2017). In the Nendran 

banana, 23 compounds were identified through GC-MS analysis, out of which 17 compounds 
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were found to be predominant. Seven compounds were found to be specific to the Nendran 

cultivar only. It comprises erythritol; 2-isopropyl-2-methyl-butanedioic acid; phthalic acid; 

di(2-propylpentyl) ester; 9,12-octadecadienoic acid(Z)-methyl ester; caprolactam; 1,3-

dipalmitic trimethylsilyl ether and delta. 1, and alpha-cyclohexaneacetic acid (Sreejith & Sabu, 

2017). In the year 2017, Shivasankara and co-workers conducted a detailed investigation to 

study the influence of seasons on the volatile compounds of two banana cultivars (Grand Naine 

and Nendran) under Kerala conditions. The fresh fruit pulp of each cultivar was subjected to 

Solid-Phase Microextraction (SPME) of volatiles and subsequent GC-MS analysis. The study 

indicated that total volatile compounds were higher in Grand Naine compared to cv. Nendran 

and with increased temperature, volatile aroma compounds decreased in Grand Naine and 

Nendran. More than 50 major volatile compounds were identified from both cultivars 

irrespective of season. The major classes of compounds identified were esters, alcohols, 

aldehydes, ketones, acids, phenols, and hydrocarbons (KS Shivashankara et al., 2017).  

3.2. Objectives 

     Even though Nendran is one of the favourite banana cultivars of Kerala, no attempts have 

been made so far to characterize the complete phytochemical composition of Nendran. Few 

studies were carried out by researchers to characterize the volatile compounds present in 

Nendran. Apart from these investigations, comprehensive literature on phytochemicals in 

unripe Nendran bananas remains scarce. Hence, we have decided to undertake studies to further 

explore the phytochemicals in unripe pulp and the product prepared out of it. While abundant 

literature exists on the phytochemicals in raw materials, data on their presence in processed 

products is notably scarce. Yet, it is these processed forms that ultimately enter our bodies, 

making it crucial to study the phytochemicals in processed foods to fully understand their 

impact on our health and well-being. 

The objectives of this chapter are as follows: 

• Phytochemical profiling of unripe Nendran pulp. 

• Phytochemical profiling of product made from the unripe pulp (BG). 

3.3. Materials and methods 

     The phytochemical composition of unripe Nendran pulp and BG was explored using the 

traditional route of solvent extraction of bioactive compounds from the matrix followed by the 

isolation of individual compounds through column chromatography and preparative TLC and 

preparative HPLC routes. The structure elucidation was done with the aid of NMR, and High-

Resolution Electrospray Ionization Mass Spectrometry (HR-ESI-MS) analysis. 
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3.3.1. General procedures 

     Structure elucidation of the isolated phytochemicals by chromatography was carried out by 

1D (1H, 13C NMR, and DEPT-135) and 2D NMR (COSY, HSQC, and HMBC) analysis. The 

isolated compounds were dissolved in deuterated chloroform (CDCl3), and deuterated 

methanol (CD3OD), 1H, and 13C NMR were recorded on a Bruker AscendTM 500 megahertz 

(MHz) spectrometer at 500 and 125 MHz, respectively. The chemical shifts (δ) were given in 

parts per million (ppm), coupling constants in hertz (Hz), and multiplicities are reported as s 

for singlet, d for doublet, dd for double doublet, m for multiplet, etc. HR-ESI-MS analysis was 

conducted on a Thermo Scientific Exactive mass spectrometer with an Orbitrap analyzer, and 

the ions are given in m/z. The specific optical rotation of compounds was measured with a 

JASCO P-2000 polarimeter (JASCO, USA).  

3.3.2. Chemicals and standards 

     All the solvents used for isolation and purification were of standard analytical grade. The 

TLC aluminium sheets (Silica gel 60 F254) and silica gel (230-400 mesh & 100-200 mesh) were 

obtained from Merck (Mumbai, India). The NMR solvents were purchased from Merck Life 

Science Pvt Ltd (Mumbai, India).  

3.3.3. Raw material collection for BG preparation and phytochemical analysis 

     Details about the raw material (unripe Nendran) used for the study are reported in chapter 

2 of this thesis. For the phytochemical studies, the peel (5.09 kg) and pulp (10.35 kg) of mature 

unripe Nendran banana (16.32 kg) was separated, and the pulp (3.98 kg) was sliced, 

lyophilized.  For lyophilization, the initial freezing was done at -40 ºC for 3 hours at ambient 

pressure. For the drying step, the initial shelf temperature was set at -40 ºC for 1 hour at 500 

millitorr (mTorr). The temperature was further reduced to -10 ºC at a rate of -10 ºC reduction 

in each 2 hours. Meanwhile, the pressure was also reduced to 300 mTorr. Then a holding was 

given for 2 hours at -5 ºC at 300 mTorr. Then the temperature was increased to 5 ºC and 

maintained for 2 hours at 250 mTorr pressure and further, the temperature increased to 10 ºC 

and maintained for 1 hour 30 minutes at 200 mTorr pressure. The temperature was finally raised 

to 25 ºC at a rate of increase of 5 ºC in every 4 hours and the final applied vacuum was 100 

mTorr. The lyophilized pulp (1.63 kg), and stored at -20 °C for further analysis. The remaining 

pulp (6.17 kg) was pre-treated and dried to produce BG (2.40 kg) (Scheme 3.1.). 
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3.3.4. Phytochemical exploration of BG through column chromatography  

3.3.4.1. Extraction protocol for isolation of phytochemicals 

     BG (1 kg) was ground and passed through 20 mesh before extraction and sequentially 

extracted with chloroform (CHCl3, 3.5 L), ethanol (4 L), and hydro-alcohol (1:1 v/v, 

ethanol:water 4 L) at 800 rpm using an overhead stirrer (Hei-TORQUE 100, Heidolph, 

Germany). After extraction, each extract was kept for settling and filtered through Whatman 

no. 1 filter paper, fitted with Buchner funnel to remove starch, then extracts were concentrated 

under vacuum (Hei-vap, Heidolph, Germany), which afforded 3.18 g, 4.39 g and 14.16 g of 

CHCl3, ethanol and hydro-alcohol extracts, respectively (Scheme 3.2.). 

     The phytochemical distribution pattern of the CHCl3 extract was monitored on TLC, with 

different mobile phase systems comprising 1:1 hexane:ethyl acetate (EtOAc), CHCl3:MeOH 

(2:1, 8:1), and CHCl3:EtOAc (7:3, 10:1), by charring with 15% sulphuric acid (H2SO4) in 

ethanol. The TLC chamber was oven-dried and allowed to attain room temperature for each 

elution with the aforementioned mobile phase systems prior to the use. The CHCl3:MeOH (8:1) 

system showed the best separation pattern of compounds, hence, this ratio was adopted for 

checking the TLC of the isolates in further studies (Fig. 3.1).  

 

 

 

Peel (5.09 kg) Pulp (10.35 kg) 

Lyophilization (3.98 kg) Processing (6.17 kg) 

Lyophilized Pulp (1.63 kg) BG (2.40 kg) 

Scheme 3.1. Banana processing for phytochemical exploration studies   

Lyophilization (1.022 kg) 

Lyophilized Peel 

(0.146 kg) 

Unripe Nendran (16.32 kg) 
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                                       Scheme 3.2. Sequential extraction of BG 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

          Fig. 3.1. TLC charring pattern of BG CHCl3 extract (TLC code: BG-CHL), unripe pulp 

CHCl3 extract (TLC code: 1) and unripe pulp acetone extract (TLC code: 2) developed 

in CHCl3:MeOH (8:1) system 

 

 

Chloroform Extract (3.18 g) 

Chloroform Extraction 

BG residue 

Ethanol Extraction 

Ethanol Extract (4.39 g) BG residue 

Hydro-alcohol 

Extraction 

Hydro-alcohol Extract (14.16 g) BG residue 

 

BG (1 kg) 

A - Carotenoid (Rf - 0.82) 

B - β-sitosterol (Rf - 0.68) 

C - Acyl steryl glycoside (Rf - 0.52) 

D - MGDG (Rf - 0.32) 

E - Steryl glycoside (Rf - 0.28) 

F - Glucocerebroside (Rf - 0.16) 

G - DGDG (Rf - 0.12) 
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3.3.4.2. Purification of CHCl3 extract by column chromatography  

     The CHCl3 extract (2.8 g) was adsorbed and loaded on a silica (230-400 mesh) column (60 

× 3 cm) and sequentially eluted with 800 mL of 100% CHCl3 which yielded 15 fractions. 

Further, 200 mL each of 1-10%, 15%, 20%, and 50% MeOH in CHCl3 combination was added 

and each percentage solution was collected as separate fractions, which afforded 13 fractions. 

Finally, the column was eluted with 100 mL of 100% MeOH. The TLC pattern of all 29 

fractions was monitored with CHCl3:MeOH (8:1) system and visualized by charring with 15% 

H2SO4 in ethanol. The fractions which showed similar TLC patterns were pooled, which 

resulted in a total of nine (C2-6, C8, C10, C11, and C13; Fig. 3.2.) 100% CHCl3 fractions and twelve 

CHCl3-MeOH fractions (CM1-10, CM15 and CM20). Only the fractions that showed prominent 

TLC patterns were further explored for compound isolation. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2. TLC charring pattern of nine CHCl3 fractions (C2-6, C8, C10, C11 and C13) 

and the AMT soluble portion (C-8-S) and AMT insoluble portion (C-8-I) of fraction 

C8 developed in CHCl3:MeOH (8:1) system 

 

3.3.4.3. Repurification of fractions and pure compound isolation 

     Two fractions (C8 and C10) among the nine 100% CHCl3 fractions, were having a purple-

pink prominent charring spot (retention factor (Rf) 0.68) in TLC when developed in 

CHCl3:MeOH (8:1) system. The combination of ACN:MeOH:THF (AMT) in the ratio 40:56:4, 

when added to these fractions, compound 1 precipitated (216.2 mg from C8 and 2.3 mg from 

C10, TLC pattern provided in Fig. 3.2.), the compound was then dissolved in CDCl3 and 1H and 

13C NMR spectra were recorded. Next, we attempted the purification of seven fractions from 

CHCl3 and CM1-3 but could not succeed in isolating compounds in pure form. Further, we tried 

purification of CM4 (108.9 mg) on a silica gel column (230-400 mesh) and it afforded 6 sub-
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fractions, one sub-fraction (52.5 mg) was further purified on a silica gel column of 100-200 

mesh, packed with hexane-EtOAc (1:1, v/v) and eluted with the same solvent system and it 

afforded 7.2 mg of compound 3 (Rf 0.52). The 1H and 13C NMR spectrum of compound 3 was 

recorded in CDCl3. Other fractions (CM5-6, 20), did not yield any compounds in pure form. 

When 100 % MeOH was added to the CM7 fraction, a white precipitate (compound 4, 33.9 mg) 

was observed and the 1H NMR spectrum was taken in CDCl3, and since the NMR spectrum 

showed a poor splitting pattern, the compound was peracetylated. In brief, the compound (12.8 

mg) was dissolved in pyridine (2 mL) and acetic anhydride (1.5 mL) under a nitrogen 

atmosphere at room temperature. After overnight stirring, the mixture was transferred to a 

saturated sodium bicarbonate (NaHCO3) solution (20 mL) and extracted with EtOAc (3 x 30 

mL). The combined organic layers were further washed with distilled water (2 x 30 mL), dried 

over anhydrous sodium sulfate (Na2SO4), and concentrated. The residue was subjected to 

purification over a silica gel column (100-200 mesh) with 100 % hexane and EtOAc in hexane 

combination (5%-50%) to afford the acetylated product (8.1 mg), the 1H and 13C NMR 

spectrum of this acetylated compound were recorded in CDCl3.  

     On addition of MeOH individually to CM8-10, as in the case of CM7, a MeOH insoluble and 

MeOH soluble portions were generated. The MeOH insoluble portion of CM8 and CM9 (27.4 

mg and 7 mg, respectively) showed the exact TLC pattern as that of compound 4 when 

developed in the CHCl3:MeOH 8:1 system. The MeOH soluble portions of CM7-10 were pooled 

(90 mg) and separated on a silica gel column (230-400 mesh), which yielded two compounds. 

The first compound (13.8 mg) showed the same Rf (0.28) and charring pattern as that of 

compound 4. The TLC comparison of all the compounds (one from the column and two from 

the insoluble fraction of CM8,9) showing similarity with compound 4 is shown in Fig. 3.3.  

 

 

 

 

 

 

 

 

 

 

Fig. 3.3. TLC pattern of compounds showing similar Rf and charring (TLC code 2-4) pattern 

as that of compound 4 (TLC code 1). TLC developed in CHCl3:MeOH (8:1) system 
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     The second compound, i.e. compound 7 (32 mg) showed a more polar nature (Rf 0.16) than 

that of compound 4, when developed in CHCl3:MeOH 8:1 system and its 1H NMR spectrum 

was recorded in CDCl3. In addition, compound 7 was peracetylated as detailed for compound 

4. The 1H and 13C NMR spectrum of the peracetylated compound 7 was recorded in CDCl3. 

The fraction eluted with 15% MeOH in CHCl3 combination (CM15, 250 mg) showed a deep 

purple-coloured charring spot (compound 6) with Rf 0.12 when developed in CHCl3:MeOH 

8:1 system. The 1H NMR spectrum of compound 6 was recorded in CDCl3, however, due to the 

poor splitting pattern in 1H NMR, compound 6 (68 mg) was acetylated and subsequent column 

purification afforded the peracetylated form of compound 6 (51.6 mg). The 1H and 13C NMR 

spectra and 2D NMR experiments of peracetylated compound 6 were recorded in CDCl3. HR-

ESI-MS analysis with direct injection was carried out on compound 6 in the underivatized and 

derivatized form (peracetylated form).  

3.3.4.4. Purification of ethanol extract by column chromatography 

     The ethanol extract (4.39 g) was dissolved in MeOH and separated into MeOH-soluble and 

insoluble portions. The MeOH soluble portion was concentrated under vacuum (2.80 g) and 

taken for further studies. The extract (2.80 g) was adsorbed on silica (100-200 mesh) and then 

loaded on a silica column (230-400 mesh). The column length was 60 cm with a bed length of 

40 cm and an internal diameter of 3 cm. The extract was fractionated using eluents 100% 

hexane, 100% CHCl3, 100% EtOAc, 100% MeOH, and MeOH-water (7:3 v/v), each 300 mL. 

The TLC charring pattern of the fractions was monitored by developing TLC in a 

CHCl3:MeOH (8:1) system and charring with 15% H2SO4 in ethanol. The charring spots in the 

hexane (60.90 mg), CHCl3 (84.60 mg), and EtOAc (180.48 mg) fractions showed charring 

spots similar to the compounds identified earlier from the CHCl3 extract of BG and hence these 

fractions were not explored further. The MeOH (1.02 g) and MeOH-water (1.47 g) fractions 

showed some interesting polar spots was further explored. 

     The fractions were pooled (2.49 g) and passed through a C18 sep-pack cartridge (Waters, 

USA) to remove the silica from the extract and then the extract (900 mg) was loaded on a silica 

column (230-400 mesh) with a bed length of 35 cm and an internal diameter of 3 cm. The 

extract was fractionated with eluents 100% CHCl3, 5:95, 7:93, 8:92,10:90,15:85, 20:80, 25:75, 

30:70, 35:65 CHCl3:MeOH (v/v) and 100% MeOH. The TLC pattern of each test tube was 

checked and tubes with the promising pattern were pooled.  This has resulted in 10 fractions 

(fraction 1 to fraction 10) and the NMR spectra (1H & 31P) of all these fractions were taken in 

CDCl3. Further different approaches were taken to identify compounds in each fraction, which 
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Hydro-alcohol (1:1) Extraction- 

(1000 rpm- 6 hours) × 3 times Hydro-alcohol Extract 

       (7 g) 

 

BG (500 g) 

Scheme 3.3. Sequential extraction of BG for isolation of compounds by preparative TLC 

led to the isolation of compound 4 (17.40 mg), compound 5 (12.91 mg), and compound 6 (80.93 

mg). 

3.3.4.5. Purification of hydro-alcohol extract by column chromatography 

     Different approaches such as column chromatography and preparative HPLC were adopted 

to characterize the phytochemicals present in the hydro-alcohol extract of BG. Since the yield 

of compounds was very low and as fraction was enriched with sucrose, no palpable result was 

obtained through any of these approaches. 

3.3.5. Phytochemical exploration studies of BG through preparative TLC method 

     After the completion of phytochemical exploration studies through the column 

chromatography method, we have continued our exploration to find more phytoconstituents of 

BG through the preparative TLC method. Accordingly, BG (500 g) was sequentially extracted 

with hexane, acetone, ethanol, and hydro-alcohol (1:1, ethanol:water v/v) at 1000 rpm for 6 

hours in a magnetic stirrer (IKA, RCT BS022). Each extract was concentrated under vacuum, 

which afforded hexane extract (560 mg), acetone extract (120 mg), ethanol (705 mg), and 

hydro-alcohol extract (7 g) of BG (Scheme 3.3.) 
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(560 mg) 
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6 hours) × 3 times 

BG Hexane Extract 

Residue 

BG Acetone Extract 

Residue 

 

Acetone Extraction- (1000 rpm- 

6 hours) × 3 times 

Ethanol Extraction- (1000 rpm- 

6 hours) × 3 times 

BG Ethanol Extract 

Residue 

 

Acetone Extract 

(120 mg) 

Ethanol Extract 

(705 mg) 
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     The hexane and acetone extracts were further explored via the preparative TLC method. The 

hexane extract (70 mg) was spotted on a TLC plate and developed in the CHCl3:MeOH 8:1 

system. A portion of the TLC was cut, charred, and used as a reference for scrapping out the 

compounds. A prominent charring spot corresponding to Rf 0.68 was scrapped out and the 

compound was eluted from silica with EtOAc, 1H NMR spectra were recorded in CDCl3 and 

identified as compound 1 (19.5 mg). Similarly, the acetone extract (100 mg) of BG was also 

spotted on a TLC plate and developed in CHCl3:MeOH 8:1 system, and charring spot 

corresponding to 0.68, 0.32, and 0.12 were scrapped out and eluted with EtOAc, and the solvent 

was removed under vacuum, which led to isolation of compound 1 (1.1 mg), compound 5 (5 

mg), and compound 6 (2 mg), respectively. Compound 5 obtained through the preparative TLC 

method was dissolved in CDCl3 and recorded the 1H, 13C, 2D NMR spectra, and further 

confirmed by HR-ESI-MS analysis.  

3.3.6. Phytochemical exploration studies of unripe pulp 

3.3.6.1. Phytochemical exploration studies through preparative TLC method 

     The lyophilized unripe Nendran pulp (100 g) was sequentially extracted with hexane, 

acetone, ethanol, and hydro-alcohol (1:1, ethanol:water v/v) which yielded 218 mg, 58.8 mg, 

145.3 mg, and 2.8 g extracts, respectively (Scheme 3.4.). The hexane (60 mg) and acetone 

extracts (50 mg) were subjected to preparative TLC analysis as mentioned under section 3.3.5. 

The preparative TLC exploration of hexane extract afforded 3.8 mg of compound 1 (Rf 0.68), 

1.5 mg of compound 2 (Rf 0.48), and 1.8 mg of compound 5 (Rf 0.32). The 1H and 13C NMR 

spectrum of compound 2 was recorded in CDCl3. The preparative TLC exploration of acetone 

extract yielded 3 mg of compound 2 (Rf 0.48), 4.2 mg of compound 5 (Rf 0.32), and 4.7 mg of 

compound 6 (Rf 0.12). 
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Scheme 3.4. Sequential extraction of unripe Nendran for isolation of compounds by 

preparative TLC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.6.2. Phytochemical exploration studies of unripe Nendran pulp through column 

chromatography and preparative HPLC method 

     Among the molecules isolated from BG, compound 7 exhibited characteristic glycolipid 

signals and amide (NH) protons in NMR. The presence of compound 7 was explored in the 

unripe pulp to confirm that compound 7 is not an artefact formed during the BG preparation 

process. 

     In brief, 500 g of lyophilized unripe pulp was sequentially extracted with CHCl3 and 

acetone, which yielded 2.09 g and 325 mg CHCl3 and acetone extracts, respectively. Each 

extract was separately chromatographed on a silica gel column (230-400 mesh) and eluted with 

100 % CHCl3 followed by 5-50% MeOH in CHCl3 which yielded 35.3 mg and 15.1 mg of 

compound 7 from the CHCl3 and acetone extracts, respectively. The compound 7 (40 mg) so 

obtained was dissolved in MeOH (1.2 mL) and filtered through a 0.2 μm nylon syringe filter 
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(Micro-Por Minigen Syringe Filter, Genetix Biotech Asia, New Delhi), and the clear solution 

was injected into the preparative HPLC system connected to a reverse phase Luna 5 μm C18 

(2) column 25 cm × 21.2 mm (Phenomenex, USA) for further purification. The mobile phase 

system consisted of 100% MeOH with a flow rate of 5 mL per minute. The sample injection 

volume was 1 mL and the fractions were collected by monitoring the eluting peaks at 205 nm. 

The collected fractions were evaporated under vacuum in a rotatory evaporator. 1H and 13C 

NMR, 2D NMR spectra of compound 7 was taken in CDCl3:CD3OD (2:1 v/v), and further 

analysed by HR-ESI-MS.  

3.3.7. Confirmation of molecules by specific optical rotation  

     The specific optical rotation of compound 1 and peracetylated compound 4 was analyzed 

by preparing 0.61% and 0.92% solutions of compounds in CHCl3, and the values were recorded 

with JASCO P 200 polarimeter. 

3.4. Result and discussion 

3.4.1. Phytochemical exploration studies of BG and unripe Nendran pulp 

     The phytochemical composition of BG and unripe pulp were explored by column 

chromatography, preparative TLC, and preparative HPLC, and the structural characterization 

of pure compounds were carried out with the aid of NMR, HR-ESI-MS & specific optical 

rotation data. The crude CHCl3 extract of BG showed 7 prominent charring spots with Rf 

ranging from 0.1 to 0.8 (Fig. 3.1.) in CHCl3:MeOH (8:1) system, and we were able to identify 

the compounds corresponding to all these charring spots. The compound corresponding to Rf 

0.82 appeared as a carotenoid based on its bright orange colour in TLC. Compounds 

corresponding to the other six prominent charring spots (compounds 1, 3-7) were identified 

(Fig. 3.1.) and discussed in detail here.  

     Phytochemicals were isolated from unripe pulp by preparative TLC and column 

chromatography routes. It was observed that the TLC profile of the CHCl3 and acetone extracts 

of the unripe Nendran pulp displayed perfect resemblance to that of the CHCl3 extract of BG 

(Fig. 3.1.). Preparative TLC isolation of hexane and acetone extracts of unripe pulp afforded 

compounds 1, 2, and 5 and compounds 2, 5, and 6, respectively. On the other hand, the CHCl3 

and acetone extracts were subjected to column chromatography for the isolation of compound 

7. The NMR spectral data of compounds 1-7 are given in the section 3.4.2. The structures of 

compounds identified are given in Fig. 3.4. and structural characterization was explained in 

detail in the section 3.4.3. 
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3.4.2. NMR spectral data of compounds 1-7 

Compound (1): 1H-NMR (CDCl3) 0.61 m, 0.70-0.79 m, 0.85 m, 0.94 m, 0.98-1.11 m, 1.18 m, 

1.37-1.47 m, 1.78 m, 1.95 m, 2.13-2.23 (2H, m), 3.45 (1H, m), 5.28 (1H, d, J=3.25 Hz); 13C-

NMR (CDCl3) 11.8, 11.9, 18.7, 19.0, 19.4, 19.8, 21.0, 23.0, 24.3, 26.0, 28.2, 29.1, 29.7, 31.6, 

31.9, 33.9, 36.1, 36.5, 37.2, 39.7, 42.2, 42.3, 45.8, 50.1, 56.0, 56.7, 71.8, 121.7, 140.7. 

Compound (2): 1H-NMR (CDCl3) 0.61 m, 0.74-85 m, 0.94 s, 0.96-1.13 m, 1.16-1.29 m, 1.35-

1.44 m, 1.72-2.00 m, 2.29 m, 3.31 (2H, m), 3.38 (1H, m), 3.50 (2H, m), 4.18 (1H, d, J=12.36 

Hz), 4.32 (1H, d, J=7.60 Hz), 4.45 (1H, m), 5.29 (3H, m); 13C-NMR (CDCl3) 11.8, 11.9, 14.1, 

18.7, 19.0, 19.3, 19.8, 21.0, 22.6, 23.0, 24.3, 24.9, 26.1, 27.2, 28.2, 29.2-29.8, 31.9, 33.9, 34.2, 

36.1, 36.7, 37.2, 38.9, 39.7, 42.3, 45.8, 50.1, 56.1, 56.7, 63.1, 70.0, 73.6, 73.9, 75.9, 79.5, 101.2, 

122.1, 130.0, 140.3, 174.7. 

Compound (3): 1H-NMR (CDCl3) 0.61 m, 0.74-0.86 m, 0.93 s, 0.98-1.12 m, 1.15-1.27 m, 

1.35-1.65 m, 1.78 m, 1.84-1.97 m, 2.28 m, 3.30 (2H, m), 3.39 (1H, m), 3.49 (2H, m), 4.19 (1H, 

dd, J=1.6, 12.0 Hz), 4.31 (1H, d, J=7.70 Hz), 4.41 (1H, dd, J=4.83, 12.08 Hz), 5.29 (1H, m); 

13C-NMR (CDCl3) 11.8, 11.9, 14.1, 18.7, 19.0, 19.3, 19.8, 21.0, 22.7, 23.0, 24.3, 24.9, 26.0, 

28.2, 29.1-29.7, 31.6, 31.8, 31.9, 33.9, 34.2, 36.1, 36.7, 37.2, 38.9, 39.7, 42.3, 45.8, 50.1, 56.0, 

56.7, 63.1, 70.0, 73.5, 73.9, 75.9, 79.5, 101.2, 122.1, 140.2, 174.7. 

Compound (4): 1H-NMR (CDCl3) 0.60 (3H, s), 0.71-0.80 (8H, m), 0.85 (4H, m), 0.92 (3H, s), 

0.94-1.12 (7H, m), 1.13-1.31 (7H, m), 1.32-1.64 (11H, m), 1.73-1.86 (3H, m), 1.93 (3H, s), 

1.95 (3H, s), 1.97 (3H, s), 2.00 (3H, s), 2.09-2.21 (2H, m), 3.42 (1H, m), 3.61 (1H, ddd, J=2.41, 

4.68, 9.89 Hz), 4.04 (1H, dd, J=2.18, 12.18 Hz), 4.19 (1H, dd, J=4.83, 12.23 Hz), 4.52 (1H, d, 

J=8.00 Hz), 4.89 (1H, t, J=8.80 Hz), 5.01 (1H, t, J=9.70 Hz), 5.13 (1H, t, J=9.53 Hz), 5.29 (1H, 

d, J=4.90 Hz); 13C-NMR (CDCl3) 11.8, 11.9, 18.7, 19.0, 19.3, 19.8, 20.62, 20.65, 20.7, 20.8, 

21.0, 23.0, 24.3, 26.0, 28.2, 29.1, 29.4, 31.8, 31.9, 33.9, 36.1, 36.7, 37.2, 38.9, 39.7, 42.3, 45.8, 

50.1, 56.0, 56.7, 62.1, 68.5, 71.5, 71.6, 72.9, 80.0, 99.6, 122.1, 140.3, 169.3, 169.4, 170.3, 

170.7. 

Compound (5): 1H-NMR (CDCl3) 0.72-0.85 m, 1.21-1.32 m, 1.91-2.03 m, 2.25 (q, J=7.91 

Hz), 2.63 bs, 2.67-2.76 m, 2.83 bs, 2.91 bs, 3.49 (1H, t, J=4.85 Hz), 3.53 (1H, m), 3.58 (1H, 

m), 3.68 (1H, dd, J=6.33, 11.23 Hz), 3.79-3.86 (2H, m), 3.91 (1H, d, J=5.35 Hz), 3.95 (1H, m), 

4.14 (1H, dd, J=6.48, 11.98 Hz), 4.22 (1H, d, J=7.44 Hz), 4.32 (1H, dd, J=3.04, 12.75 Hz), 

5.22-5.34 m; 13C-NMR (CDCl3) 14.1, 14.2, 20.5, 22.5, 24.8, 25.5, 25.6, 27.2, 29.0-29.7, 31.5, 

34.1, 34.2, 62.7, 62.8, 68.3, 69.4, 70.2, 71.6, 73.4, 74.5, 103.9, 127.1-128.3, 130.0, 130.2, 

131.9, 173.5, 173.7.  
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Compound (6): 1H-NMR (CDCl3) 0.85-0.90 m, 1.23-1.33 m, 1.60 m, 1.97 s, 2.05-2.08 m, 2.13 

s, 2.29 m, 3.44 (1H, app t, J=8.65 Hz), 3.65 (1H, dd, J=5.50, 9.5 Hz), 3.78 (1H, dd, J=5.15, 

9.90 Hz), 3.85 (1H, t, J=5.58 Hz), 3.98 (1H, dd, J=4.40, 10.50 Hz), 4.08-4.15 (3H, m), 4.21 

(1H, m), 4.31 (1H, d, J=10.75 Hz), 4.48 (1H, d, J=7.85 Hz), 4.95 (1H, d, J=2.80 Hz), 5.00 (1H, 

dd, J=2.30, 10.30 Hz), 5.11 (1H, dd, J=3.35, 10.91 Hz), 5.18 (2H, m), 5.29 (1H, m), 5.42 (1H, 

d, J=1.70 Hz), 5.45 (1H, d, J=1.85 Hz); 13C-NMR (CDCl3) 14.11, 20.56-20.68, 22.67, 24.69, 

24.85, 27.20, 29.12-29.67, 31.90, 34.05, 61.56, 62.26, 65.52, 66.57, 67.13, 67.37, 67.50, 67.64, 

67.89, 68.62, 69.64, 70.90, 71.52, 96.75, 101.66, 169.42, 169.97, 170.08, 170.17, 170.43, 

170.67, 172.79, 173.35. 

Compound (7): 1H-NMR (CDCl3:CD3OD) 0.80 (t, J=6.62 Hz), 1.18 m, 1.26-1.72 m, 1.93 m, 

2.01 m, 3.15 (t, J=7.88 Hz), 3.20 m, 3.26 m, 3.31 m, 3.61-3.67 m, 3.78 m, 3.85 m, 3.90-3.99 

m, 4.04 (app t, J=6.90 Hz), 4.18 (d, J=7.70 Hz), 5.28 m, 5.40 (dd, J=7.23, 15.28 Hz), 5.65 (dt, 

J=6.00, 15.25 Hz); 13C-NMR (CDCl3:CD3OD) 13.8, 22.5, 25.1-34.4, 53.1, 61.3, 68.2, 69.9, 

71.7, 71.9, 72.0, 73.3, 76.2, 76.3, 103.0, 128.4, 129.2, 130.4, 133.6, 175.8. 
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Fig. 3.4. Structures of compounds 1-7. Compound 1 - β-Sitosterol, Compound 2 - Sitoindoside-II, Compound 3 - Sitoindoside-I, Compound 4 - β-

Sitosterol-β-D-glucopyranoside, Compound 5 - Monogalactosyldiacylglycerol (MGDG), Compound 6 - Digalactosyldiacylglycerol (DGDG), 

Compound 7 – Glucocerebroside (GC) 
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3.4.3. Structural characterization of compounds 1-7 

     Compound 1 exhibited characteristic chemical shifts of aliphatic phytosterol in 1H and 13C 

NMR, with the presence of C3-OH and olefinic proton signals (Fig. 3.5.), its non-polar nature 

was evident from TLC. Vilela et al. reported sterols such as β-sitosterol, campesterol, and 

stigmasterol from the ripe pulp of ten Musa species (Vilela et al., 2014). Hence, compound 1 

was readily identified as β-sitosterol (Fig. 3.4.), further confirmed by NMR spectral 

comparison in Biological Magnetic Resonance Data Bank. The specific optical rotation of 

compound 1 was found to be -30.25°, which was in agreement with the reported value of -30° 

(Johnson, 1958). Efficient precipitation of β-sitosterol from the hexane extract upon the 

addition of AMT (40:56:4) was an accidental observation we had during the sample preparation 

for HPLC analysis of carotenoids. 

     Compound 2 exhibited characteristic carbohydrate chemical shifts between 3-5 ppm, with 

δH 4.32 ppm (J = 7.6 Hz) indicating anomeric proton H-1ꞌ with β-configuration. The presence 

of downfield chemical shifts for H-6ꞌ (δH 4.45, 4.18 ppm) in 1H NMR suggests the presence of 

an ester functionality on C6ꞌ-OH, with an aliphatic chain (Fig. 3.6.). The presence of a steryl 

group was evident from NMR, which along with the conventional glycosidic linkage (δC-1ꞌ 

101.2 ppm) suggests compound 2 as an acyl steryl glycoside (ASG). By consideration of COSY 

correlations (Fig. 3.7.) and diaxial coupling constants of 9 Hz for δH-4ꞌ 3.31 ppm and δH-2ꞌ 3.29 

ppm, the carbohydrate moiety was confirmed as D-glucose. A three integration in 1H NMR in 

the olefinic region suggests the presence of one unsaturation in the aliphatic chain and with 

characteristic H-6 of the steryl moiety, which along with chemical shift considerations of 1H 

and 13C NMR resemble β-sitosterol. Ghosal et al. reported extensively on the isolation and 

characterization of steryl glycosides and sitoindosides from the peel of M. paradisiaca and 

their anti-ulcerogenic activity (Ghosal, 1985). The presence of olefinic carbons at δC 130 ppm 

indicates oleoyl moiety of the acyl group, which based on the published report by Ghosal et al. 

suggest compound 2 as sitoindoside-II (Fig. 3). Accordingly, compound 3 (Fig. 3.8.) was 

elucidated as sitoindoside-I (Fig. 3.4.) with a palmitoyl chain evident by the presence of only 

one olefin proton (δH-6 5.3 ppm) from the β-sitosteryl moiety, which was further evident from 

the 13C NMR. Compound 4 exhibited characteristic carbohydrate signals in the 1H NMR that 

along with steroidal region resemble a sterylglycoside. However, due to poor splitting pattern 

in 1H NMR in CDCl3, compound 4 was peracetylated (Fig. 3.9.) and confirmed as a β-sitosterol 

β-D-glucopyranoside (Fig. 3.4.) by NMR, which was in agreement with literature (Faizi et al., 

2001). The specific optical rotation of the peracetylated form of compound 4 was found to be 

-22.9°, which was in agreement with the reported value of -23.9° (Coutts et al., 1957). 
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     Compound 5 (Fig. 3.10.) exhibited characteristic carbohydrate signals in the 1H NMR along 

with aliphatic chain, thus, resembling a glycolipid. Presence of COSY correlations for H-2 with 

H-3, H-1; H-1ꞌ with H-2ꞌ; H-6ꞌ with H-5ꞌ, and HMBC correlation for H-2ꞌ with C1ꞌ, C3ꞌ; H-4ꞌ 

with C2ꞌ, which along with coupling constants confirmed the presence of D-galactose appended 

to a glycerol backbone as a β-glycoside. The downfield chemical shifts of H-2, H-1, and HMBC 

correlation of H-1ꞌ with C3 indicate the presence of ester groups in sn-1,2 positions and sn-3 

with glycosidic linkage (Fig. 3.11.), thus, compound 5 is a monogalactosyldiacylglycerol 

(MGDG). The presence of olefinic protons between 5-5.5 ppm suggests the presence of 

unsaturated fatty acids. HR-ESI-MS analysis (Fig. 3.12.) with direct injection was carried out 

to identify prominent molecular species, and two ions were observed. Ion at m/z 775.5367 

[M+H]+, which against the calculated 775.5360 [M+H]+, confirms the molecular formula 

C45H74O10 that corresponds to MGDG 36:6. Ion at m/z 799.5354 [M+Na]+, which against the 

calculated 799.5336 [M+Na]+, confirms the molecular formula C45H76O10 that corresponds to 

MGDG 36:5. Blackbourn et al. reported the presence of high proportion of mono- and di- 

galactosyl diacylglycerols (MGDGs and DGDGs) in banana peel, with polyunsaturated fatty 

acids (PUFAs) such as α-linolenic acid (18:3ω3), PUFAs in MGDGs account for 94% of the 

fatty acid content (Blackbourn et al., 1990). Hence, one of the molecular species, MGDG 36:6 

was identified as compound 5 (Fig. 3.4.). The second molecular species, MGDG 36:5 has two 

possibilities, MGDG (18:3ω3/18:2ω6) or MGDG (18:2ω6/18:3ω3).  

     Compound 6 exhibited characteristic disaccharide signals in the 1H NMR, which along with 

aliphatic region resemble digalactosyldiacylglycerol (DGDG). However, due to poor splitting 

pattern in 1H NMR, compound 6 was peracetylated and characterized (Fig. 3.13.). Presence of 

key COSY correlations of H-2ꞌ with H-1ꞌ, H-3ꞌ; H-4ꞌ with H-5ꞌ, H-3ꞌ; H-2ꞌꞌ with H-1ꞌꞌ, H-3ꞌꞌ; H-

4ꞌꞌ with H-5ꞌꞌ, H-3ꞌꞌ aided in identification of the anomeric protons H-1ꞌ and H-1ꞌꞌ with β and α 

configurations, respectively. Coupling constants of 1.9 and 1.7 Hz for H-4ꞌꞌ and H-4ꞌ, 

respectively, confirm the presence of digalactosyl moiety. Presence of COSY correlation of H-

2 with H-3, H-1 helped in identification of the protons of the glycerol backbone in 1H NMR. 

Presence of key HMBC correlations of H-3 with C1ꞌ and H-6ꞌ with C1ꞌꞌ confirm the glycosidic 

linkages of DGDG (Fig. 3.14.). HR-ESI-MS analysis with direct injection was carried out to 

identify the molecular species (Fig. 3.15.). DGDG account for higher proportion of saturated 

fatty acid such as palmitic acid (Blackbourn et al., 1990). HR-ESI-MS analysis of the 

underivatized compound 6 exhibited an ion at m/z 915.6029 [M+Na]+, which against the 

calculated 915.6021 [M+Na]+ with palmitic esters, confirms the molecular formula C47H88O15 

that corresponds to compound 6 (Fig. 3.4.). A prominent ion at m/z 847.4677 [M+Na]+
, which 
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against the calculated 847.4667 [M+Na]+, suggest the molecular formula C40H72O17 that 

corresponds to a DGDG containing a nonadioic acid in sn-1 or sn-2 along with palmitic acid. 

Nonadioic acid was one of the dioic acids reported in the lipophilic extracts of ripe pulp from 

banana cultivars (Vilela et al., 2014). HR-ESI-MS analysis of the derivatized peracetylated 

compound 6 showed corresponding ions with an increase in mass by 294 due to acetylation of 

7 x OH groups of digalactosyl moiety (Fig. 3.16.). Signals in mass spectra depend on the 

ionizing capability of the compounds, hence, DGDG with an extra carboxylic acid functionality 

in nonadioc acid is intense compared to compound 6 with palmitic acid (Fig. 3.15.).  

     Compound 7 exhibited characteristic glycolipid signals in NMR, which was initially 

analyzed by peracetylation NMR (Fig. 3.17.). Based on diaxial coupling constants and 

characteristic 8 Hz coupling constant of the anomeric proton, the monosaccharide of the 

acetylated derivative was determined as D-glucose with β-glycosidic linkage. Presence of a 

characteristic amide NH proton and HMBC correlations, indicate the presence of a ceramide 

backbone with sugar appendage at the C1 position. However, the presence of a C3-C4 double 

bond was unusual in the derivative, perhaps, an elimination reaction followed during 

peracetylation as shown in the scheme (Scheme 3.5.), thus, confirming compound 7 as 

glucocerebroside (GC).  

 

 

Scheme 3.5. Plausible mechanistic pathway during peracetylation of compound 7, with 

key COSY & HMBC correlations 

 

     Based on the NMR, compound 7 in its original state NMR (Fig. 3.18.) or in its peracetylated 

form NMR (Fig. 3.17.) constitute a mixture of molecular species. We resorted to HR-ESI-MS 

analysis for generic information of the sphingosine backbone as well as aliphatic chains of the 

amide. HR-ESI-MS through LC afforded one of the parent ion measured as 770.6146 [M+H]+, 

which against the calculated 770.6146 correspond to molecular formula C44H83NO9, thus, 
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revealing one of the molecular species 7a (Fig. 3.4. and Fig. 3.19a.). Presence of [M+Na]+, 

[2M+Na]+ peaks, and fragment peaks 752.6045 and 590.5514 corresponding to [M-OH]+ 

calculated for 752.6035 and [M-glucose]+ calculated for 590.5507, respectively confirm a 

sphingadienine backbone with 2-hydroxyeicosanoic acid as the aliphatic chain for molecular 

species 7a. A second parent ion measured as 794.6127 [M+Na]+, which against the calculated 

794.6122 correspond to molecular formula C44H85NO9, thus, revealing the second molecular 

species 7b (Fig. 3.4. and Fig. 3.19b.). Presence of [2M+Na]+ peak, and fragment peaks 

610.5782 and 592.5675 corresponding to [M-glucose+H]+ calculated for 610.5774 and [M-

glucose-OH]+ calculated for 592.5663, respectively confirm a sphingosine backbone with 2-

hydroxyeicosanoic acid as the aliphatic chain for molecular species 7b. A third parent ion 

measured as 820.6282 [M+Na]+, which against the calculated 820.6279 correspond to 

molecular formula C46H87NO9, thus, revealing the third molecular species 7c (Fig. 3.4. and Fig. 

3.19c.). The presence of [2M+Na]+ peak, and fragment peaks 780.6361 and 618.5830 

corresponding to [M-OH]+ calculated for 780.6348 and [M-glucose-OH]+ calculated for 

618.5820, respectively confirm sphingadienine backbone with 2-hydroxydocosanoic acid as 

the aliphatic chain for molecular species 7c. Both 2-hydroxyeicosanoic and 2-

hydroxydocosanoic acids were reported as fatty acids components in banana cultivar Dwarf 

Cavendish (Oliveira et al., 2006). 

     To determine the position of double bond in sphingadienine and sphingosine backbone, we 

resorted to 2D NMR of compound 7. Presence of key COSY correlations of H-3 with H-4, H-

2; H-5 with H-4, H-6; and the presence of key HMBC correlations of H-3 with C2, C1, C4, 

C5; and H-1 with C1ꞌ (anomeric carbon) confirm the position of the double bond at C4 of 

sphingadienine and sphingosine backbone NMR (Fig. 3.20.). The characteristic ‘E’ geometry 

of C4-C5 was determined from trans coupling constant of 15 Hz in 1H NMR, but due to 

merging of signals between 5.2 to 5.3 ppm corresponding to the second double bond and due 

to the presence of molecular species, it was difficult to determine the double bond geometry 

and position. However, based on the consensus structure of sphingoids from plants, we report 

C8-C9 double bond with ‘E’ geometry (Shirakura et al., 2012). The stereochemistry of C2 and 

C3 is highly conserved in sphingoids, however, the configuration of the hydroxy position of 

the aliphatic acid was left unassigned. To the best of our knowledge, the present work is the 

first report on the isolation and characterization of GCs from Musa species.  
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3.4.4. Review of literature on health benefits of identified compounds 

3.4.4.1. Steroids and steroid derivatives 

     Phytosterols are molecules, found in plants, animals, and fungi, and have a structural 

similarity to cholesterol. β-sitosterol, a well-recognized phytosterol, showcases a diverse array 

of pharmacological activities that make it a promising compound in the field of medicine. Its 

anticancer properties, including the induction of apoptosis and inhibition of cell growth in 

cancer cell lines, MCF-7 and MDA-MB-231, highlight its potential in cancer treatment 

(Saeidnia et al., 2014). Additionally, β-sitosterol's antioxidant effects contribute to improving 

antioxidant status and preventing lipid peroxidation, which can be beneficial in combating 

oxidative stress-related conditions. Studies show that the administration of β-sitosterol reduces 

the levels of glucose and glycated hemoglobin (HbA1c) in streptozotocin-induced diabetic rats 

(Saeidnia et al., 2014). The hypocholesterolemic effects further underscore its therapeutic 

potential in managing cholesterol levels. It lowers the risk of atherosclerosis, heart attacks, and 

coronary artery disease by lowering the level of low-density lipoprotein (LDL) cholesterol 

(Gupta, 2020). The effect of β-sitosterol on the serum lipids was well studied. Administration 

of 25 g of β-sitosterol for a prolonged period results in the lowering of serum total cholesterol, 

and total lipid level (Best et al., 1955). 

     Steryl glycosides are sterols glycosylated at their 3β-hydroxy group. Glycosylation of 

sterols makes them an important component of the cell membrane and provides resistance 

against stress to the cells. Besides this, there are many benefits associated with steryl glycoside 

administration (Shimamura, 2020). β-Sitosterol-𝛽-D-glucoside is a molecule with numerous 

biological potentials. β-Sitosterol 𝛽-D-glucoside isolated from sweet potato exhibited anti-

breast cancer activity in MCF-7 and MDA-MB-231 breast cancer cell lines (Xu et al., 2018). 

𝛽-Sitosterol 𝛽-D-glucopyranoside isolated from the fruits of Cupressus sempervirens was 

found to mimic estrogenic properties and thus stimulate glucose utilization in skeletal muscle 

cells (Pandey et al., 2021). Similar to steryl glycosides, ASG also possess cholesterol-lowering 

effects. Supplementation of ASG purified from soybean oil, 6.1 mg for two weeks, was found 

to exert cholesterol-lowering effects in C57BL/6J mice (Lin et al., 2011). 

3.4.4.2. Glycolipids 

     Glycolipids, which are glycoconjugates of lipids, are typically located on the outer surface 

of eukaryotic cell membranes. They play a crucial role in maintaining membrane stability and 

facilitating cell-to-cell communication. Two classes of glycolipids include gangliosides and 

cerebrosides, both of which are glycosphingolipids, consisting of a carbohydrate and a 
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sphingolipid (Glycolipids - Latest Research and News | Nature, n.d.). MGDG, DGDG, and GC 

were the glycolipids we isolated in our study. MGDGs and DGDGs are predominantly found 

in the thylakoid membrane of plant chloroplasts, which are overlooked in nutrition applications 

as they are dispersed in biomass (Sahaka et al., 2020).  The literature provides numerous 

evidence supporting the health benefits associated with all these identified compounds. MGDG 

is a molecule with great physiological significance. Due to its amphiphilic nature, MGDG is 

an attractive ingredient in the pharmaceutical field and exhibits therapeutic anti-cancer, anti-

viral, and anti-inflammatory activities (Abedin & Barua, 2021). Similar to MGDG, DGDG also 

offers numerous health benefits. In a placebo-controlled clinical study, the role of oral 

supplementation of wheat polar lipids (oil and powder) containing glucosylceramides (1.7 mg) 

and DGDG (11.5 mg) was evaluated for its effects on skin hydration and other age-related 

symptoms. The results of the study demonstrated a positive impact of oral supplementation of 

polar lipids on subjects, showing significantly increased skin hydration, elasticity, and 

smoothness, along with decreased transepidermal water loss, roughness, and wrinkledness in 

the treated groups compared to the placebo (Bizot et al., 2017). These findings underscore the 

potential of DGDG and other polar lipids in promoting skin health and addressing age-related 

skin concerns. Apart from the pivotal role in the cosmetic industry MGDG and DGDG exert 

anti-inflammatory and anti-cancer properties (Bruno et al., 2005; Maeda et al., 2008; Ulivi et 

al., 2011). 

     MGDG isolated from Rosa canina was reported with anti-inflammatory properties (Larsen 

et al., 2003), and in a separate study, this property is explained by antagonism of toll-like 

receptor 4 (TLR4) receptor that was demonstrated by a MGDG probe (Liu et al., 2016).  A 

combination of simvastatin, a lipid-lowering drug, and MGDG was studied in a murine model 

of sepsis and the results showed that this combination possesses the potential in sepsis therapy 

and prevention (Apaya et al., 2015). MGDG isolated from the methanolic extract of Euphorbia 

helioscopia L. was reported for free-radical scavenging activity (EC50 = 5.2 µg/mL) (Cateni et 

al., 2014). MGDG was reported as the active principle in traditional Ophioglossum vulgatum 

L. ointment for wound healing activity (Clericuzio et al., 2014). MGDG isolated from Actinidia 

chrysantha was reported as a ligand for peroxisome proliferator-activated receptor 

gamma  (PPARγ), implicated in numerous diseases, with an IC50 value of 1.64 µM (Martin et 

al., 2013). The chloroform extract of leaves of Cassia fistula L. exhibited in vitro 

antiplasmodial activity where MGDG was the active principle (Grace et al., 2012). The active 

principle in the ethanolic extract from leaves of Allium ursinum L. for antiaggregatory effect 

was attributed to MGDG (Sabha et al., 2012). MGDG was reported as a superoxide generation 
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inhibitor, isolated from Perilla frutescens, with an IC50 value of 21 µM, comparable to 

rosmarinic acid and caffeic acid (Takahashi et al., 2011). A substantial presence of MGDG in 

most green vegetables of over 200 mg/kg fresh weight is considered to play a major role in the 

human diet, hence, glycolipids can be designated as a nutraceutical (Larsen et al., 2003). A 

MGDG enriched extract of Crassocephalum rabens showed significant suppression of B16 

melanoma growth in C57BL/6J mice, comparable to chemotherapeutic drug cisplatin (Hou et 

al., 2007). MGDG isolated from Armoracia rusticana, Wasabia japonica, and Amaranthus 

tricolor inhibited proliferation of a range of cancer cells and cyclooxygenase enzymes, 

implicated in inflammation (Jayaprakasam et al., 2004; Weil et al., 2005). α-Linolenic acid 

(ALA) is well-known for its anticancer activity (Kim et al., 2014), interestingly, compound 5 

isolated from Citrus hystrix exhibited anticancer activity at a dose ten times lesser than ALA in 

mouse skin (Murakami et al., 1995). 

     Another interesting glycolipid that we came across in the study was GC. They were known 

for immunomodulatory and anti-inflammatory properties. GC exerts immunomodulatory and 

anti-inflammatory functions by promoting T lymphocytes & Natural killer T  (NKT) cells 

(Margalit et al., 2005, 2006). These findings suggest that GC-induced immune modulation may 

be beneficial in treating non-alcoholic steatohepatitis and other immune-mediated conditions 

(Margalit et al., 2006). Similarly, GC treatment ameliorates concanavalin A-induced hepatitis 

by inhibition of NKT lymphocytes (Margalit et al., 2005). In addition, being a source of 

ceramide, GC have shown application in cosmetics by playing an important role in the skin 

barrier function in retaining moisture and also has shown relevance as a dietary supplement 

(Jiang et al., 2021). The health benefits and significance of GCs and ceramides, and their 

application in the cosmetic field were discussed in detail in Chapter 5. 

     Consumption of BG helps to introduce these bioactive compounds to our body thus 

providing health benefits. Our findings not only contribute to expanding the understanding of 

the nutritional composition of BG but also hold promise for enhancing its value as a functional 

food ingredient. Consuming BG facilitates the intake of bioactive compounds known for their 

health benefits, thereby promoting overall well-being. Our study not only expands the BG's 

nutritional profile but also underscores its potential as a valuable functional food ingredient.  
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Fig. 3.5. 1H and 13C NMR of compound 1 
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Fig. 3.6. 1H and 13C NMR of compound 2 
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Fig. 3.7. COSY NMR of compound 2 
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Fig. 3.8. 1H and 13C NMR of compound 3 
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Fig. 3.9. 1H and 13C NMR of peracetylated compound 4 
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Fig. 3.10. 1H and 13C NMR of compound 5 

 

 

 

 

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 ppm

1
.
9
3
8

1
.
9
4
7

1
.
9
5
9

1
.
9
7
4

1
.
9
8
6

2
.
0
0
8

2
.
0
2
3

2
.
1
0
3

2
.
2
2
9

2
.
2
4
5

2
.
2
6
1

2
.
2
7
7

2
.
6
3
5

2
.
6
8
7

2
.
7
0
0

2
.
7
1
4

2
.
7
3
7

2
.
8
2
8

2
.
9
0
9

3
.
4
7
8

3
.
4
8
8

3
.
4
9
8

3
.
5
2
2

3
.
5
4
1

3
.
5
6
8

3
.
5
8
4

3
.
6
0
2

3
.
6
6
5

3
.
6
7
8

3
.
6
8
8

3
.
7
0
0

3
.
7
9
5

3
.
8
2
2

3
.
8
3
3

3
.
8
4
5

3
.
8
5
6

3
.
9
1
2

3
.
9
2
3

3
.
9
4
8

4
.
1
2
4

4
.
1
3
6

4
.
1
4
7

4
.
1
6
1

4
.
2
0
8

4
.
2
2
3

4
.
3
0
9

4
.
3
1
5

4
.
3
3
4

4
.
3
3
9

5
.
2
5
7

5
.
2
7
1

5
.
2
8
1

5
.
2
9
2

5
.
3
0
5

5
.
3
1
8

5
.
3
2
7

3
.3

5

1
.1

1

2
.1

2

1
.9

9

1
.0

4

1
.0

5

1
.0

0

UN-AMT-3
PROTON CDCl3 {E:\Naga} niist 26

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

1
4
.
0
8

1
4
.
2
8

2
0
.
5
5

2
2
.
5
8

2
4
.
8
8

2
5
.
5
3

2
5
.
6
3

2
7
.
2
0

2
9
.
0
5

2
9
.
1
3

2
9
.
1
9

2
9
.
3
5

2
9
.
5
1

2
9
.
6
0

2
9
.
7
1

3
1
.
5
3

3
4
.
1
2

3
4
.
2
9

6
2
.
7
2

6
2
.
8
2

6
8
.
3
8

6
9
.
4
9

7
0
.
2
0

7
1
.
6
6

7
3
.
4
3

7
4
.
5
5

7
6
.
7
6

7
7
.
0
2

7
7
.
2
7

1
0
3
.
9
8

1
2
7
.
1
1

1
2
7
.
7
7

1
2
7
.
8
9

1
2
8
.
0
9

1
2
8
.
2
4

1
2
8
.
3
2

1
3
0
.
0
1

1
3
0
.
2
5

1
3
1
.
9
8

1
7
3
.
5
3

1
7
3
.
7
9

BG-ACE-1-re
C13CPD CDCl3 {E:\ravishankar} niist 43



124 
 

Fig. 3.11. COSY and HMBC NMRs of compound 5 
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Fig. 3.12. HR-ESI-MS of compound 5 
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Fig. 3.13. 1H and 13C NMR of peracetylated compound 6 
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Fig. 3.14. COSY and HMBC NMRs of peracetylated compound 6 
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Fig. 3.15. HR-ESI-MS of compound 6 
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Fig. 3.16. HR-ESI-MS of peracetylated compound 6 
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Fig. 3.17. 1H and 13C NMR of peracetylated compound 7 
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Fig. 3.18. 1H and 13C NMR of compound 7 
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Fig. 3.19a. HR-ESI-MS of compound 7a 
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Fig. 3.19b. HR-ESI-MS of compound 7b 
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Fig. 3.19c. HR-ESI-MS of compound 7c 
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Fig. 3.20. COSY and HMBC NMRs of compound 7 
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Fig. 3.21. Chapter 3 graphical abstract (Created with BioRender.com) 

3.5. Conclusion 

     The current chapter exclusively discusses the phytochemical exploration studies of BG and 

unripe Nendran pulp. A detailed phytochemical analysis from the organic extracts of BG and 

as well as unripe pulp revealed the presence of β-sitosterol, glycolipids viz. MGDG, DGDG, 

ASG viz. sitoindoside-II, sitoindoside-I, sterylglycoside (𝛽-Sitosterol 𝛽-D-glucopyranoside), 

GC and carotenoids. An exhaustive NMR and HR-ESI-MS analysis aided in providing 

structural details of the isolated phytochemicals. The present work serves as the first report on 

the isolation of GCs from Musa species and also the first report on phytochemical isolation 

studies from the Nendran cultivar. Literature shows that the phytochemicals isolated from 

unripe Nendran and BG have a myriad of health benefits. Our study indicates that these 

compounds withstand processing treatment and emphasizes that convenient products 

derived from indigenous crops add variety to the diet and provide bioactive molecules with 

immense health benefits. Consumption of BG introduces a spectrum of bioactive compounds 

to the body, augmenting basic nutrition with potential health benefits. These compounds, as 

those of essential vitamins, are required in low doses for optimal functioning of the body. 

Incorporating BG into the diet can contribute to overall health and well-being, highlighting the 

significance of diversifying dietary choices for optimal nutrition. 
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Chapter 4 

Process-induced changes in the resistant starch 

(RS) content of raw pulp, and its relation to the 

glycemic index and glycemic load (GI-GL) 

4.1. Introduction 

     In general, unripe bananas are reported to have a high amount of RS, which belongs to the 

RS2 category, which is resistant to digestion due to its crystalline structure (Faisant et al., 

1995). Processing and cooking steps have been found to greatly affect the RS2 content (detailed 

in the review of literature section 1.2.8.1. of Chapter 1). To the best of our knowledge, there is 

no literature data on the RS content of unripe Nendran and processed induced changes in it.  

Hence we have evaluated the RS content of BG and its relation to GI, process-induced changes 

in RS content of unripe pulp, and the variation in RS content when measured by different 

methods. Further, we evaluated the starch fractions (RDS, SDS, & RS) of some of the 

commonly consumed food items (rice, oats, and chapathi) and compared the RS content of the 

above items with BG.  

4.2. Objectives  

• In vitro GI prediction of BG. 

• Evaluation of GI-GL of BG through clinical studies. 

• Estimation of the RS content of BG through different methods. 

• Evaluation of RS content in the unripe Nendran pulp and its processed products. 

• Estimation of starch fractions in commonly consumed food items. 

4.3.  Materials and methods 

4.3.1. Chemicals and enzymes 

     The enzymes invertase (catalogue no. I4504), pancreatin (catalogue no. P7545), 

amyloglucosidase (catalogue no. 10113), and pepsin (catalogue no. P7000) were purchased 

from Sigma-Aldrich, Germany for the in vitro starch digestion and GI prediction assay. The 

glucose oxidase-peroxidase (GOD-POD) kit was acquired from Biosystem Pvt. Ltd. India. The 

Digestible and RS Assay Kit (K-DSTRS) was procured from Megazyme Ltd., Ireland. 

4.3.2. BG preparation  

     The infructescence (73.96 kg) of mature unripe banana Musa (AAB) cv. Nendran was 

purchased from local organic farmers in Vellayani, Thiruvananthapuram District, Kerala, India. 
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The pulp (43.62 kg) and peel (16.06 kg) were separated and the pulp was pre-treated and dried 

to develop a novel product ‘BG’ (11.35 kg, the product discussed in Chapter 2) and was used 

for further studies. 

4.3.3. In vitro GI prediction   

     The in vitro prediction of GI of BG was performed according to Goni et al., 1997 and Ren 

et al., 2016 with some modifications (Goñi et al., 1997; Ren et al., 2016). Before analysis, BG 

(10 g) was cooked with 50 mL of water for 6 minutes on medium flame, and from that 3.20 g 

of cooked BG (according to procedure minimum 0.50 g starch was required for analysis) was 

used for the analysis. The sample portion i.e., 3.20 g has 0.60 g starch.  The white bread (0.80 

g) was used as the reference food.  

     The samples were mixed with 10 mL of freshly made pepsin solution (pepsin 5 g/L, guar 

gum 5 g/L in 0.05 mol/L hydrochloric acid (HCl), and 5 glass balls). Subsequently, the samples 

were incubated for half an hour at 37 °C in a water bath. Next, 0.1 M acetate buffer (10 mL, 

pH 5.5, 37 °C) was added and then the starch digestion was initiated by adding 5 mL of the 

enzyme mixture. For preparing the enzyme mixture 3 g of pancreatin was mixed with 20 mL 

of water for 10 minutes over a magnetic stirrer. Subsequently, the mixture was centrifuged for 

10 minutes at 1500 rpm, yielding 15 mL of pancreatin supernatant. To the supernatant, 0.75 

mL of amyloglucosidase (1200 U/mL) and 1 mL of invertase (3000 U/mL) were added. The 

samples were kept in a horizontal shaking water bath (37 °C, 160 rpm). An aliquot of 0.2 mL 

was withdrawn at various time points (20, 40, 60, 80, 100, 120, and 180 minutes) during starch 

hydrolysis and its glucose content was measured using GOD-POD kit. The optical density 

(OD) values were measured by Shimadzu UV 2600 spectrophotometer (Shimadzu, Japan). A 

glucose standard curve with concentrations ranging from 0.6 ppm to 10 ppm (y = 0.0135x + 

0.0097, R2 =0.997) was used for calculating the glucose content. 

     Based on glucose measurements taken at various time points (20, 40, 60, 80, 100, 120, and 

180 minutes), the kinetics of in vitro starch digestibility and the estimated glycemic index (eGI) 

of BG were calculated. The glucose content was converted to starch by multiplying with 0.9 

and then the total starch hydrolysis percentage at each time point was calculated. These values 

were further used for the prediction of GI. Goni found that the starch hydrolysis follows a first-

order equation i.e., C = C∞(1 − e−kt) where C, C∞ , and k represent the percentage of starch 

hydrolyzed at time t (minutes), the maximum hydrolysis extent, and the kinetic constant, 

respectively (Goñi et al., 1997).  Each food has its characteristic C∞ and k value. By giving the 

total starch hydrolysis percentage at each time point (20, 40, 60, 80, 100, 120, and 180 minutes) 
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as input, the C∞ and k values of samples were calculated using the SYSTAT- SigmaPlot V15 

software. 

     Goni through his extensive studies found that the in vivo glycemic response is best 

correlated with the percentage of starch hydrolysis at 90 minutes (H90). The H90 value can be 

obtained by a single point measurement of glucose at 90 minutes during the experiment or this 

value can be derived from the C∞ and k values (H90= C∞(1 − e−kt), where t=90). He introduced 

the equation eGI= 39.21+ 0.803H90 to predict the GI based on this single-point measurement 

of glucose in the in vitro study. Goni introduced another equation i.e., eGI = 39.71 + 0.549HI 

for the estimation of GI. Here the hydrolysis index (HI) was calculated based on the relationship 

between the area under the hydrolysis curve (AUC) for the test food and the AUC for a 

reference food (white bread). The AUC was calculated as the integral of the kinetic equation, 

so here the glucose measurement at each point of starch digestion is considered for predicting 

the GI (Goñi et al., 1997). We have adopted both equations i.e., eGI= 39.21+ 0.803H90 and eGI 

= 39.71 + 0.549HI for predicting the GI of BG to find their correlation with clinical GI values.  

4.3.4. Available carbohydrate content analysis and clinical GI-GL studies 

4.3.4.1. Estimation of available carbohydrate content 

     As the available carbohydrate content is crucial in determining the portion size to be served 

in the GI studies, the available carbohydrate content of BG upma and BG porridge was 

determined using the Megazyme Available Carbohydrates Assay Kit (K-ACHDF). The initial 

steps of the assay measure the hydrolysis of digestible starch to glucose and traces of maltose, 

followed by the specific hydrolysis of sucrose, maltose, lactose, and isomaltose to their 

respective monomers. Next, the enzymes hexokinase (HK) and adenosine-5'-triphosphate 

(ATP) phosphorylate the resultant D-glucose and D-fructose to form glucose-6-phosphate (G-

6-P) and fructose-6-phosphate (F-6-P), respectively. The enzyme glucose-6-phosphate 

dehydrogenase (G6P-DH) subsequently oxidises the generated G-6-P to gluconate-6-

phosphate, and nicotinamide-adenine dinucleotide phosphate (NADP+) to gluconate-6-

phosphate with the generation of reduced nicotinamide-adenine dinucleotide phosphate 

hydrogen (NADPH). The amount of D-glucose and NADPH produced in this reaction will be 

stoichiometric. The rise in absorbance at 340 nm is used to calculate the amount of generated 

NADPH. Similarly, phosphoglucose isomerase (PGI) changes F-6-P into G-6-P. The resulting 

G-6-P combines with NADP+ to generate gluconate-6-phosphate and NADPH, which causes 

a further increase in absorbance (at 340 nm) proportional to the quantity of D-fructose 

(Available Carbohydrates Assay Kit, n.d.). 
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4.3.4.2. Clinical GI-GL evaluation-study design      

     The clinical GI-GL study of BG was done in collaboration with the Madras Diabetes 

Research Foundation (MDRF), Chennai, India. Two preparations i.e., BG upma (a South Indian 

preparation) and BG porridge were developed from BG which can be easily prepared by 

consumers, and the GI value of these preparations was evaluated at the clinical level. The GI 

of test foods - BG upma, and BG porridge was determined in 15 healthy participants. This 

study was conducted using internationally recognized GI protocol by FAO/WHO, 1998 

(“Carbohydrates in Human Nutrition. Report of a Joint FAO/WHO Expert Consultation,” 

1998) and further recommended guidelines by the International Dietary Carbohydrate Task 

Force for GI methodology (Wolever et al., 2006) and ISO (International Organization for 

Standardization, 2010) which have been validated and published elsewhere for GI (Henry et 

al., 2008; Wolever et al., 2019). The procedures in this study adhered to international ethical 

standards for human research and received approval from the institutional ethics committee at 

MDRF, Chennai, India. All participants provided informed consent. The study is registered 

with the Clinical Trials Registry India (CTRI) under the number CTRI/2024/04/065286. The 

participants were recruited from the participant roster of MDRF.  

4.3.4.2.1. Preparation of test food 

     The test food was standardized and prepared at the MDRF’s test kitchen. The standardized 

recipe used for the preparation of BG upma and BG porridge is given below. 

4.3.4.2.1.1. Standardized recipe used for the preparation of BG upma  

 

 

 

 

 

 

 

 

     For the preparation of BG upma, 315 g of BG was cooked with 800 mL water, and onion, 

green chilies, ginger, and curry leaves were added in the preparation to enhance the taste. The 

Ingredients Quantity  

BG 315 g 

Onion 105 g 

Groundnut Oil 40 g 

Salt 12.5 g 

Black gram whole 10.5 g 

Green Chilly 10.5 g 

Mustard 5 g 

Curry Leaves 5 g 

Ginger 2 g 

Water 800 mL 
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Fig. 4.1. Inclusion and exclusion criteria for the clinical GI-GL evaluation studies 

(Created with BioRender.com) 

cooking time of BG upma was 16 minutes and the final cooked weight of the upma was 1052 

g. The method of preparation involves roasting, sautéing, boiling, and simmering. 

4.3.4.2.1.2. Standardized recipe used for the preparation of BG porridge 

 

          

 

 

     The second preparation, BG porridge was prepared by mixing 200 g of BG with 2000 mL 

of water and cooked for 15 minutes at high flame with occasional stirring to avoid scorching 

of grits. The final cooked weight of BG porridge was 1915 g. 

4.3.4.2.2. Inclusion and exclusion criteria 

     The study included healthy men and women aged 18 to 45, with a body mass index (BMI)  

≥18.5 to ≤ 22.9 kg/m², who were willing to consume the test and reference food, had no known 

food allergies or intolerances, and were not taking any medications that could affect glucose 

tolerance. The study excluded individuals with specific dietary restrictions, pregnant or 

breastfeeding women, those with a history of diabetes mellitus, anyone with a disease or taking 

medication that could impact nutrient digestion and absorption, and those who had undergone 

major medical or surgical events in the last 3 months (Fig. 4.1.)  

 

 

 

 

 

 

 

      

 

 

 

Ingredients Quantity 

BG 200 g 

Salt 10 g 

Water 2000 mL 
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4.3.4.2.3. Estimation of GI-GL 

Participants who were not accustomed to finger-prick blood sampling (capillary blood 

sampling) practiced the procedure beforehand to control the anxiety-related effects on blood 

glucose response. The study involved each participant undergoing 3 days of reference food 

testing and 1 day of test food in a random sequence, with a 2-day washout period between 

measurements to prevent carry-over effects. On each test day, participants arrived at the GI 

testing center in the morning after a 10-12 hour overnight fast. A brief questionnaire on the 

previous day's diet (24-hour recall) including the last previous physical activity, meal, smoking, 

and alcohol and caffeine-containing drinks was obtained to ensure that the participants 

maintained a similar diet and physical activity on pretest dates and refrained from smoking and 

alcohol during the study period. 

     The test food containing 50 g available carbohydrate i.e., 269 g of BG upma, along with 

250 mL of water was given to all the study participants. A 55 g of monohydrate glucose 

dissolved in 250 mL of water was given as the reference test food for GI studies. Since the 

portion size of BG porridge was so unreal for consumption a portion containing 25 g of 

available carbohydrate (309 g of BG porridge) was given to all the study participants. 

Monohydrate glucose (27.5 g) dissolved in 125 mL of water was given as the reference food 

for GI studies.  

     Fasting blood samples were collected at -5 minutes and 0 minutes via finger-prick using an 

automatic lancet device before food consumption, with the baseline value being the average of 

these two measurements. Participants then consumed a 50 g portion of available carbohydrate 

from the test foods, BG upma and BG porridge, on different occasions. The first bite or sip 

marked time 0, and the initial blood sample was taken exactly 15 minutes afterward, with 

additional samples collected at 30, 45, 60, 90, and 120 minutes’ post-meal. During the 

subsequent 2 hours of GI testing, participants drank 250 mL of water. The incremental area 

under the curve (IAUC) for blood glucose levels, in response to both the reference and test 

foods, was calculated using the trapezoid rule, excluding the area below the fasting baseline 

(Augustin et al., 2015; Brouns et al., 2005; “Carbohydrates in Human Nutrition. Report of a 

Joint FAO/WHO Expert Consultation,” 1998; EFSA Panel on Dietetic Products, 2012; 

International Organization for Standardization, 2010; Wolever et al., 2019). The average and 

standard error of the mean (SEM) of the IAUC were computed for both the reference food and 

the test food. The GI of the test food was determined by expressing each participant's IAUC 
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following the test food as a percentage of their average reference IAUC. The GI of the test food 

was then represented by the mean of these values (Brouns et al., 2005; Joint, 1998). 

GI =  
Blood glucose IAUC for test food

IAUC value of the reference food
× 100 

 

4.3.5. Evaluation of starch fractions (RDS. SDS, and RS) of BG 

     The starch fractions in BG were evaluated through two methods- the modified Englyst 

method and the Megazyme kit method to assess the variation in results obtained through two 

methods. 

4.3.5.1. In vitro starch digestion and evaluation of starch fractions of BG through modified 

Englyst method 

     BG was analyzed for its starch fractions based on Englyst et al., 1992 and Ren et al., 2016, 

with some modifications (Englyst et al., 1992; Ren et al., 2016). The digestion time in the 

procedure is 2 hours. In a 50 mL centrifuge tube, the sample was mixed with acetate buffer (25 

mL, 0.1 M, pH 5.2) and 2 glass balls. The tube was incubated in a boiling water bath for 30 

minutes. After cooling the tube to 37 °C, 0.3 mL invertase (3000 U/mL) was added, and further 

incubated at 37 °C for 30 minutes. Further, 0.2 mL of aliquot was added to absolute ethanol (4 

mL) to get the free glucose (FG) portion. As above, the samples were mixed with 10 mL of 

freshly made pepsin solution (pepsin 5 g/L, guar gum 5 g/L in 0.05 mol/L HCl, and 5 glass 

balls). Subsequently, the samples were incubated for half an hour at 37 °C in a water bath. 

Next, 0.1 M acetate buffer (10 mL, pH 5.5, 37 °C) was added and then the starch digestion was 

initiated by adding 5 mL of the enzyme mixture. For preparing the enzyme mixture, 3 g of 

pancreatin was mixed with 20 mL of water for 10 minutes over a magnetic stirrer. Subsequently, 

the mixture was centrifuged for 10 minutes at 1500 rpm, yielding 15 mL of pancreatin 

supernatant. To the supernatant, 0.75 mL of amyloglucosidase (1200 U/mL) and 1 mL of 

invertase (3000 U/mL) were added. The samples were kept in a horizontal shaking water bath 

(37 °C, 160 rpm), and after 20 and 120 minutes 0.2 mL of aliquots were withdrawn and added  

into ethanol (4 mL) to obtain the glucose portion for 20 minutes (G20) and 120 minutes (G120). 

After G120 samples had been collected, the tubes were incubated in a boiling-water bath (30 

minutes), further, cooled to 0 °C, and mixed with 7 M potassium hydroxide (10 mL). The tubes 

were incubated in ice for 30 minutes and from this 0.2 mL of sample was added to 1 mL of 

acetic acid (1 mol/L) containing amyloglucosidase (40 μL, 100 U/mL). Further, the tube was 

incubated at 70 °C for 30 minutes and a boiling-water bath for 10 minutes. The tube was then 

cooled to 30 °C and added 20 mL of water to obtain the total glucose portion (TG). The samples 
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(FG, G20, G120, and TG) were centrifuged for five minutes at 1500 rpm. A GOD-POD 

diagnostic kit was used to determine the amount of glucose present in the supernatant. The 

absorbance was measured using a Shimadzu UV 2600 spectrophotometer (Shimadzu, Japan). 

A glucose standard curve with concentrations ranging from 0.6 ppm to 10 ppm (y = 0.0342x - 

0.0081, R2 =0.998) was used for estimating the glucose content in the samples. From the values 

of glucose measured during each time, the following equations were used to calculate the 

amount of total starch (TS), rapidly digestible starch (RDS), slowly digestible starch (SDS), 

and RS. 

RDS = (G20 - FG) × 0.9 

SDS = (G120 - G20) × 0.9 

TS = (TG - FG) × 0.9 

RS = (TG - G120) × 0.9 

 

4.3.5.2.  In vitro starch digestion and evaluation of starch fractions of BG through 

Megazyme kit method 

     The Megazyme digestible and RS assay kit (K-DSTRS) was used to analyze the starch 

fractions and the assay was done according to the manufacturer’s instructions. The samples are 

incubated in maleate buffer (pH 6.0) containing pancreatic α-amylase and amyloglucosidase 

(PAA/AMG) for up to 4 hours at 37 °C with constant stirring. Aliquots of the reaction solution 

are taken at specific time intervals: 20 minutes (for RDS measurement), 120 minutes (for SDS 

measurement, calculated as SDS = starch value at 120 minutes - starch value at 20 minutes), 

and 240 minutes (for measuring TDS and RS). The aliquots (1 mL) collected for measuring the 

RDS, SDS, and TDS were transferred to acetic acid (50 mM, 20 mL) to stop the reaction. From 

these solutions, 0.1 mL aliquots are incubated with 0.1 mL of amyloglucosidase (AMG, 100 

U/mL) to hydrolyze any leftover maltose into glucose, which is subsequently measured using 

the GOD-POD reagent. For RS content measurement, a 4 mL aliquot is taken from the stirring 

solution after 240 minutes, mixed with an equal volume of ethanol, and thoroughly combined. 

Following the centrifugation process, the pellet was washed with 50% ethanol before being 

resuspended in sodium hydroxide solution to dissolve RS. The solution was then neutralized 

and AMG was used to hydrolyze the starch into glucose. The GOD-POD reagent is used to 

quantify the resultant glucose and the TS is calculated by summing TDS and RS (Digestible 

and Resistant Starch Assay Kit, n.d.; McCleary et al., 2020). Further, the changes in the starch 

fractions in BG after cooking were also evaluated using the above method. 
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4.3.6. Analysis of process-induced changes in the RS content of unripe pulp 

     As there is no literature data available on the RS content of unripe pulp and its process-

induced changes, it was studied in detail. The RS content of unripe pulp and processed products 

(P1 and P2) was evaluated. Since the process treatments are part of future technology transfer, 

the processing details are not mentioned here. We have procured commercial raw banana 

powders C1 and C2 and evaluated their RS content also. After evaluating their RS content in 

the uncooked form, the cooking-induced changes in the RS content were also evaluated.  

     Before analysis, all the samples were powdered and passed through mesh 50 to ensure the 

uniform particle size of the samples. For evaluating the cooking-induced changes in the RS 

content, 10 g of both processed samples, P1 & P2, were cooked with 100 mL water for 5 

minutes under a medium flame, which was the banana powder to water ratio normally used for 

the preparation of banana porridge. Samples C1 and C2 were cooked according to the 

manufacturer's instructions, 10 g of product with 250 mL of water, and cooked for 5 minutes 

over medium flame. This cooking method was used to replicate the RS content that a consumer 

would likely obtain by following the exact cooking instructions given by the manufacturer. The 

BG powder was cooked for 5 minutes in both water ratios i.e., 1:10 and 1:25 to evaluate the 

retention of RS in BG after cooking under different water ratios. The Megazyme kit (Digestible 

and Resistant Starch Assay Kit, n.d.; McCleary et al., 2020) was used for evaluating the RS 

content of the samples. 

4.3.7. Evaluation of starch fractions in commonly consumed food items  

     The SDS, RDS, TDS, RS, and TS content of some of the commonly consumed food items 

including oats, rice, and chapathi was evaluated using the Megazyme kit (Digestible and 

Resistant Starch Assay Kit, n.d.; McCleary et al., 2020). Rolled oats were prepared by mixing 

30 g of oats with 100 mL of water and cooking over medium flame for 5 minutes, stirring 

occasionally. Matta rice (100 g) was pressure-cooked with 250 mL of water over medium flame 

for 2 whistles, and the excess water was drained after cooking. Chapathi was prepared by 

kneading 100 g of wheat flour with 70 mL of water into a smooth dough, which was divided 

into small balls, rolled into flat discs, and cooked on a preheated tawa over medium flame for 

2 minutes, flipping as needed. The RS content of the samples was compared with BG, to 

evaluate the nutritional superiority of BG over these products. 

4.3.8. Statistical analysis 

     All the in vitro experiments were carried out in triplicates (n=3), statistically analyzed by 

IBM SPSS Statistics version-26, and data presented as the mean ± SD. One-way ANOVA was 
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used followed by Tukey’s test and a P value equal to or less than 0.05 was considered to indicate 

significance. The clinical GI data was presented as the mean ± SEM. The SYSTAT-SigmaPlot 

V15 software was used for finding the parameters C∞ & k values. The OriginPro 16 software 

was used for the calculation of the AUC of samples for the GI prediction studies. 

4.4. Result and discussion 

4.4.1. In vitro starch digestion and prediction of GI  

     Goni introduced a simple in vitro procedure, in which the rate of hydrolysis of starchy foods 

could be measured and which could be further used to estimate the metabolic glycemic 

response of a food. He found that starch hydrolysis follows a first-order equation [C=C∞(1 − 

e−kt)] and introduced two equations for the prediction of GI of food (GI= 39.21 + 0.803H90 and 

GI = 39.71 + 0.549HI). We have adopted both these equations for the prediction of GI of BG.  

The in vitro starch digestion pattern of BG and the reference food (white bread) was analyzed, 

a curve was plotted between time and total starch hydrolysis percentage at specific time points 

(Fig. 4.2.). From the calculated percentage of starch hydrolysis at different time points (20, 40, 

60, 80, 100, 120, and 180 minutes) we have calculated the C∞ and k values using the SYSTAT-

SigmaPlot V15 software. The C∞ value of BG was found to be 64.98 ± 1.28% with a k value 

of 0.014 min-1 where the C∞ and k values of bread were 83.78 ± 1.65% and 0.026 min-1 

respectively. 

     As Goni et al. (1997) observed a robust correlation between in vivo glycemic responses and 

the H90 value during in vitro digestion, Goni proposed an equation, GI = 39.21 + 0.803H90, as 

a means to predict the GI of food based on the H90 value. The H90 value of BG was computed 

using the obtained C∞ and k values [H90= C∞(1−e−kt), where C∞= 64.98 ± 1.28%, k= 0.014 and 

t=90] and the calculated H90 value was 46.47 ± 0.56%.  The H90 value measured during the 

experiment was 44.21 ± 1.60%. Both experimental value and value derived through the 

equation showed similar H90 values. The H90 values were used for predicting the GI of BG by 

resolving the equation GI = 39.21 + 0.803H90, and the GI value was found to be 76.52 ± 0.45. 

Similarly, the calculated and measured H90 value of bread was 75.82 ± 0.34% and 75.94 ± 

0.18% respectively, and the estimated GI value of bread was 100.09 ± 0.27.  

     The alternative equation eGI = 39.71 + 0.549HI was also adopted to predict the GI of BG. 

Here, the HI serves as a critical parameter, representing the ratio between the AUC of BG and 

the AUC of white bread, expressed as a percentage. The AUC value was calculated using the 

OriginPro 2016 software and the obtained HI value was 63.26±0.14% which was then applied 

to the equation eGI = 39.71 + 0.549HI. The eGI of BG through this equation was 74.44 ± 0.07. 
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Notably, both predictive equations, GI = 39.21 + 0.803H90 and eGI = 39.71 + 0.549HI, yielded 

remarkably similar results for the estimated GI of BG. Based on this result, we feel that the use 

of H90 would simplify GI prediction by avoiding the calculation of C∞, k, and AUC and also 

help to reduce the experimental time, as this value is just a one-point measurement of glucose 

at 90 minutes of the hydrolytic process. While this protocol offers a valuable screening tool for 

categorizing foods into low, medium, and high GI groups, facilitating a rapid evaluation 

without the complexities and ethical concerns of clinical GI studies, it is important to note that 

its simulation of the digestion process does not equate to a comprehensive clinical GI 

assessment. 

 

 

    

 

 

 

  

 

 

 

 

                                                                                

    TS Hydrolysis (%)- total starch hydrolysis percentage 

         Fig. 4.2. In vitro starch hydrolysis pattern of BG and reference food (white bread) 

4.4.2.  Available carbohydrate content analysis and clinical GI-GL studies 

     After the in vitro prediction, the GI of two BG preparations (upma and porridge) was 

evaluated at the clinical level also in collaboration with MDRF. The test food was standardized 

and prepared at the MDRF’s test kitchen. The standardized recipe used for the preparation of 

BG upma and BG porridge was given in section 4.3.4.2.1. The determination of available 

carbohydrate content in the matrix is critical for determining the portion size of the meal to be 

served in the clinical GI-GL studies. Available carbohydrates in BG encompass mainly the 

digestible starch and free sugars like glucose, fructose, sucrose, maltose, and some 
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oligosaccharides. The Megazyme available carbohydrates assay kit (K-ACHDF) was utilized 

for determining the available carbohydrate content of BG upma and BG porridge.  

     The BG upma was found to have an available carbohydrate content of 18.60%. For clinical 

GI testing, portions of the reference and test foods must have an equivalent amount of available 

carbohydrate (usually 50 g) (Foster-Powell et al., 2002). Hence 269 g of BG upma containing 

50 g of available carbohydrate was given to each participant in the clinical GI-GL studies. 

Monohydrate glucose (55 g) dissolved in 250 mL of water was given as the reference test food 

for GI studies of BG upma. The available carbohydrate content in BG porridge was 8.10%. In 

the case of foods with low to moderate available carbohydrate content, it is justified to lower 

the carbohydrate load to 25 g to avoid an unrealistically large meal size and to adjust to 25 g 

carbohydrate in the referent food portion (Brouns et al., 2005). Hence, 309 g of BG porridge 

containing 25 g of available carbohydrate was given to the participants in the clinical GI 

studies, and monohydrate glucose (27.5 g) dissolved in 125 mL of water was given as the 

reference food. The moisture content of BG upma was found to be 69.70%, whereas BG 

porridge had a high moisture content of 89.30%. Differences in the final moisture content of 

the cooked product have resulted in the difference in the available carbohydrate content of 

upma and porridge even though both were prepared from the same raw material BG. 

     The clinical GI-GL evaluation of BG upma included fifteen participants with normal BMI. 

Out of which 1 participant with > 30% coefficient of variation (CV) was removed as an outlier. 

Another 2 participants found it difficult and hence did not consume test food and 2 participants 

dropped out from the study due to personal reasons. Hence, the GI was declared based on 10 

participants. The GI study of BG porridge included fifteen participants with normal BMI. Out 

of which 1 participant with >30% CV was removed as an outlier per ISO GI protocol. Thus, 

the GI was declared based on 14 participants. The GI values were calculated according to the 

methods mentioned in section 4.3.4. The individual Gl value and the SEM obtained for the BG 

upma, and BG porridge are shown in Table 4.1. and Table 4.2. respectively.  
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Table 4.1. Individual mean IAUC of reference & BG upma 

 

                                      SEM*- Standard Error of Mean, **>30% CV, #did not consume test food, ##dropout 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sl. No. Age in 

years 

BMI 

(Kg/m2) 

Mean IAUC-

reference food 

(mg/dL×minutes) 

Mean IAUC-BG 

upma 

(mg/dL×minutes) 

GI of BG 

upma 

1 26 22.8 3008 1999 66 

2 28 22.9 5270 4046 77 

3 24 21.4 4358 2025 46 

4 23 22.3 6814 3784 56 

5 20 19.0 6816 2390 35 

6 24 20.5 # # # 

7 18 21.6 4699 4530 96 

8 20 19.7 # # # 

9 24 19.9 5053 5374 106 

10 23 23.1 3982 3180 80 

11 22 22.7 7321 3679 50 

12 20 18.6 6201 6083 98 

13 22 27.5 ** ** ** 

14 18 21.8 ## ## ## 

15 19 20.1 ## ## ## 

Mean 22 22.0 5352 3709 71 

SEM* 01 01.0 444 434 08 
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Table 4.2. Individual mean IAUC of reference & BG porridge 

 

                                                                                                         SEM*- Standard Error of Mean, **>30% CV 

 

 

 

 

 

 

 

 

 

 

 

Sl. No. Age in 

years 

BMI 

(Kg/m2) 

Mean IAUC-

reference food 

(mg/dL×minutes) 

Mean IAUC-BG 

porridge 

(mg/dL×minutes) 

GI of BG 

porridge 

 

1 41 22.7 3194 3103 97 

2 31 19.8 5580 3136 56 

3 26 22.8 1165 1265 109 

4 28 22.8 2922 3266 112 

5 26 19.1 4156 1328 32 

6 24 21.2 3349 3439 103 

7 23 22.3 ** ** ** 

8 28 22.8 4046 1832 45 

9 24 20.0 3112 2498 80 

10 27 19.4 3496 1410 40 

11 19 20.0 3099 2478 80 

12 18 21.9 2935 990 34 

13 27 22.5 5232 4636 89 

14 22 22.5 5154 2933 57 

15 32 21.1 3474 2258 65 

Mean 26 21.0 3637 2469 71 

SEM* 1 0.4 306 276 7 
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     The study outcomes, as illustrated in Fig. 4.3a. (comparison of IAUC of BG upma and 

glucose) and Fig. 4.3b. (comparison of IAUC of BG porridge and glucose) revealed respective 

GI values of 71 ± 8 and 71 ± 7 (Table 4.3.). It is worth noting that the results of the GI prediction 

studies were consistent with the clinical GI-GL studies. Literature findings suggest that unit 

operations like heating affect the GI of the food. In the presence of water starch granules swell 

as water is absorbed, amylose molecules leach out and lead to disintegration of the granules. 

Thus, heat treatment improves the availability of starch for enzyme action resulting in increased 

GI compared to raw products (Zhang et al., 2021). Despite their historical caution, high GI 

foods play a pivotal role in specific nutritional contexts. Over the past millennia, cereals, dairy, 

and meat have been primary energy sources. As we approach 2050, diversifying our energy 

sources is imperative.  

     The product of the food's GI value and the amount of available carbohydrates in grams per 

serving is the food's GL (Kim, 2020). GL is calculated by multiplying the food's carbohydrate 

content in a specified serving size by its GI value, and then dividing the result by 100 (Foster-

Powell et al., 2002). A GL value of 10 or below is categorized as low, 11-19 as medium, and 

20 or above as high. Foods with a higher GL are anticipated to elicit a more significant increase 

in serum glucose and insulin responses per serving compared to those with a lower GL (Kim, 

2020). As GL is a measure of the glycemic impact of a serving of food, it gives a more realistic 

idea about the glycemic response of a food. The portion size used for the GL calculation of BG 

upma and BG porridge i.e., 100 g and 150 g respectively, were chosen based on the portion 

size that can be consumed ideally by a consumer. Our study revealed that a 100 g serving of 

BG upma had a GL value of 13.19, categorizing it as a medium GL food, while a 150 g serving 

of BG porridge had a GL of 8.61, placing it in the low GL category (Table 4.3.). Despite having 

high GI values, foods with low or moderate GL values are considered ideal for individuals with 

diabetes. For instance, watermelon, despite its GI of 76, has a very low GL of 6 due to its high 

water content, making it suitable for consumption by diabetic individuals (Atkinson et al., 

2008; WATERMELON – Glycemic Index, n.d.). Similarly, a restricted portion of BG porridge 

can be consumed even by diabetic individuals. 

     Even though the GI data of BG in upma and porridge forms are the same, there are some 

striking observations when we look into individual forms. BG, when given in the form of a 

porridge showed a 29 mg/dL glucose shoot comparable to that of reference food (28 mg/dL). 

Whereas with respect to BG in upma form, it can be noticed that the shoot of blood glucose is 

17 mg/dL when compared to that of reference food (39 mg/dL). Similar way when we compare 
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the presence of glucose in the blood at 90th minutes with respect to BG porridge it was almost 

5 mg/dL incomparable to glucose (9 mg/dL). Whereas in the case of BG upma at the 90th 

minute, 22 mg/dL glucose remained, however, the reference food gave a different trend (34 

mg/dL) unlike the trend observed in the case of BG porridge. Here probably it can be inferred 

that the starch matrix hydrolysis and blood glucose shoot and its sustenance in the blood 

depends on the forms in which we consume it. This difference may be attributed to the variation 

in starch gelatinization due to the differences in the amount of water used during the cooking 

process. With respect to BG upma the BG to water ratio was 1: 2.5 and with respect to BG 

porridge the ratio was 1: 10. Diabetic persons who wish to have the benefits of BG can consume 

it in dry form like upma rather than porridge. 
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4.3b. 

4.3a.  

 

  

 

 

 

 

 

 

Fig. 4.3a. Graph showing the change in blood glucose level between reference food 

and test food (BG upma) over a period of 2 hours 

 

  

 

  

  

 

  

 

 

 

 

 

 

Fig. 4.3b. Graph showing the change in blood glucose level between reference food 

and test food (BG porridge) over a period of 2 hours
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Table 4.3. Clinical GI-GL values of BG upma and BG porridge 

 

*Portion size used for the GL calculation of BG upma and BG porridge i.e., 100 g and 150 g respectively, were chosen based on the portion size that can be 

consumed ideally by a consumer. 

 

 

 

 

 

 

 

Food for 

GI testing 

Weight of 

BG before 

cooking 

(g) 

Weight 

after 

cooking (g) 

Portion 

served per 

person in 

clinical 

study (g) 

Amount of 

available 

carbohydrate in 

served portion 

size for clinical 

studies(g) 

Amount of 

reference 

(monohydrate 

glucose) used 

(g) 

Portion 

size taken 

for 

calculating 

GL (g) 

Amount of 

available 

carbohydrate 

in portion 

size taken for 

GL 

calculation 

(g)* 

GI GL 

BG upma 315 1052 269 50 55 100 18.58 71±8 13.19 

BG porridge 200 1915 309 25 27.50 150 12.13 71±7 8.61 
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4.4.3. Starch fractions in BG 

     Our initial investigations into the estimation of starch fractions in BG by employing a 2-

hour digestion procedure involving invertase, pepsin, pancreatin, and amyloglucosidase 

enzymes (Englyst et al., 1992; Ren et al., 2016) revealed  80.49 ± 2.68% TS, 21.44 ± 2.34% 

SDS, 16.95 ± 0.79% RDS and 42.08 ± 2.85% RS content. Further investigation using a 4-hour 

digestion protocol, which is the average time of residence of food in the human small intestine, 

with a saturated level of PAA/AMG enzymes using the Megazyme kit (K-DSTRS) revealed 

that BG contained only 4.44 ± 0.08% of RS. The values of RDS, SDS, TDS, and TS were 71.91 

± 0.76%, 1.33 ± 0.34%, 77.69 ± 0.35%, and 81.64 ± 0.78%. (Table 4.4.). The reduced RS 

content may have contributed to the high GI of BG. When processing RS2 category of starch 

at high moisture levels, and normal cooking temperatures it disrupts the starch granule 

structure, potentially causing gelatinization and therefore enhancing its digestibility 

(Magallanes-Cruz et al., 2020), this may be the reason behind the observed reduced RS content 

of BG. 

     The retention of RS in BG after cooking was analyzed by preparing two dishes with different 

moisture contents to check the effect of gelatinization on RS retention. BG, 30 g was cooked 

with 120 mL of water for 6 minutes under a medium flame, resulting in a final cooked weight 

of approximately 100 g. This preparation with a 1:4 BG to water ratio mimics the preparation 

of BG upma. A preparation similar to BG porridge was prepared by mixing 30 g of BG with 

300 mL of water (BG: water 1:10) and cooked for 6 minutes under medium flame, yielding a 

final cooked weight of nearly 220 g (fluid-like consistency). The cooked products were 

screened using K-DSTRS kit to assess RS retention and changes in other fractions. The 

moisture content of all the samples was measured according to the AOAC method (AOAC, 

2005). The result reveals that BG even after cooking in both forms retains the 4% RS content 

(Table 4.4.). The BG upma exhibited a moisture content of approximately 77%, with the 

remaining 23% dry matter consisting mainly of starch, fiber, ash, protein, and negligible 

amounts of fat. Similarly, the BG porridge had a moisture content of 93%, leaving 7% of dry 

matter. Analysis of starch fractions in the cooked products revealed that consuming 100 g of 

BG cooked in the form of upma would provide an individual with approximately 18.73% TS 

and 0.99% RS. On the other hand, consuming 100 g of BG porridge provides approximately 

5.76% TS and 0.30% RS. Consumption of RS exerts numerous health benefits (detailed in the 

review of literature section 1.2.8.2. of Chapter 1). RS upon the colonic fermentation by 

prebiotics produces SCFA, especially butyrate, which plays a crucial role in maintaining colon 
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health by serving as a primary energy source for colonocytes, reducing the risk of colon cancer, 

modulating the gut pH, and thereby increasing the growth of beneficial bacteria and 

suppressing the proliferation of pathogenic strains (Chen et al., 2024). Butyrate exhibits anti-

inflammatory properties by inhibiting the production of pro-inflammatory cytokines, such as 

TNF-α, increasing the GLP-1 secretion, and modulating the GALT, an integral part of the 

human immune system  (Chen et al., 2024; Cummings et al., 2004; Lockyer & Nugent, 2017; 

Segain et al., 2000). 

     The study revealed that the unripe Nendran pulp contains 81.56 ± 1.42% TS and a 

significant amount of RS i.e., 41.58 ± 0.60% and 39.97 ± 0.81% of TDS on a db. The data was 

in accordance with literature data on unripe bananas. The unripe Nendran pulp has nearly 57% 

moisture content and hence consumed raw, it delivers a notable nutritional profile, offering 

approximately 35.10% TS and 17.89% RS. Due to processing steps employed in BG 

preparation, a nearly 10% reduction in the RS content was observed (BG RS content-4.44%). 

Apparently, the TDS content of BG was found to be 75.13 ± 0.42%, nearly double the amount 

of TDS present in the unripe pulp (Table 4.4.).  
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Table 4.4. Amount of TS and starch fractions (RDS, SDS, TDS, & RS) distribution pattern in the samples  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                                                                                                                                                                                                                         Mean±SD (n=3) 

#RDS (0-20 min)- rapidly digestible starch, SDS (20-120 min)- slowly digestible starch, TDS (0-240 min)- total digestible starch, RS (starch not digested within 

240 min)- resistant starch., TS (TDS+RS)-total starch). *BG cooked with BG:water ratio 1:4 which is equivalent to the water requirement for the preparation 

of BG upma.  **BG cooked with BG:water ratio 1:10 which is equivalent to the water requirement for the preparation of BG porridge. db- dry basis 

Values with different superscript in each starch fraction category in the same column are significantly different (p≤0.05).

Sample Starch fraction# Starch “as is” 

(g/100 g) 

Moisture Content 

(%) 

Starch “db” 

(g/100 g) 

Unripe 

Nendran pulp 

RDS (0-20 min) 3.04±0.31a 57±2 7.05±0.40a 

SDS (20-120 min) 5.96±0.39c 13.85±0.28b 

TDS (0-240 min) 17.21±1.15b 39.97±0.81b 

RS (not digested within 240 min) 17.89±1.09c 41.58±0.60b 

TS (TDS+RS) 35.10±2.24c 81.56±1.42a 

BG RDS (0-20 min) 69.53±0.81d 3.3±0.1 71.91±0.76b 

SDS (20-120 min) 1.29±0.33b 1.33±0.34a 

TDS (0-240 min) 75.13±0.42c 77.69±0.35a 

RS (not digested within 240 min) 4.30±0.07b 4.44±0.08a 

TS (TDS+RS) 79.43±0.35d 81.64±0.78a 

BG cooked as 

upma* 

RDS (0-20 min) 16.83±0.93c 77±1 73.13±0.87b 

SDS (20-120 min) 0.50±0.06a 2.18±0.15a 

TDS (0-240 min) 17.74±0.73b 77.14±0.20a 

RS (not digested within 240 min) 0.99±0.06a 4.29±0.06a 

TS (TDS+RS) 18.73±0.78b 81.44±0.14a 

BG cooked as 

porridge** 

RDS (0-20 min) 5.07±0.02b 93 72.41±0.25b 

SDS (20-120 min) 0.09a 1.33±0.05a 

TDS (0-240 min) 5.46±0.03a 78.04±0.46a 

RS (not digested within 240 min) 0.30a 4.26±0.02a 

TS (TDS+RS) 5.76±0.03a 82.30±0.48a 
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4.4.4. RS content in the unripe Nendran pulp and the process-induced changes in RS 

content 

     Further evaluation of the RS content of processed unripe Nendran samples (P1 & P2) and 

commercial samples (C1 & C2) revealed more than 35% RS content except BG (4%) (Fig. 

4.4.). But a significant reduction was observed in the RS content of products after cooking. The 

porridges of P1 and P2 were prepared in 1:10 sample-to-water ratio. The porridges prepared 

from samples P1 and P2 retained 10.33 ± 0.03% and 9.15 ± 0.03% RS on dw respectively. 

Whereas, a drastic decrease in RS content was observed in the commercial samples when it is 

cooked according to manufacturers’ instructions (sample: water ratio is 1:25). The cooked 

samples C1 and C2 retained only 0.81 ± 0.14% and 0.54 ± 0.04% RS on dw respectively. In 

the case of samples C1 and C2, a 1:25 sample-to-water ratio was used to replicate the RS 

content that a consumer would likely obtain by following the exact cooking instructions 

provided by the manufacturer. One important observation we had during the study was the 

retention of the RS content of BG even when it is cooked as thick porridge (RS- 4.26 ± 0.01%) 

or loose porridge (RS- 3.80 ± 0.21 %) (Fig. 4.5.). 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Mean±SD (n=3) values with different superscripts are significantly different (p≤0.05) 

Fig. 4.4. RS content in processed and commercial banana samples (db) 
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4.4.5. Evaluation of starch fractions in commonly consumed food items 

     The starch fractions distribution pattern was evaluated in some of the commonly consumed 

food items such as cooked Matta rice, chapathi, and oats, and data was compared with BG 

cooked as upma (Fig. 4.6.). The study revealed some interesting facts. To get a clear 

understanding of how much starch each food item will contribute upon consumption, all the 

data were analyzed wet basis.  

 

 

 

  

 

 

 

 

 

 

 

Fig. 4.6. Samples selected for comparison of starch fractions (Created with 

BioRender.com) 

Mean±SD (n=3) values with different superscripts are significantly different (p≤0.05) 

Fig. 4.5. RS content in processed and commercial banana samples after cooking (db) 
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     From the study, it was found that 100 g oats porridge has a moisture content of 87% and the 

remaining 13% is the solid matter distributed between fat, carbohydrate, minerals, and protein. 

Out of the 13%, the TS content of oats was 7.45 ± 0.03% and the starch fractions were 

distributed as 6.38% RDS, 0.41% SDS, 7.25 ± 0.03% TDS, and 0.21% RS. Similarly, 100 g 

cooked chapathi has a moisture content of 21% and the remaining 79% is the solid matter, out 

of which 56.32 ± 0.10% is TS. The starch fractions were distributed as 52.85 ± 0.13% RDS, 

7.39 ± 0.10% SDS, 56.26 ± 0.10% TDS, and 0.06% RS. Cooked matta rice has a moisture 

content of 79% and the remaining 21% is the solid matter distributed between fat, carbohydrate, 

minerals, and protein. Out of the 21%, the TS content of matta rice was 16.99 ± 0.01% and the 

starch fractions were distributed as 16.61 ± 0.05% RDS, 1.30 ± 0.05% SDS, 16.57 ± 0.01% 

TDS, and 0.42% RS. BG cooked as upma has a moisture content of 77%, TS content of 18.73 

± 0.78%, 16.83 ± 0.93% RDS, 0.50 ± 0.05% SDS, 17.74 ± 0.72% TDS, and 1.15 ± 0.10% RS. 

     The TS was found to be highest in chapathi compared to other products since the moisture 

content of chapathi was the least (21%), compared to the moisture content of BG upma (77%), 

oats (89%), and rice (79%). Eating 100 g of chapathi will provide nearly 56% starch, whereas 

cooked rice, oats and BG will provide less than 20% starch as they contain more moisture 

content. A 100 g of chapathi delivers nearly 56% starch, of which 52.85 ± 0.13% is RDS, hence 

it may result in a rapid shoot in the blood glucose level. Among the foods compared, chapathi 

showed the least RS content (0.05%) (Fig. 4.8.). On the other hand, 100 g Matta rice has only 

16.61 ± 0.05% RDS and 0.41% RS (Fig. 4.7. & Fig. 4.8.), the data indicates that reduced 

portion size of Matta rice combined with adequate amount of fiber-rich vegetables can be 

consumed even by diabetic individuals. 

     Despite the significant variation in starch fraction distribution pattern between cooked rice 

and chapathi, both foods were found to have nearly the same GI at the clinical level (GI of 

chapathi: 65.66 ± 4.22; GI of rice: 78.23 ± 4.24), placing them both in the high-GI category 

(Devindra et al., 2017). For clinical GI-GL studies, portion sizes are standardized to ensure that 

each food provides 50 g of available carbohydrates. This standardized portion size for chapathi 

and rice may probably the reason behind the similar GI values observed for both foods. 
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     The study also figures out the nutrient superiority of BG in terms of RS content (1.15 ± 

0.10%) compared to oats (0.21%), chapathi (0.06%), and rice (0.42%) (Fig. 4.8.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.7. Distribution pattern of starch fractions in the samples (wb)  

Fig. 4.8. Distribution pattern of RS in the samples (wb) 

Mean±SD (n=3) values with different superscripts are significantly different (p≤0.05) 

Mean±SD (n=3) values with different superscripts are significantly different (p≤0.05) 
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4.5. Conclusion 

     Two preparations, BG upma and BG porridge were screened for GI at clinical level. BG 

cooked in both forms exhibited a high GI and medium GL in clinical studies. In this study, by 

comparing banana grit in porridge and upma forms, we have narrated the differences in blood 

glucose surge and sustenance with variations in cooking procedures. Even though high in GI, 

BG has a medium GL value makes it suitable for consumption by diabetic people also. We have 

also conducted an in vitro GI prediction study, which showed a high correlation with the clinical 

GI values. Upon screening for RS content, we found that BG has only 4.44% RS. According 

to the literature, raw bananas are considered as a rich source of RS. Our study demonstrated 

that raw Nendran has 41% RS, but the unit operations we employed resulted in a 10% reduction 

of RS and we also noticed the variation in the RS content of pulp, when it is subjected to 

different processing steps. Our study emphasizes the importance of selecting appropriate unit 

operations when designing products (functional foods) with a low GI. The evaluation of starch 

fractions distribution pattern in commonly consumed food items such as oats, rice, and chapathi 

indicated the nutritional superiority of BG in terms of RS content compared to these items. 

Further studies are ongoing to refine our processing techniques to preserve the inherent RS 

content of unripe bananas for catering to the needs of people with diabetes and related 

conditions. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4.9. Chapter 4 graphical abstract (Created with BioRender.com) 
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Chapter 5 

Glucocerebrosides (GCs) in unripe Nendran peel 

and evaluation of its anti-inflammatory and α-

glucosidase inhibition potential  

5.1. Introduction 

5.1.1. Glycosphingolipids 

     Glycosphingolipids are the primary component of the outer leaflet of the eukaryotic cell 

membranes. They are amphipathic molecules with an outer glycan portion and an inner lipid 

tail consisting of a ceramide unit. A ceramide consists of sphingosine and a long-chain fatty 

acid, connected by an amide linkage (Demir, 2021). The unique structure enables them to 

function as structural membrane components and signalling molecules (Desplanque et al., 

2020). In higher animal cells, the glycan part is usually glucose or galactose thus forming 

glucosylceramide or galactosylceramide (Fig. 5.1.). These basic units are further extended by 

the addition of monosaccharides. The number of extensions of galactosylceramide is limited.  

But the glucosylceramides serve as a precursor of lactosylceramides and gangliosides (Varki et 

al., 1999).  

 

 

 

 

     The ceramide moiety also exhibits substantial structural diversity. The sphingosine base can 

differ in the number of double bonds and acyl chain length (C16-20), while the fatty acid 

attached to the sphingosine can range from C16 to C34, and vary in saturation and 

hydroxylation (Fig. 5.2.). These variations are specific to cell types and developmental stages, 

indicating a functional purpose. For example, brain gangliosides often contain the C20 

ceramide homolog in glycosphingolipids (Uchida & Park, 2021; Varki et al., 1999). 

Fig. 5.1. General structure of glucocerebroside 

     (Source: Desplanque et al., 2020, https://doi.org/10.3389/fphys.2020.558090) 
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     The synthesis of glucosylceramides or glucocerebrosides (GC) occurs in the Golgi 

apparatus by the enzyme glucocerebroside synthase also called glucosylceramide synthase. The 

degradation of GC to ceramide and glucose occurs in lysosomes by the action of the 

glucocerebrosidase enzyme (Fig. 5.3.). The glucocerebrosidase enzyme is encoded by the beta-

glucocerebrosidase (GBA) genes and mutations in them result in enzyme deficiency which 

leads to the accumulation of GCs in organs such as liver, and central nervous system. This 

lysosomal storage disease is termed ‘Gaucher disease’, characterized by an enlarged spleen and 

liver, anaemia, and skeletal deformations (Desplanque et al., 2020). Apart from Gaucher 

disease, a strong correlation was observed between Parkinson's disease and GBA mutation 

(Avenali et al., 2020). 

 

 

 

 

 

 

Fig.  5.3. Glucocerebroside synthesis and metabolism (Source: Desplanque et al., 2020, 

https://doi.org/10.3389/fphys.2020.558090, image created with BioRender.com) 

5.1.2. Therapeutic potentials of GC 

     GC exerts immunomodulatory and anti-inflammatory functions by promoting the regulatory 

T lymphocytes & NKT cells (Margalit et al., 2005, 2006). GC treatment ameliorates 

concanavalin A-induced hepatitis by inhibition of NKT lymphocytes (Margalit et al., 2005). In 

another study, leptin-deficient OB/OB mice, which received a daily GC injection (1.5 µg 

intraperitoneally) for 8 weeks exhibited significant improvement in the metabolic 

abnormalities typical of leptin deficiency compared to the control group. Notable reductions in 

liver size and hepatic fat content, reduction in serum triglyceride levels, normalization of 

Fig. 5.2. General structure of ceramide 

(Source: Uchida & Park, 2021, https://doi.org/10.1007/s40257-021-00619-2) 
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glucose tolerance, and a 1.6-fold increase in the peripheral/intrahepatic NKT lymphocyte ratio 

were observed in the GC-treated mice. GC-treated mice also showed a 33% reduction in serum 

interferon-gama (IFN-γ) levels and a 2.6-fold increase in serum interleukin 10 (IL-10) levels. 

These findings suggest that GC-induced immune modulation may be beneficial in treating non-

alcoholic steatohepatitis and other immune-mediated conditions (Margalit et al., 2006). GC 

isolated from Cordyceps militaris, an edible fungus demonstrated anti-inflammation potential 

by lowering the expression of cyclooxygenase-2 (COX-2) protein in lipopolysaccharide (LPS)-

stimulated RAW 264.7 macrophages and reducing the generation of inducible nitric oxide 

synthase (iNOS) protein (Chiu et al., 2016). The sphingolipids isolated from wheat showed 

anti-cancer properties in HCT-116 and HT-29 human colon cancer cells (Zhu et al., 2013). 

5.1.3. Application of ceramide in cosmetics 

     The skin's barrier function is based on the stratum corneum layer located in the uppermost 

skin. Ceramides along with cholesterol and fatty acids form the major component of stratum 

corneum. Thus, ceramides play a critical role in the skin barrier function and regulating 

transepidermal water loss, also involved in epidermal self-renewal and immune regulation 

(Bhatia et al., 2022; Li et al., 2020; Uchida & Park, 2021). Mainly 18 classes of ceramides were 

identified in the stratum corneum which varies with their heterogeneity in the fatty acids (non-

hydroxy, α-hydroxy, and ω-hydroxy, esterified ω-hydroxy) and sphingoid base 

(dihydrosphingosine, sphingosine, phytosphingosine, 6-hydroxy-sphingosine, and dihydroxy-

sphinganine). Each of these ceramide classes contains 300-1000 species based on their 

combination of fatty acid and sphingoid base (Li et al., 2020). Mainly, α-hydroxy, nonhydroxy, 

and ω-hydroxy fatty acid substitution are seen in the skin ceramides (Coderch et al., 2003). An 

altered ceramide profile in the skin results in skin diseases such as psoriasis, xerosis, and atopic 

dermatitis (Uchida & Park, 2021). Hence the role of the topical application and oral intake of 

ceramides was researched widely and ceramide-incorporated skin-care products are now 

popular in the market. Various body creams, lotions, and moisturizers supplemented with 

ceramides (Re’equil ceramide moisturizer, Dr. Sheth's Ceramide & Vitamin C Body Lotion, 

Eucerin Eczema Relief Body Creme, CeraVe Suncare Sunscreen Face, Eucerin Smoothing 

Repair Dry Skin Lotion, CeraVe Moisturizing Lotion, SPF 30 etc.) are available in the market 

(Kahraman et al., 2019). 

     Kimata et al., 2006, investigated the effects of oral intake of konjac ceramide (1.8 mg/day) 

on atopic dermatitis in 25 children for two weeks. The ‘ceramide group’ had significant 

reductions in Scoring Atopic Dermatitis (SCORAD) index scores, allergic skin responses, and 
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immunoglobulin E (IgE) production. The study also proved the reason for reduced allergic 

responses occurs through Type 1 helper (Th1) cytokine response (Kimata, 2006). In another 

clinical study, oral supplementation of Oryza GC and ceramides decreased transepidermal 

water loss, and enhanced skin barrier function with their efficacy depending on fatty acid 

length. GCs and ceramides with C18 to C26 fatty acids strongly promoted barrier function by 

increasing the production of ceramides (Hiroshi et al., 2023). Topical application of ceramide 

cream increases skin hydration, reduces trans-epidermal water loss and barrier function, 

making it suitable for dry skin (Spada et al., 2018). Another study investigated the effect of 

daily application of ceramide-containing sunscreen for 4 weeks in sixty volunteers. Results 

showed a reduction in skin redness, erythema index, trans-epidermal water loss, and increase 

in skin hydration, indicating that daily use of ceramide-containing sunscreen enhances skin 

hydration and barrier function (Cao et al., 2024). Glucosylsphingolipids extracted from rice aid 

in moisturizing the skin and enhancing its barrier function (Bhatia et al., 2022; Leo et al., 2022). 

Currently plant ceramides are increasingly used as skin-health-promoting ingredients in 

cosmetics.  

5.2. Objective 

     The primary byproduct generated during the BG production process is the banana peel 

waste. The banana processing industries, worldwide, generate tonnes of this waste material 

every day. Valorization of waste is instrumental in reducing the environmental and economic 

burden of waste material and transitioning to a circular economy by developing value-added 

products (Zou et al., 2022). Repurposing banana by-products into valuable commodities could 

significantly boost agricultural development (Zou et al., 2022).  

     Building upon our discovery of GCs from the pulp of Nendran bananas for the first time 

(chapter 3), we were interested in exploring the presence of GCs in the banana peel and 

evaluating its immunomodulatory potential. The usage of α-glucosidase inhibitors is proven to 

be the most efficient approach for controlling postprandial hyperglycemia and associated 

adverse physiological complications, in type 2 diabetes (Hossain et al., 2020). Apart from that 

they are broad-spectrum anti-viral agents (de Melo et al., 2006). The traditional knowledge 

regarding the usage of banana peel for the management of diabetes led us to examine the α-

glucosidase inhibition potential of GCs isolated from Nendran peel. Considering the versatile 

benefits of GC, we have conducted phytochemical exploration studies in the peel with the 

following objectives. 
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• Isolation and characterization of GC from unripe Nendran peel. 

• Evaluation of the in vitro anti-inflammatory and immunomodulatory potential of 

isolated GC in RAW 264.7 cell line. 

• Assessment of α-glucosidase inhibition potential of GC. 

5.3.  Materials and methods 

5.3.1. General procedures 

     NMR spectra of isolated compounds were analyzed in CD3OD, 1H and 13C NMR were 

recorded on a Bruker AscendTM 500 MHz spectrometer at 500 and 125 MHz, respectively. The 

HR-ESI-MS analysis of GC fractions was carried out on a Thermo Scientific Exactive mass 

spectrometer with an Orbitrap mass analyzer, and an Accela 600 pump system and the ions are 

given in m/z. 

5.3.2. Chemicals and standards 

     All the solvents used for isolation and purification studies were of standard analytical grade. 

The TLC aluminium sheets (silica gel 60 F254, catalogue no. 1.05554.0007) and the silica gel 

(230-400 mesh, catalogue no. 6.18609) & 100-200 mesh (catalogue no. 6.18608), NMR solvent 

(CD3OD, catalogue no.151947-50-SB) and gradient grade MeOH (catalogue no. 1.06007) were 

purchased from Merck Life Science Pvt Ltd, Mumbai, India.  The murine macrophage cell line, 

RAW 264.7 was procured from the National Centre for Cell Science (NCCS), Pune, India. 

Chemicals and reagents for cell culture studies including Dulbecco's Modified Eagle Medium 

(DMEM) high glucose medium (catalogue no. AT007-1L), fetal bovine serum (FBS, catalogue 

no. RM10432-500ML), antibiotics-100X (with 10,000 U Penicillin, 10 mg streptomycin and 

25 µg amphotericin B per ml in 0.9% normal saline, catalogue no. A002A-5X50ML), 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, catalogue no. TC191-1G), 

dimethyl sulfoxide (DMSO, catalogue no. TC349-100ML), bovine serum albumin (BSA, 

catalogue no. TC548-5G) were procured from HiMedia, India. 

     The 3,3′,5,5′-Tetramethylbenzidine (TMB catalogue no. 555214) substrate was procured 

from BD Biosciences, San Diego. Pierce™ bicinchoninic acid (BCA) protein assay kit 

(catalogue no. 23227) and Halt™ protease inhibitor cocktail-100X (PIC, catalogue no. 87786), 

were purchased from Thermo Scientific, USA. The primary antibodies; TNF-α (catalogue no. 

ITT07014), interleukin-6 (IL-6, catalogue no.  ITT06087), IL-10 (catalogue no. ITT06894), 

interleukin-13 (IL-13, catalogue no. ITT06813), COX-2 (catalogue no. ITT07003), interleukin-

1alpha (IL-1α, catalogue no. ITT06893), INF-γ (catalogue no. ITT06045), & monocyte 

chemoattractant protein-1 (MCP-1, catalogue no. ITT07577), and secondary antibody (goat 
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anti-Rabbit IgG/HRP, catalogue no. ITSAH134) were procured from ImmunoTag, USA. LPS 

from Escherichia coli (E. coli) (catalogue no. L6529-1MG), radioimmunoprecipitation assay 

(RIPA) buffer-10X (catalogue no. 20-188), α-glucosidase from Saccharomyces cerevisiae 

(Type 1, lyophilized powder ≥10 units/mg protein, catalogue no. G5003-1KU), p-nitrophenyl-

α-D-glucopyranoside (pNPG, catalogue no. 487506-5GM), Griess reagent (catalogue no. 

G4410-1G), acarbose (catalogue no. A8980-1G), and dexamethasone (catalogue no. D4902-

100MG) were obtained from Sigma-Aldrich (Darmstadt, Germany), and all the other chemicals 

were of standard analytical grade. 

5.3.3. Raw material collection for phytochemical analysis 

     To conduct the phytochemical exploration studies, mature Nendran infructescence (40.34 

kg) was purchased from local organic farmers in Vellayani, Thiruvananthapuram District, 

Kerala, India. The peel (13.91 kg) and pulp (25.65 kg) were separated. The peel (13.91 kg) was 

lyophilized using VirTis Genesis-25 EL lyophilizer and the lyophilization protocol was the 

same as mentioned in material and method section 3.3.3. of Chapter 3. The lyophilized peel 

(1.50 kg) was collected, sealed and stored at -20°C until further analysis. 

5.3.4. Phytochemical exploration studies of banana peel for the isolation of GC 

5.3.4.1. Extraction protocol for isolation of GC 

     For the isolation of GC, the lyophilized banana peel was subjected to extraction with EtOAc, 

CHCl3, and MeOH separately. Three solvents with varying polarities, namely CHCl3 (non-

polar), EtOAc (mid-polar), and MeOH (polar), were selected to assess the extractability of GCs 

across different polarity ranges.  

     The lyophilized banana peel was powdered and passed through mesh 10 before extraction 

and the powdered banana peel (250 g) was extracted with EtOAc (1.5 L) for 6 hours at 700 

rpm using an overhead stirrer (Hei-TORQUE 100, Heidolph, Germany). After 6 hours, the 

extract was collected, kept for settling and filtered through Whatman no. 1 filter paper, fitted 

with a Buchner funnel, then extracts were concentrated under vacuum in a rotary evaporator 

(Hei-vap, Heidolph, Germany). This process was repeated twice, and the extracts pooled. The 

same process was followed in the case of CHCl3 and MeOH extraction of banana peel. The 

yields of extracts were 11.1 g, 14.09 g, and 12.32 g of EtOAc, MeOH, and CHCl3 extracts, 

respectively (Fig. 5.4.). 
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             Fig. 5.4. Processing of unripe Nendran peel for phytochemical exploration studies 

(Created with BioRender.com)
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5.3.4.2. Purification of extracts by column chromatography  

     Before proceeding to the isolation protocols, the TLC pattern of EtOAc, CHCl3, and MeOH 

extracts was compared with the GC isolated from the banana pulp and the presence of the GC 

was confirmed in all three extracts (Fig. 5.5a - Fig. 5.5c.).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.5a. TLC charring pattern of banana peel extract (E- EtOAc extract, E+GC- co-spot of 

EtOAc extract, and GC standard) compared with GC standard developed in CHCl3:MeOH (8:1) 

system. Fig. 5.5b. TLC charring pattern of banana peel extract (C- CHCl3 extract, C+GC- co-

spot of CHCl3 extract and GC standard) compared with GC standard developed in 

CHCl3:MeOH (8:1) system. Fig. 5.5c. TLC charring pattern of banana peel extract (M- MeOH 

extract, M+GC- co-spot of MeOH extract and GC standard) compared with GC standard 

developed in CHCl3:MeOH (8:1) system. 

     All three extracts were explored for the isolation of GC individually, and the isolation 

protocol is described below. 

5.3.4.2.1. Exploration of EtOAc extract 

     The EtOAc extract (10 g) was loaded on a silica column (230-400 mesh), the column length 

was 60 cm, and the bed length was 50 cm with an internal diameter of 3.5 cm. The extract was 

fractionated using the eluents CHCl3 and MeOH-CHCl3 in the following ratios 5:95, 10:90, 

20:80 & 50:50, respectively, and obtained five fractions. The TLC pattern of these fractions 

was checked and found that the 20:80 MeOH-CHCl3 fraction (1.13 g) contains GCs along with 

other compounds and was subjected to the second level of purification. The 20:80 MeOH-

CHCl3 fraction was loaded on a silica column (230-400 mesh), the column length was 30 cm 

and the bed length was 25 cm with an internal diameter of 1 cm, and eluted with 100% CHCl3, 
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5:95, 10:90, 20:80, 30:70 and 50:50 MeOH-CHCl3 ratios, respectively, which yielded six 

fractions. The 10:90 MeOH-CHCl3 fraction (109.8 mg) was found to contain GCs with few 

other categories of compounds; hence, the fraction was further purified using a narrow glass 

column (0.5 × 20 cm). Three fractions obtained from purification [BP-GC-TT-15-18 (23.7 mg), 

BP-GC-TT-19-23 (21.7 mg) & BP-GC-TT-24-26 (8.2 mg)] were separately submitted for 

NMR and HR-ESI-MS analysis as they showed a slight difference in Rf and charring pattern. 

After the completion of exploration studies in the EtOAc extract, the CHCl3 and MeOH extracts 

were also explored for the presence of GCs (Scheme 5.1.). 

5.3.4.2.2. Exploration of MeOH extract 

     The purification protocol adopted in the EtOAc extract was followed here, which resulted 

in two fractions: GCs [BP-MeOH-GC-1 (81.30 mg) and BP-MeOH-GC-2 (20.61 mg)]. These 

two fractions were subjected to HR-ESI-MS analysis for identification of GCs (Scheme 5.1.). 

5.3.4.2.3. Exploration of CHCl3 extract 

     The CHCl3 extract was initially fractioned using the eluents CHCl3, and MeOH- CHCl3 in 

the ratios 5:95, 10:90, 20:80, and 50:50, and obtained five fractions.  

     In contrast to the EtOAc and MeOH extracts, the 10:90 MeOH-CHCl3 fraction was found 

to contain GCs along with other compounds. This fraction was further purified and obtained 

two fractions of GCs [BP-CHL-GC-1 (45.13 mg) and BP-CHL-GC-2 (169 mg)] and both 

fractions were subjected to HR-ESI-MS analysis (Scheme 5.1.). 
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Scheme 5.1. Phytochemical exploration studies carried out in unripe Nendran peel 

Unripe Nendran (40.34 kg) 

Peel (13.91 kg) Pulp (25.65 kg) 

Lyophilization  

Lyophilized Peel (1.50 kg) 

Processing 

Banana Grit (10.02 kg) 

Lyophilized Peel (250 g) 

 Methanol Extract (14.09 g) 

Yield- 5.63% 

Ethyl acetate Extract (11.01 g) 

Yield-4.40 % 

2 Fractions of GC 

• BP-MeOH-GC-1 (81.30 mg) 

• BP-MeOH-GC-2 (20.61 mg) 

3 Fractions of GC 

• BP-GC-TT-15-18 (23.7 mg) 

• BP-GC-TT-19-23 (21.7 mg) 

• BP-GC-TT-24-26 (8.2 mg) 

Chloroform Extract (12.32 g) 

Yield-4.90 % 

 Extraction-(700 rpm- 6 

hours) ×3 times 

Extraction-(700 rpm- 6 

hours) ×3 times 

Chloroform Extraction-(700 

rpm- 6 hours) ×3 times 

Column Chromatography  

2 Fractions of GC 

• BP-CHL-GC-1 (45.13 mg) 

• BP-CHL-GC-2 (169 mg) 

Lyophilized Peel (250 g) Lyophilized Peel (250 g) 
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5.3.4.3. HR-ESI-MS analysis of GC fractions 

     The mobile phase consists of 0.1% formic acid in water (A) and MeOH (B), with an isocratic 

elution [A(3%)/B(97%)] with a flow rate of 150 µL/minute for a total runtime of 15 minutes. 

Samples were dissolved in gradient grade MeOH with a few drops of CHCl3, and the injection 

volume was 2 µL. The mass range was 100-1500 m/z, analyzed in a positive ionization mode.  

From the extensive HR-ESI-MS analysis, it was found that the fractions BP-CHL-GC-1 and 

BP-CHL-GC-2 contain more molecular species of GCs, hence, these fractions were pooled and 

purified again through a narrow glass column (0.5 × 20 cm), and the resultant GC consortium 

(103.27 mg) was used for further evaluating in vitro anti-inflammatory, and α-glucosidase 

inhibition potential. 

5.3.4.4. Evaluation of immunomodulatory effects of GCs 

     The immunomodulatory effects of GCs were evaluated in vitro in the murine macrophage 

cell line, RAW 264.7. In a culture flask (25 cm2), murine macrophage RAW 264.7 cells were 

cultured in DMEM high glucose media with 10% FBS and 1% antibiotics at 37 °C and 5% 

CO2. The morphology of the cells was observed under a microscope to monitor any changes 

(Kwon et al., 2018). The sample was dissolved in DMSO (10 mg/60 µL), and diluted with cell 

culture medium to obtain the desired concentrations for treatment. 

5.3.4.5. Determination of cell viability by MTT assay  

     The effect of GCs on the viability of cells was evaluated by assessing the number of 

metabolically active cells through the reduction of MTT to formazan through a colorimetric 

assay (Mosmann, 1983). In brief, RAW 264.7 cells (5 × 103 cells/well) were cultured and 

treated with 5, 10, 25, 50, 100, and 200 μg/mL of GCs, and incubated for 24 hours. After the 

incubation period, MTT solution was added, and cells were incubated for 3 hours at 37 °C with 

5% CO2. Then, the supernatants were withdrawn, DMSO was used for solubilizing the 

formazan crystals, and absorbance was measured at 570 nm using a multimode reader (Tecan 

infinite® 200). The cell viability was assessed by following the equation 

                             Cell viability (%) = 
OD of experimental group  x   100

OD of control group
 

5.3.4.6. Evaluation of nitric oxide (NO) production by Griess reaction 

     The amount of NO produced in the cells was determined by measuring the amount of nitrite 

accumulated in the culture supernatants using the Griess reagent (Green et al., 1982). The RAW 

264.7 cells (5 × 103 cells/well) were plated, treated with GC consortium of the following 

concentrations 5, 10, 25, and 50 µg/mL, and incubated for 4 hours. After the incubation period, 
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1 μg/mL LPS was added to each well and kept for 24 hours incubation at 37 °C with 5% CO2. 

Following that, culture supernatants (50 μL) were diluted with equal volumes of the Griess 

reagent, and incubated for 20 minutes at room temperature (28 °C) in the dark. The absorbance 

at 540 nm was measured in a multimode reader (Tecan infinite® 200 PRO). The culture 

medium was used as blank and NO concentration in the supernatants was determined from a 

standard curve generated with sodium nitrite (NaNO2).  

5.3.4.7. Evaluation of pro and anti-inflammatory cytokines production  

5.3.4.7.1. Cell lysate preparation-RIPA method 

     RAW 264.7 cells at a density of 3 × 105 cells/well were seeded in six-well plates, then 

treated with GCs of the concentrations 25 and 50 µg/mL, and incubated for 4 hours. After 

incubation, 1 μg/mL LPS was added to each well and kept for 24 hours incubation at 37 °C in 

a 5% CO2 atmosphere. After 24 hours, media from each well was collected, and the plates were 

kept on ice. The collected media was centrifuged at 5000 rpm for 10 minutes at 4 °C, and the 

supernatant was stored at -80 °C. Adhered cells were washed with 200 µL of phosphate 

buffered saline (PBS), then 200 µL of RIPA lysis buffer (Sigma-Aldrich, catalogue no. 20-

188) containing PIC Inhibitors (Thermo Scientific, catalogue no. 87786), and incubated for 5 

minutes on ice. Cells were scraped, the lysate was transferred to a vial and constant agitation 

was given at 4 °C for 30 minutes. The lysate was then sonicated three times at 30 kHz for 1 

minute each with at least 1 minute repose on ice in between. After that, the cell lysate was 

centrifuged at 12000 rpm, 4 °C for 20 minutes. The supernatant was collected and stored at -

80 °C (Lakshmi et al., 2021). 

5.3.4.7.2. Determination of protein content 

     Cellular protein content was determined by BCA protein assay (Smith et al., 1985). The cell 

lysate (10 µL) was mixed thoroughly with 200 µL of freshly prepared BCA working reagent 

(Reagent A: B, 50:1). The reaction was incubated for 30 minutes at 37 °C and cooled to room 

temperature (28 °C). The absorbance was determined at 562 nm using a microplate reader 

(Tecan infinite® 200 PRO). The cellular protein content was calculated in comparison with the 

BSA standard curve, and the results were expressed as mg/mL. 

5.3.4.7.3. Enzyme-linked immunosorbent assay (ELISA) 

     The immuno plate was coated with 100 µL/well of the collected media and incubated at 4 

°C for 12 hours. Then the media was discarded and wells were gently rinsed with PBS 

containing 0.05% Tween 20. The antigen coated on the plate was blocked by adding 100 

µL/well of blocking buffer (5% BSA+ 0.5% Tween 20 in PBS) for 1 hour at 37 °C. After 

incubation, the blocking buffer was aspirated and gently rinsed with PBS containing 0.05% 
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Tween 20. After that, 100 µL of the primary antibody solution (TNF-α, IL-1α, INF-γ, IL-6, IL-

10, IL-13, MCP-1, COX-2) was added to each well and incubated for 2 hours at 4 °C with 

gentle continuous shaking. The primary antibody was collected after incubation, and the plates 

were gently rinsed with PBS containing 0.05% Tween 20. Then 100 µL of horseradish 

peroxidase-conjugated IgG secondary antibody was added into each well, and incubated for 2 

hours at 4 °C with gentle shaking. The secondary antibody was recollected and plates were 

rinsed with PBS containing 0.05% Tween 20. Then 100 µL/well freshly prepared TMB 

substrate was added and incubated in the dark for 30 minutes at room temperature. To that 50% 

H2SO4 (50 µL/well) was added to terminate the reaction. The absorbance was monitored at 490 

nm using a microplate reader (Tecan infinite® 200 PRO) and results were expressed as OD/mg 

of cell protein (Engvall & Perlmann, 1971; Saranya et al., 2017). 

5.3.4.8. Evaluation of α-glucosidase inhibition potential of GC 

     α-glucosidase assay followed in this study is based on the procedure of Pistia-Brueggeman 

and Hollingsworth (2011) with slight modifications. Briefly, 20 μL α-glucosidase (1.25 U/mL 

of 0.05 M potassium phosphate buffer, pH 6.8), 200 μL GC consortium (six different 

concentrations, 0.88-44 µg/mL) was added to vials, and incubated at room temperature for 5 

minutes. Then the hydrolysis process was initiated with the addition of 200 μL pNPG solution 

(1mM) as the substrate. After 20 minutes, the reaction was terminated by adding 500 μL of 1 

M sodium carbonate (Na2CO3) and then diluted with 580 μL of distilled water. The absorbance 

of the solution was recorded at 405 nm (Pistia-Brueggeman & Hollingsworth, 2001) using 

Biorad multimode microplate reader (BioTek Instruments Inc., Winooski, VT). Acarbose was 

used as the positive control. 

The inhibition rate of the GC was calculated by 

                       % Inhibition = 
Absorbance of control-Absorbance of sample  

Absorbance of control
 × 100 

The IC50 value was the concentration of α-glucosidase inhibitor needed to inhibit 50% of α-

glucosidase activity under the assay condition. The same protocol was followed to determine 

the IC50 value of acarbose. The IC50 value was obtained by plotting a graph with the 

concentration of test samples in µg/mL along the X-axis against percentage inhibition in the 

Y-axis.  

5.3.4.9.  Statistical analysis 

     All the experiments were carried out in triplicates (n=3) and the data were recorded as the 

mean ± SEM. All the data were statistically analyzed by IBM Statistical Package for Social 
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Science 26 (SPSS Inc., Chicago, USA). One-way analysis of variance (ANOVA) followed by 

Tukey's post hoc tests was used for multiple comparisons analysis, and P ≤ 0.05 is considered 

significant. To compare the means of two samples (IC50 value of acarbose and GCs), an 

independent sample t-test was employed. 

5.4. Results and discussion 

5.4.1. Phytochemical exploration studies of banana peel for the isolation of GC 

     For the study, a total of 40.34 kg of infructescence was procured, from which 13.91 kg of 

peel was obtained. This substantial peel yield, representing 34% of the infructescence weight, 

demonstrates significant potential for peel valorization. When the peel was lyophilized, it 

resulted in 1.50 kg of peel, indicating that the peel contains around 90% moisture and around 

10% dry matter. The lyophilized peel was utilized for the exploration of GCs.   

5.4.1.1. Exploration of EtOAc extract 

     As discussed in section 5.3.4.2.1. the column chromatography separation of EtOAc extract 

yielded three fractions of GC [BP-GC-TT-15-18 (23.7 mg), BP-GC-TT-19-23 (21.7 mg) & 

BP-GC-TT-24-26 (8.2 mg)]. The 1H, and 13C NMR spectra of these fractions were recorded in 

CD3OD (Fig. 5.6 - Fig. 5.11.). The NMR spectra unambiguously revealed the presence of GCs 

in the isolated fractions which is in line with our previous studies in the unripe banana pulp. 

Further, the molecular species of GC in each fraction were identified using HR-ESI-MS 

analysis. The fatty acid composition of the dichloromethane extracts of different parts of the 

banana plant reported by Oliveira et al. includes saturated, unsaturated, diacid, α- and ω-

hydroxy fatty acids (Oliveira et al., 2006). The α-hydroxy fatty acids reported were 2-

Hydroxyeicosanoicacid, 2-Hydroxydocosanoicacid, 2-Hydroxytetracosanoicacid and 2-

Hydroxyhexacosanoicacid. The ω-hydroxy fatty acids reported were 18-

Hydroxyoctadecanoicacid, 20-Hydroxyeicosanoicacid, 22-Hydroxydocosanoicacid, 24-

Hydroxytetracosanoicacid, 25-Hydroxypentacosanoicacid, 26-Hydroxyhexacosanoicacid, 27-

Hydroxyheptacosanoicacid, and 28-Hydroxyoctacosanoicacid (Oliveira et al., 2006). 

     GCs are distinguished by variation in aliphatic acids conjugated as amide.  Based on the 

report from Oliveira et al. (2006), the GC fractions in the present study clearly showed the 

presence of α- and ω-hydroxy fatty acids from exact mass calculations and HR-ESI-MS 

analysis. These observations have facilitated an unambiguous identification of eighteen 

molecular species of GC in the present work (Fig. 5.12.).  The identified molecular species of 

GC conjugated with α-hydroxy fatty acids in the fraction BP-GC-TT-15-18 were 2 and 3, and 
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those conjugated with ω-hydroxy fatty acids were 7, 8, 9, 10, 12, and 16. The fraction BP-GC-

TT-19-23 contained molecular species of GC conjugated only with ω-hydroxy fatty acids, 

which include 7, 8, 9, 10, and 18. Similarly, the fraction BP-GC-TT-24-26 also contained 

molecular species of GC conjugated only with ω-hydroxy fatty acids viz. 7, 15, and 17 (Fig. 

S14-S29). 

5.4.1.2. Exploration of MeOH extract 

     The HR-ESI-MS analysis of the GC fraction BP-MeOH-GC-1 revealed the presence of only 

one α-hydroxy fatty acid conjugated GC (4), and six ω-hydroxy fatty acid conjugated GCs (7, 

9, 10, 12, 16, and 17). The fraction BP-MeOH-GC-2 was found to contain GC conjugated only 

with ω-hydroxy fatty acids (7, 9, 10, 12, and 16) (Fig. 5.29. - Fig. 5.40.). 

5.4.1.3.  Exploration of CHCl3 extract 

     The HR-ESI-MS analysis of the GC fraction BP-CHL-GC-1 showed that it contains GC 

conjugated with ω-hydroxy fatty acids only (10, 12, 14, and 16). Fraction BP-CHL-GC-2 was 

found to contain three α-hydroxy fatty acid conjugated GCs (1, 5, and 6), and ten ω-hydroxy 

fatty acids conjugated GCs (7, 8, 9, 10, 11, 12, 13, 15, 17, and 18).  Molecular species 1, 5, and 

6 were exclusively present in BP-CHL-GC-2 only ((Fig. 5.41. – Fig. 5.57.). As the HR-ESI-

MS analysis depicted that the CHCl3 fractions were most abundant with molecular species of 

GCs, these two fractions were pooled and purified again through a narrow glass column (0.5 × 

20 cm). The resultant GC consortium (103.27 mg) was used for evaluating the in vitro anti-

inflammatory, and α-glucosidase inhibition potential of GCs.
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Fig. 5.6. 1H NMR of GC fraction BP-GC-TT-15-18 
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Fig. 5.7. 13C NMR of GC fraction BP-GC-TT-15-18 
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Fig. 5.8.  1H NMR of GC fraction BP-GC-TT-19-23 
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Fig. 5.9. 13C NMR of GC fraction BP-GC-TT-19-23 
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Fig. 5.10. 1H NMR of GC fraction BP-GC-TT-24-26 
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Fig. 5.11. 13C NMR of GC fraction BP-GC-TT-24-26 
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Fig. 5.12. Structures of molecular species of GCs identified from the unripe Nendran banana peel 
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Fig. 5.13.  HR-ESI-MS of BP-GC-TT-15-18-RT-1.48 
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Fig. 5.14. HR-ESI-MS of BP-GC-TT-15-18-RT-2.03 
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Fig. 5.15. HR-ESI-MS of BP-GC-TT-15-18-RT-4.74 
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Fig. 5.16.  HR-ESI-MS of BP-GC-TT-15-18-RT-5.39 
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Fig. 5.17.  HR-ESI-MS of BP-GC-TT-15-18-RT-5.39′ 
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Fig. 5.18. HR-ESI-MS of BP-GC-TT-15-18-RT-6.22 
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Fig. 5.19. HR-ESI-MS of BP-GC-TT-15-18-RT-8.39 
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Fig. 5.20. HR-ESI-MS of BP-GC-TT-15-18-RT-11.53 
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Fig. 5.21. HR-ESI-MS of BP-GC-TT-19-23-RT-5.26 
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Fig. 5.22. HR-ESI-MS of BP-GC-TT-19-23-RT-5.98 
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Fig. 5.23. HR-ESI-MS of BP-GC-TT-19-23-RT-5.98′ 
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Fig. 5.24. HR-ESI-MS of BP-GC-TT-19-23-RT-6.97 
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Fig. 5.25. HR-ESI-MS of BP-GC-TT-19-23-RT-10.71 
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Fig. 5.26. HR-ESI-MS of BP-GC-TT-24-26-RT-5.43 
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Fig. 5.27.  HR-ESI-MS of BP-GC-TT-24-26-RT-8.06-8.25 

 



210 
 

 

Fig. 5.28.  HR-ESI-MS of BP-GC-TT-24-26-RT-9.46 
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Fig. 5.29. HR-ESI-MS of BP-MEOH-GC-1-RT-3.43 
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Fig. 5.30.  HR-ESI-MS of BP-MEOH-GC-1-RT-5.56 
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Fig. 5.31.  HR-ESI-MS of BP-MEOH-GC-1-RT-5.70 
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Fig. 5.32.  HR-ESI-MS of BP-MEOH-GC-1-RT-6.31 
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Fig. 5.33.  HR-ESI-MS of BP-MEOH-GC-1-RT-7.36 
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Fig. 5.34. HR-ESI-MS of BP-MEOH-GC-1-RT-9.86 
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Fig. 5.35. HR-ESI-MS of BP-MEOH-GC-1-RT-13.46 
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Fig. 5.36. HR-ESI-MS of BP-MEOH-GC-2-RT-5.63 
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Fig. 5.37.  HR-ESI-MS of BP-MEOH-GC-2-RT-6.33 
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Fig. 5.38. HR-ESI-MS of BP-MEOH-GC-2-RT-7.39 
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Fig. 5.39. HR-ESI-MS of BP-MEOH-GC-2-RT-9.98 
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Fig. 5.40. HR-ESI-MS of BP-MEOH-GC-2-RT-13.64 
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Fig. 5.41. HR-ESI-MS of BP-CHL-GC-1-RT-6.15 
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Fig. 5.42. HR-ESI-MS of BP-CHL-GC-1-RT-8.30 
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Fig. 5.43.  HR-ESI-MS of BP-CHL-GC-1-RT-9.73 
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Fig. 5.44.  HR-ESI-MS of BP-CHL-GC-1-RT-11.47 
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Fig. 5.45.  HR-ESI-MS of BP-CHL-GC-2-RT-3.05 
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Fig. 5.46. HR-ESI-MS of BP-CHL-GC-2-RT-3.32 
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Fig. 5.47. HR-ESI-MS of BP-CHL-GC-2-RT-4.86 
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Fig. 5.48.  HR-ESI-MS of BP-CHL-GC-2-RT-5.55 
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Fig. 5.49.  HR-ESI-MS of BP-CHL-GC-2-RT-6.30 
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Fig. 5.50.  HR-ESI-MS of BP-CHL-GC-2-RT-6.30′ 
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Fig. 5.51.  HR-ESI-MS of BP-CHL-GC-2-RT-6.30″ 
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Fig. 5.52.  HR-ESI-MS of BP-CHL-GC-2-RT-7.27 
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Fig. 5.53.  HR-ESI-MS of BP-CHL-GC-2-RT-7.27′ 
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Fig. 5.54.  HR-ESI-MS of BP-CHL-GC-2-RT-8.33 
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Fig. 5.55.  HR-ESI-MS of BP-CHL-GC-2-RT-9.68 
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Fig. 5.56.  HR-ESI-MS of BP-CHL-GC-2-RT-9.68′ 

 

 



239 
 

Fig. 5.57.  HR-ESI-MS of BP-CHL-GC-2-RT-11.25 
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* 

5.4.2. Evaluation of immunomodulatory effects of GCs  

     Inflammation refers to a complex immunological response that is connected to the gradual 

release of pro-inflammatory cytokines. Macrophages play a key role in the inflammatory 

process by providing an immediate defence against foreign agents. When induced by an 

inflammation stimulus such as LPS, they initiate the production of a variety of pro-

inflammatory mediators including TNF-α, IL-6, COX-2, NO, etc. (Geller & Billiar, 1998; 

Huang et al., 2014). Suppression of these pro-inflammatory cytokines is critical for treating 

inflammatory diseases. Hence the potential of GCs for the suppression of NO production and 

its role in the release of pro and anti-inflammatory cytokines were evaluated. 

5.4.2.1. Determination of cell viability by MTT assay 

     The cytotoxicity of the GC consortium was assessed using MTT assay by assessing the 

viability of RAW 264.7 macrophages. Samples of the concentrations 5, 10, 25, 50, 100 & 200 

μg/mL were used for assessing the cytotoxicity of the sample, and the results are shown in Fig. 

3. As depicted in the figure (Fig. 5.58.), the GCs of concentrations ranging from 5 µg/mL to 

50 µg/mL had negligible effects on cell viability, with no significant difference between the 

control group and the sample-treated group. However, with an increase in concentration to 100 

and 200 μg/mL, the viability of RAW 264.7 macrophages significantly decreased to 85.05 ± 

0.94% and 71.44 ± 0.82%, respectively. Based on this observation, GC consortium of 

concentrations ranging from 5 to 50 μg/mL were selected for the evaluation of NO production 

by Griess reaction. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.58.  Effect of GCs on the viability of RAW 264.7 cells. The cells were treated with GC 

consortium of concentrations ranging from 5 to 200 μg/mL and viability (%) was assessed after 

24 hours of exposure and significance was determined through ANOVA, *p ≤ 0.05 (vs. control) 
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5.4.2.2. Evaluation of NO production by Griess reaction 

     Stimulation of macrophages by LPS triggers an overproduction of NO through the 

breakdown of L-arginine. In the mammalian immune response to inflammatory signals, the 

generation of NO is controlled by iNOS in macrophage cells (Baek et al., 2020). The 

progression of inflammation is the main cause of many disease conditions, including, 

Alzheimer’s disease and Parkinson’s disease. In a comprehensive review by Facchin and team., 

2022 on inflammatory biomarkers on an LPS-induced RAW 264.7 cell model points out that 

measurement of NO levels may be sufficient to screen for possible anti-inflammatory action of 

a compound in these cells (Facchin et al., 2022). Hence the anti-inflammation potential of the 

GC consortium was first evaluated by monitoring its role in the suppression of NO production 

in LPS-induced RAW 264.7 cells. 

     To assess the influence of GCs in the NO production in macrophages, RAW264.7 cells were 

stimulated with LPS, and nitrite production was analyzed using the Griess reaction. GCs at 

concentrations 5, 10, 25 & 50 μg/mL were evaluated for their inhibitory effect on the NO 

production in LPS-activated RAW264.7 macrophages. The addition of LPS significantly 

increased the NO production of cells, and the treatment suppressed the NO production in a 

dose-dependent manner (Fig. 5.59). Upon treatment with LPS, the NO production increased to 

37.70 ± 1.46 µM from the basal level of 6.76 ± 0.40 µM (control) and the positive control 

dexamethasone significantly reduced the NO production to 10.72 ± 0.47 µM compared to the 

LPS treated groups. The cells treated with GC consortium of the concentrations 10 & 25 μg/mL 

showed a significant reduction in the NO production to 25.22 ± 0.40 µM and 17.33 ± 0.70 µM 

respectively. Whereas GC consortium at a dose of 50 μg/mL showed a reduction in NO 

production to 10.75 ± 0.58 µM, which is on par with dexamethasone (10.72 ± 0.47 µM) (Fig. 

5.59.). Based on assay results, GC of concentrations 25 & 50 μg/mL were selected for further 

studies. 

     There are only a few reports discussing the anti-inflammation properties of GC. Literature 

data demonstrated the anti-inflammatory potential of GC isolated from Cordyceps militaris, an 

edible fungus. GC was able to prevent the accumulation of the pro-inflammatory iNOS protein 

and thereby reducing the NO production. It also reduced the expression of cyclooxygenase-2 

protein in LPS-stimulated macrophages (Chiu et al., 2016).  Similarly, the observed reduction 

in the NO production upon GC treatment may be due to its potential to prevent the 

accumulation of iNOS. 
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Fig. 5.59.  Effect of GCs on the NO production of RAW 264.7 cells induced by LPS. The cells 

were treated with GC consortium of concentrations ranging from 5 to 50 μg/mL and NO 

production (µM) was assessed after 24 hours of exposure and significance was determined 

through ANOVA, #p ≤ 0.05 (vs. control), *p ≤ 0.05 (vs. LPS) 

 

5.4.2.3.  Effect of GCs on pro and anti-inflammatory cytokines secretion 

     To study the effects of GCs on cytokine production in inflamed cells, the ELISA technique 

was employed. Cytokines play a crucial role in regulating inflammation in the body. Among 

the doses tested (25 & 50 μg/mL), 50 µg/mL of GC consortium significantly suppressed the 

production of pro-inflammatory cytokines, including IL-1α, IFN-γ, TNF-α, MCP-1, COX-2, 

and IL-6, while stimulated the production of anti-inflammatory cytokines IL-10 and IL-13 to a 

degree that matches to that of dexamethasone (7.85 µg/mL) (Fig. 5.60a & Fig. 5.60b.). It is 

noteworthy that at the dose of 50 µg/mL, GCs even outperformed dexamethasone by reducing 

the production of pro-inflammatory cytokines, IL-1α, TNF-α, COX-2, & IL-6, and increasing 

the production of the anti-inflammatory cytokine IL-10.  

     Upon LPS stimulation, the activated macrophages primarily produce pro-inflammatory 

cytokines, which play a crucial role in triggering inflammatory responses. Pro-inflammatory 

cytokines like interleukin-1 beta (IL-1β), interleukin-6 (IL-6), and TNF-α have been implicated 

in the development of pathological pain, supported by ample evidence. The anti-inflammatory 
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cytokines are a series of immunoregulatory molecules that control the pro-inflammatory 

cytokine response. Among them, IL-10 stands out for its potent anti-inflammatory properties, 

by suppressing the expression of inflammatory cytokines such as TNF-α, IL-6, and IL-1α by 

activated macrophages. Moreover, IL-10 has the ability to up-regulate endogenous anti-

cytokines and down-regulate pro-inflammatory cytokine receptors. Thus, it can counter-

regulate the production and function of pro-inflammatory cytokines at multiple levels (Iyer & 

Cheng, 2012; Martinez-Espinosa et al., 2021; Zhang & An, 2007). As evident from the ELISA 

analysis, the increased level of IL-10 upon GC treatment may be the mechanism behind the 

anti-inflammation potential of GC. 

     The impact of GCs on immune-mediated disorders has been extensively researched using 

various animal models. The findings indicate that it possesses remarkable anti-inflammatory, 

immunomodulatory, and anti-malignant properties. This is primarily achieved by promoting 

dendritic cells, natural killer T cells, and regulatory T cells. It is noteworthy that the breakdown 

of GCs to ceramide may significantly contribute to these positive outcomes. (Ilan et al., 2009).  

Our study is the first to report the anti-inflammatory benefits of GC extracted from unripe 

Nendran peel. Our findings suggest that GC can reduce LPS-induced inflammation by 

decreasing the secretion of pro-inflammatory cytokines and increasing the production of anti-

inflammatory agents.  Although in vitro studies provide quick results, they are inherently 

limited in their ability to replicate the intricate complexities of organ systems and the internal 

environment of the human body. Therefore, these studies warrant additional validation through 

pre-clinical and clinical studies. 

 



244 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. 60a. Effect of GCs on the secretion of pro-inflammatory cytokines in the RAW 264.7 macrophage cells induced by LPS. #p ≤ 

0.05 (vs. control), *p ≤ 0.05 (vs. LPS) 

Fig. 5.60a. 
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Fig. 5.60b. Effect of GCs on the secretion of anti-inflammatory cytokines in the RAW 264.7 macrophage cells induced by LPS. *p 

≤ 0.05 (vs. LPS) 

Fig. 5.60b. 
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5.4.3. Evaluation of α-glucosidase inhibition potential of GCs 

     Due to the incredible therapeutic potential in the treatment of conditions like diabetes, 

metastatic cancer, HIV infection, and lysosomal storage diseases, glucosidase inhibitors are 

currently an important area of research (de Melo et al., 2006). Our study extensively evaluated 

the α-glucosidase inhibition potential of GCs and compared it with the standard drug acarbose 

(Fig. 5.61a & 5.61b). Acarbose and GC consortium demonstrated a dose-dependent α-

glucosidase inhibition. However, with GCs, a dose-dependent inhibition pattern is observed 

within the concentration range of 0.88 μg/mL to 18 μg/mL. At 18 μg/mL concentration, GCs 

demonstrated nearly 100% α-glucosidase inhibition. Beyond this range, i.e., from 20 to 44 

μg/mL, a plateau is evident in the inhibition curve, as maximum inhibition is achieved at the 

18 μg/mL concentration itself. The study demonstrated that 87.32 ± 1.99 μg/mL of acarbose 

was required to inhibit 50% of α-glucosidase activity where as a remarkably lower amount i.e., 

5.12 ± 0.51 μg/mL of GC consortium was only required to exhibit the same effect (Fig. 5.61c). 

Acarbose functions by reversibly inhibiting α-glucosidases, which leads to a decrease in the 

rapid increase of blood glucose levels after a meal, thereby reducing post-prandial 

hyperglycemia (Martin & Montgomery, 1996). A similar mechanism may be responsible for 

the α-glucosidase inhibition potential of GC. 

     It is surprising that there has been no previous literature discussing the α-glucosidase 

inhibition potential of GC. Even comprehensive reviews discussing the α-glucosidase 

inhibition potential of various bioactive compounds such as flavonoids, phenolic compounds, 

polysaccharides, betulinic acid, tannins, steroids, anthocyanins, galangin, procyanidins, 

hydroxyl-α-sanshool, hydroxyl-β-sanshool, erythritol, ganomycin, saponins, avicularin, 

oleanolic acids, ursolic acid, etc., also did not include GC in that category (Hossain et al., 2020; 

Yin et al., 2014). Our preliminary study findings indicate that GC may have the potential to be 

a potent α-glucosidase inhibitor, which necessitates further evaluation and confirmation. 
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Fig. 5.61a. α-glucosidase inhibition potential of acarbose, Fig. 5.61b. α-glucosidase inhibition potential of GCs, Fig. 5.61c. IC50 

value of acarbose and GC consortium. Standard acarbose is compared with GC consortium and means with different superscript 

letters in the graph show significant difference at p≤0.05

Fig. 5.61a. Fig. 5.61b. Fig. 5.61c. 
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Fig. 5.62. Chapter 5 graphical abstract (Created with BioRender.com) 

5.5. Conclusion 

     Unripe banana comprises more than one-fourth of its weight as peel. Our study sheds light 

on the scope for valorization of the unripe banana peel (Musa AAB) cv. Nendran. The present 

study demonstrates the isolation and characterization of GC molecular species. GCs are 

distinguished by variation in aliphatic acids conjugated as amide containing α- and ω-hydroxy 

fatty acids. The study further proves the anti-inflammatory potential of the isolated GCs in 

LPS-induced murine macrophage RAW 264.7 cells by suppressing the NO production and 

decreasing the secretion of pro-inflammatory cytokines. GC consortium has also shown 

remarkable α-glucosidase inhibition potential. The in vitro studies, being far away from the 

normal physiology of the human system, warrant further evaluation to confirm the affirmed 

results. 

     The identification of GCs in unripe banana peel, demonstrating dual anti-inflammatory and 

α-glucosidase inhibition properties, shows the significance of studying this matrix for wider 

applications. Moreover, considering the versatile benefits, including their potential use in 

cosmetics, GCs present a promising avenue for both functional foods and skincare 

formulations. The present study being the first report on GCs from the banana peel, warrants 

the development of a cost-effective and ‘green process’ for the isolation of GC from the banana 

peel and its effective utilization. Harnessing the therapeutic qualities of GCs may contribute to 

the creation of effective and multifaceted products for health and cosmetic applications. 
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Chapter 6 

Bioactive components in banana peel and scope 

for value addition 

6.1. Introduction 

6.1.1. From waste to wealth: food waste and byproduct 

upcycling to functional ingredients 

     The UN 2030 agenda for sustainable development is a plan of 

action for people, the planet, and prosperity with 17 interconnected 

goals to achieve a better and more sustainable future for all 

(Transforming Our World: The 2030 Agenda for Sustainable 

Development n.d.).  With a primary focus on ‘no poverty, zero hunger, good health, and well-

being’ this plan calls for actions focused on eliminating waste and maximizing the food 

resources. Bioactive components including bioactive carbohydrates, specific minerals, fatty 

acids, proteins, antioxidants, prebiotics, vitamins, etc., imparts great health benefits. Hence the 

upcycling of food waste or byproducts such as peel or seed to functional foods is of paramount 

significance (Samtiya et al., 2021). 

     In addition to continuing efforts to decrease food waste, there is still an urgent need for the 

adoption of new methods and technologies to reach a zero-waste food system. In addition to 

the consumer-generated waste, the vegetable, fruit, meat, and grain processing industries 

generate millions of tonnes of food waste annually. This is a huge reservoir of beneficial non-

nutrients like pigments, dietary fiber, prebiotics, and bioactive phytochemicals, as well as 

recyclable macromolecules and micronutrients like proteins, vitamins, and minerals 

(Udenigwe, 2023). Considerable scientific work has been dedicated to repurposing food waste 

and byproducts to create products with added value. This strategy has also been proposed as a 

means of addressing malnutrition and advancing a sustainable food system in rural regions, 

especially in low- and middle-income countries (LMICs), by creating niche markets and small 

businesses (Udenigwe, 2023). 

6.1.2. Significance of banana peel as a source of bioactive components 

     In a society, where eating habits and lifestyle choices are rapidly changing, the critical role 

of a healthy digestive system in overall well-being is becoming increasingly evident. This 
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recognition has led to the development of foods aimed at digestive health, thereby indirectly 

improving general wellness. The primary factors that sustain a healthy gut are the prebiotic 

components like bioactive carbohydrates, probiotic gut flora, and the nutrients that they 

metabolize (Brouns et al., 2002). Bioactive carbohydrates, including dietary fiber, RS, and 

oligosaccharides, are vital for gut health, immune function, and metabolic regulation 

(Cummings et al., 2004; Raigond et al., 2015). Several epidemiological studies suggest that the 

population with high dietary fiber intake has a 25-35% reduced risk of developing colorectal 

cancer (Brouns et al., 2002). Fermentation of RS in the large intestine produces SCFA, 

especially butyrate, the primary nutrient for the colonocytes, and thereby plays a crucial role 

in colon health (Chen et al., 2024; Lockyer & Nugent, 2017). Oligosaccharides, such as FOS,  

GOS, and inulin exert prebiotic benefits mainly by promoting the growth of bifidobacteria 

species (Cummings et al., 2004; Hughes et al., 2022). Hence when consumed in adequate 

amounts these components support digestive health and thereby reduce the risk of several 

chronic lifestyle diseases, such as obesity, cancer, type II diabetes (IDA-Position-Paper-Fibre-

24.12.18.Pdf, n.d.). 

     WHO recommends a daily fiber intake of 25 g (WHO Updates Guidelines on Fats and 

Carbohydrates, n.d.), yet many people fall short of this target. This motivated us to look into 

the bioactive carbohydrate content of raw banana peel, a major waste material of banana 

processing industries, for functional food development. Banana (Musa sp.) an important 

member of the Musaceae family, is a widely cultivated and consumed fruit crop around the 

tropical and subtropical regions (H. M. Zaini et al., 2022). Banana peels, comprising 

approximately 35% of the weight of bananas, are a significant by-product often discarded. With 

around 40 million tonnes generated annually, most of these peels are often dumped in landfills. 

This valuable resource is frequently wasted due to ineffective agricultural waste management 

practices and lack of awareness.  

     Banana peel harbours a diverse array of nutrients and bioactive compounds, such as tannins, 

flavones, steroids, polyphenols, flavanols, sterols, carotenoids, flavanones, triterpenoids, 

anthocyanins, etc. (Hikal et al., 2022). This rich composition underscores its significant 

therapeutic potential, including anti-microbial, antioxidant, anti-diabetic, anti-cancer, and anti-

inflammatory properties (Hashim et al., 2023; Kumari et al., 2023; H. M. Zaini et al., 2022). 

Raw banana peel is a popular ingredient in Indian, Southeast Asian, and Caribbean cuisine. 

Banana peel is used as animal feed, it has applications in bioremediation and food packaging 

(Zou et al., 2022). The unripe peel of the ‘Saba’ variety was used to develop sausage with high 
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dietary fiber (H. B. M. Zaini et al., 2020). Peel is also used for the preparation of jelly, yellow 

noodles, biscuits, banana peel flakes, instant soup mix, ready-to-cook curry mix, sauce, and 

edible food wrappers (Bhavani et al., 2023; H. M. Zaini et al., 2022).  

     In Southern states of India, especially in Kerala, unripe Nendran pulp is used for making 

banana chips, and Nendran peel is the primary waste material generated during the processing. 

Similarly, in BG preparation also the industry will face issues with raw Nendran peel waste. 

The effective utilization of the peel will enhance the market viability of banana pulp-based 

products. Even though Nendran peel is included in many culinary preparations in Nendran 

prevalent areas, and is recognized for its anti-diabetic potential traditionally, there is no 

literature data on the bioactive carbohydrate content of Nendran peel and its value addition 

potential. Therefore, in this chapter, we have evaluated the bioactive carbohydrate content and 

the scope for of value addition of raw Nendran peel. 

6.2. Objectives 

     Recognizing the potential of banana peel as a source of bioactive carbohydrates and its 

significance in the functional food industry, the following objectives have been formulated to 

evaluate the bioactive carbohydrate content and value addition scope of Nendran peel.  

• Analysis of proximate composition and bioactive carbohydrate content (total dietary 

fiber content, fructan, and RS) of unripe peel.  

• Estimation of total phenol content (TPC) and total flavonoid content (TFC). 

• Assessment of in vitro immunomodulatory potential of methanolic extract of peel. 

• Evaluation of α-glucosidase inhibition potential of methanolic extract of peel. 

6.3. Materials and methods 

6.3.1. Chemicals and reagents  

     Details of chemicals and reagents used for in vitro immunomodulatory and α-glucosidase 

inhibition assay are mentioned under the materials and methods section 5.3.1. of Chapter 5. 

The digestible and RS assay kit (K-DSTRS), fructan assay kit (K-FRUC), and total dietary 

fiber assay kit (K-TDFR) were procured from Megazyme Ltd, Ireland. 

6.3.2. Raw material collection  

     For the studies, mature Nendran infructescence (21.14 kg) was purchased from local organic 

farmers in Vellayani, Thiruvananthapuram District, Kerala, India. The peel (6.21 kg) and pulp 

(11.61 kg) were separated. The pulp was utilized for the production of the novel product ‘BG 

and the peel was used for the studies outlined in this chapter. A portion of peel (100 g) was 
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utilized for the proximate composition analysis and the remaining portion (6.11 kg) was 

subjected to lyophilization. The lyophilized peel (0.63 kg) was used for the measurement of 

fructan content, fiber content, and for the preparation of the MeOH extract of the peel. 

6.3.3. Proximate composition and bioactive carbohydrate content of the banana peel 

     The proximate analysis of the unripe Nendran peel was done according to the AOAC 

method (AOAC, 2005). The starch content of the peel i.e., RDS, SDS, TDS, and RS was 

measured using the digestible and RS assay kit (K-DSTRS). The fructan assay kit (K-FRUC) 

was employed for the measurement of fructan content in the peel. This kit offers validated 

methods for fructan determination, as outlined by AOAC standards, including AOAC method 

999.03 for foods, AOAC method 2018.07 for animal feed, and AOAC method 2016.14 for 

infant formula and adult nutritionals (Fructan Assay Kit, n.d.). The K-TDFR assay kit was used 

to analyze total, soluble, and insoluble dietary fiber content. This method has been officially 

recognized by both AOAC and AACC (AOAC 991.43, AOAC 985.29, AACC 32-07.01, and 

AACC 32-05.01) (Total Dietary Fiber Assay Kit, n.d.). 

6.3.4. MeOH extraction of banana peel 

     Lyophilized banana peel (200 g) was powdered and passed through mesh 10 before being 

extracted with MeOH (2 L) for 6 hours at 500 rpm using an overhead stirrer (Hei-TORQUE 

100, Heidolph, Germany).  After 6 hours, the extract was collected and filtered using Whatman 

no. 1 filter paper with a Buchner funnel. The extracts were concentrated under vacuum with a 

rotary evaporator (Hei-vap, Heidolph, Germany). This procedure was repeated twice, and the 

resulting extracts were combined, yielding 9.07 g of MeOH extract. This MeOH extract of 

banana peel (BPM) was utilized to assess the TPC and TFC of unripe banana peel, α-

glucosidase inhibition potential, and evaluation of immunomodulatory potential in LPS-

stimulated murine macrophage RAW 264.7 cells. 

6.3.5. Evaluation of TPC 

     The TPC of BPM was evaluated according to the method developed by Singleton and Rossi. 

The gallic acid was used as standard and the stock solution was prepared by dissolving 0.5 g 

of gallic acid in 10 mL ethanol and made up to 100 mL using distilled water. The calibration 

curve was plotted with concentrations ranging from 100 to 500 µg/mL. A 20 µL of solution 

containing different concentrations of standards and samples was separately added to test tubes 

and then mixed with 100 µL of Folin-Ciocalteu reagent followed by 2.38 mL of distilled water. 

Tubes were incubated at room temperature (28 ºC) for 8 minutes and added 600 µL of 20% 

sodium carbonate solution. After 2 hours of incubation, the absorbance was measured at 765 
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nm with a UV-VIS spectrophotometer 2600 (Shimadzu, Japan), and the results were expressed 

as mg gallic acid equivalents/g dw (mg GAE/g) (Singleton & Rossi, 1965). 

6.3.6. Evaluation of TFC 

     The TFC of BPM was measured using the aluminium chloride colorimetric method. The 

standard quercetin (25 mg) was dissolved in 50 mL of 80% ethanol and the calibration curve 

was plotted with the concentration ranging from 5 to 50 µg/mL. In each test tube, 1 mL of the 

solution containing various concentrations of standards and samples was combined with 1.5 

mL of 95% ethanol, 0.1 mL of 10% aluminum chloride, 0.1 mL of 1M potassium acetate, and 

2.8 mL of distilled water. The absorbance of the resulting mixture was then measured at 415 

nm after 30 minutes of incubation at room temperature (28 ºC). The results were expressed as 

mg quercetin equivalent/g dw (mg QE/g) (Chang et al., 2002). 

6.3.7. Evaluation of immunomodulatory effects of BPM 

     The immunomodulatory effects of BPM were assessed in LPS-stimulated murine 

macrophage RAW 264.7 cells by examining BPM's impact on NO production, as well as in the 

secretion of both pro-inflammatory and anti-inflammatory cytokines. BPM (10 mg) was 

dissolved in 60 µL of DMSO and then diluted with cell culture medium to achieve the required 

concentrations for treatments. 

6.3.7.1. Determination of cell viability by MTT assay  

     The assay protocol was detailed under the materials and method section 5.3.4.5. of Chapter 

5. BPM of concentrations 25, 50, 100, and 200 μg/mL were used to assess the extract's 

cytotoxic effect. 

6.3.7.2. Evaluation of the role of BPM on NO production  

     BPM at concentrations 25, 50, and 100 µg/mL were evaluated for their NO inhibition 

potential. The protocol is detailed under the materials and method section 5.3.4.6. of Chapter 

5. 

6.3.7.3. Evaluation of pro and anti-inflammatory cytokines production  

     The effect of BPM (100 μg/mL) on pro and anti-inflammatory cytokines production was 

evaluated through ELISA analysis as mentioned in the materials and method section 5.3.4.7. 

of Chapter 5. 

6.3.8. Evaluation of α-glucosidase inhibition potential of BPM 

     BPM at six concentrations (2 to 100 µg/mL) was used for assessing the α-glucosidase 

inhibition potential according to the method described in the materials and method section 

5.3.4.8. of Chapter 5. 
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6.3.9. Statistical analysis 

      All the experiments, except the determination of soluble and insoluble fiber content (n=1), 

were carried out in triplicates (n=3) and the data were expressed as the mean ± SD. The data 

was statistically analyzed by IBM-SPSS 26 (SPSS Inc., Chicago, USA). ANOVA followed by 

Tukey's post hoc tests was used for multiple comparisons analysis, and P ≤ 0.05 is considered 

significant. To compare the IC50 value of acarbose and BPM an independent sample t-test was 

used. 

6.4. Results and discussion 

6.4.1. Proximate composition and bioactive carbohydrate content of unripe Nendran peel 

     Unripe Nendran peel has a moisture content of 90.17 ± 0.2%, fat, protein, ash, and 

carbohydrate content were 0.63 ± 0.02%, 2.03 ± 0.11%, 1.27 ± 0.08% and 5.90 ± 0.30% 

respectively (Table 6.1.). 

 

         Table 6.1. Proximate composition of unripe Nendran banana peel  

 

 

 

 

 

 

 

 

                                                                                                                      

                                                                                                                    

                                                                                                                                 Mean±SD (n=3) 

     Since the fresh banana peel showed a protein content of 2.03%, 100 g of lyophilized peel is 

expected to contain 20% protein, indicating that lyophilized peel can be an excellent source of 

protein. Currently, vegetable protein receives an overwhelming interest and given the high 

amount of protein in the peel, protein quality has to be assessed for its efficient utilization in 

functional foods. Further, the lyophilized peel contains 31.95 ± 0.83% of total starch with a 

notable portion of RS (18.11 ± 0.06%), TDS content of 13.64±0.01%, RDS content of 2.30 ± 

0.15%, and SDS content of 5.87 ± 0.19% (Table 2.). The total dietary fiber content of 

Parameters Amount (%) 

Moisture 90.17 ± 0.20 

Ash 1.27 ± 0.08 

Fat 0.63 ± 0.02 

Protein 2.03 ± 0.11 

Carbohydrate (by difference) 5.90 ± 0.30 
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Table 6.2. Bioactive carbohydrate content of unripe Nendran peel 

lyophilized Nendran peel was 26.87±0.92%, comprising 21.98% and 3.97% of soluble and 

insoluble dietary fibers respectively. The fructan content, which is soluble dietary fiber, was 

found to be 1.34±0.31 % (Table 2.). The presence of a notable amount of protein, dietary fiber, 

and RS indicates the scope for utilization of it as a functional food. Consumption of dietary 

fiber imparts numerous health benefits. Individuals with higher dietary fiber intake appear to 

have a significantly lower risk of developing coronary heart disease, cancer, stroke, 

hypertension, diabetes, obesity, gastrointestinal diseases and provide general digestive health 

(Anderson et al., 2009). Health benefits associated with dietary fiber consumption are detailed 

in the result and discussion section 2.4.2. of Chapter 2. The presence of a significant amount 

of bioactive carbohydrates in the banana peel indicates the scope for the development of 

functional food and pre-biotic supplements from unripe Nendran peel. 

   

 

RDS (0-20 minutes)- rapidly digestible starch, SDS (20-120 minutes)- slowly digestible starch, TDS (0-240 

minutes)- total digestible starch, RS (starch not digested within 240 minutes)- resistant starch 

*Dry weight basis mean±SD (n=3), #n=1.  

 

6.4.2. Evaluation of TPC &TFC content 

     The TPC and TFC values of Nendran peel were 35.20 ± 1.10 mg GAE/100 g and 17.12 ± 

0.90 mg QE/100 g db respectively. The reported high TPC and TFC content of Nendran peel 

indicates the antioxidant potential of peel. Literature data shows that different banana cultivars 

exhibit varying levels of TPC and TFC content. Aquino et al., 2016, compared the TPC content 

of unripe peel of 15 banana cultivars in Brazil and the TPC value showed a range from 29.02 

to 61 mg GAE/100g  wb (Aquino et al., 2016). The TPC and TFC values vary with the solvents 

and extraction methods adopted for the study (Chaudhry et al., 2022).  

Parameter Amount (%)* 

Total starch (TDS+RS) 

      RDS (0-20 minutes) 

      SDS (20-120 minutes) 

      TDS (0-240 minutes) 

      RS (starch not digested within 240 minutes) 

 31.95 ± 0.83 

    2.30±0.15 

    5.87±0.19 

     13.64±0.01 

     18.11±0.06 

Total dietary fiber  

Insoluble fiber# 

     Soluble fiber# 

             Fructan 

26.87±0.92 

21.98 

    3.97 

      1.34±0.31 
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6.4.3. Evaluation of immunomodulatory effects of BPM 

6.4.3.1. Determination of cell viability by MTT assay  

     Before assessing the in vitro immunomodulatory effects of banana peel MeOH extract, a 

preliminary assessment of its cytotoxicity was conducted to find a safe dosage for subsequent 

immunomodulation studies. The MTT assay was employed to assess the cytotoxicity of BPM. 

Samples at concentrations of 25, 50, 100, and 200 μg/mL were tested, and the results are 

presented in Fig. 6.1. BPM at a concentration of 25 µg/mL had negligible effects on cell 

viability, showing no significant difference compared to the control group. However, as the 

concentration increased from 50 to 200 μg/mL, a notable decrease in RAW 264.7 macrophage 

viability was observed. At the highest concentration tested (200 μg/mL), cell viability was 

83.94 ± 0.56%. Thus, BPM concentrations ranging from 25 to 100 μg/mL were chosen for 

further investigation of their impact on NO production in the cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.1. Effect of BPM on the viability of RAW 264.7 cells. The cells were treated with BPM 

of concentrations ranging from 25 to 200 μg/mL and viability (%) was assessed after 24 hours 

of exposure and significance was determined through ANOVA, *p ≤ 0.05 (vs. control) 
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6.4.3.2. Evaluation of NO production by Griess reaction 

     The RAW 264.7 murine macrophage cell line has been extensively employed in research to 

investigate the anti-inflammatory properties of various molecules and extracts. LPS, a key 

component of Gram-negative bacterial cell walls, triggers immediate inflammatory reactions 

by promoting the secretion of various inflammatory cytokines in diverse types of cells. 

Consequently, it is employed in experimental models to elicit inflammation (Skrzypczak-

Wiercioch & Sałat, 2022). Following activation by LPS, macrophages initiate the inflammatory 

cascade by upregulating the production of NO, reactive oxygen species, and proinflammatory 

cytokines like TNF-α, COX-2, and IL-6 (Tian et al., 2021). The inhibition of these 

proinflammatory cytokines and mediators is a critical approach in treating inflammatory 

disorders. Consequently, the potential of BPM to suppress NO production and modulate the 

release of both pro and anti-inflammatory cytokines was investigated. To the best of our 

knowledge, there have been no reports discussing the in vitro anti-inflammatory potential of 

unripe Nendran peel. 

     LPS stimulation significantly elevated NO production in the RAW 264.7 cells, while 

treatment with BPM led to a dose-dependent suppression of NO production (Fig. 6.2.). Upon 

LPS treatment, NO production rose from the basal level of 8.31 ± 0.91 µM (control) to 44.85 

± 4.13 µM. Dexamethasone significantly reduced NO production to 27.27 ± 0.24 µM compared 

to LPS-treated groups. BPM at concentrations of 25 and 50 μg/mL exhibited significant 

reductions in NO production to 36.40 ± 3.36 µM and 30.89 ± 2.17 µM, respectively. 

Interestingly, BPM at a dose of 100 μg/mL demonstrated a reduction in NO production to 25.01 

± 2.09 µM, comparable to dexamethasone (27.27 ± 0.24 µM) (Fig. 6.2). Based on these assay 

results, BPM at a concentration of 100 μg/mL was chosen for ELISA analysis. The LPS-

induced macrophages express transcriptionally inducible iNOS and thereby produce high 

amounts of NO (Francisco et al., 2011). The extract’s ability to suppress iNOS activation may 

be the reason behind the observed dose-dependent reduction of NO production in the cells. 

Currently, dexamethasone is commonly used for treating inflammatory conditions, including 

rheumatoid arthritis, and pneumonia. However, it is associated with adverse effects such as 

weight gain, cardiovascular complications, cataracts, and osteoporosis. Hence, the quest for 

novel drugs with anti-inflammatory properties is of great importance (Tian et al., 2021). Our 

preliminary findings on the effect of BPM on NO production suggest the potential anti-

inflammatory properties of unripe Nendran banana peel.  
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Fig. 6.2. Effect of BPM on the NO production of RAW 264.7 cells induced by LPS. The cells 

were treated with BPM of concentrations ranging from 25 to 100 μg/mL and NO production 

(µM) was assessed after 24 hours of exposure and significance was determined through 

ANOVA, #p ≤ 0.05 (vs. control), *p ≤ 0.05 (vs. LPS) 

 

     Despite extensive literature data on the antioxidant potential of banana peel, there is limited 

research focusing on its anti-inflammatory properties. Aqueous extract of fresh ripe peel of 

Musa sapientum Linn. showed highest NO inhibitory activity when compared with both fresh 

and dried unripe peel (MPharm, 2012). Similarly, 80% ethanol extract of Musa sapientum 

banana peel reduced inflammatory response by suppressing transcription factors such as NF-

κB (Arlinda Silva Prameswari et al., 2017). The butanol fraction of Cavendish (AAA) banana 

peel generated from the peel’s ethanol extract showed an anti-inflammatory response by 

inhibiting IL-6 and TNF-α secretion and down-regulating iNOS and COX-2 protein expression 

in LPS stimulated RAW264.7 macrophages (Hong et al., 2023). Our study is the first report on 

the anti-inflammation potential of unripe Nendran peel.  

6.4.3.3. Effect of BPM on pro and anti-inflammatory cytokines secretion 

     The impact of BPM on modulating the secretion of inflammatory cytokines was evaluated 

at a concentration of 100 μg/mL. BPM significantly inhibited the release of pro-inflammatory 
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cytokines such as MCP-1, IFN-γ, IL-1α, TNF-α, COX-2, and IL-6 in comparison to cells 

treated solely with LPS (Fig. 6.3a.). Furthermore, BPM promoted the secretion of anti-

inflammatory cytokines IL-10 and IL-13 (Fig. 6.3b.). Notably, BPM even outperformed 

dexamethasone in increasing the production of the anti-inflammatory cytokine IL-10. IL-10 

functions predominantly as an anti-inflammatory agent, safeguarding the body against 

excessive immune reactions, particularly via the Jak1/Tyk2 and STAT3 signalling pathways. 

Moreover, it helps mitigate tissue damage and organ impairment following injury (Carlini et 

al., 2023). 

     The significant levels of TPC and TFC observed in BPM suggest the presence of 

polyphenols and flavonoids, which could contribute to their anti-inflammatory properties. Our 

studies in the unripe Nendran peel revealed the presence of eighteen molecular species of GC 

with potent anti-inflammation potential (detailed in Chapter 5). The presence of these 

compounds may be the reason behind the observed anti-inflammation potential of BPM. Recent 

studies demonstrate that natural bioactive compounds capable of enhancing IL-10 expression 

may serve as an effective strategy for preventing inflammation by elevating IL-10 levels 

(Carlini et al., 2023). The observed increase in IL-10 expression following BPM treatment 

underscores the potential of BPM as an immunomodulatory agent. 
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Fig. 6.3a. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.3a. Effect of BPM on the secretion of pro-inflammatory cytokines in the RAW 264.7 macrophage cells induced by LPS. 
#p ≤ 0.05 (vs. control), *p ≤ 0.05 (vs. LPS) 
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Fig. 6.3b. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. 3b. Effect of BPM on the secretion of anti-inflammatory cytokines in the RAW 264.7 macrophage cells induced by LPS. 

*p ≤ 0.05 (vs. LPS) 
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6.4.4. Evaluation of α-glucosidase inhibition potential of BPM 

     The α-glucosidase enzyme catalyzes carbohydrate digestion in the intestine and inhibition 

of this enzyme is one effective therapeutic strategy for controlling hyperglycemia associated 

with type-2 diabetes (Agrawal et al., 2022; Dirir et al., 2022; Hossain et al., 2020). Apart from 

its role in the regulation of postprandial hyperglycemia, α-glucosidase inhibitors are potent 

broad-spectrum anti-viral agents. The commercially available α-glucosidase inhibitors 

comprise acarbose, miglitol, voglibose, emiglitate, and castanospermine (Agrawal et al., 2022). 

Although these inhibitors are potential therapeutic agents, their usage is often associated with 

undesirable gastrointestinal side effects. Consequently, ongoing research endeavors aim to 

discover novel inhibitors characterized by enhanced efficacy and reduced side effects. Given 

the traditional use of banana peel in diabetes management, there exists promising potential for 

this matrix to serve as a valuable reservoir of therapeutic agents with α-glucosidase inhibition 

properties. 

     Our study revealed that BPM exhibits a significant level of α-glucosidase inhibition 

potential, which is comparable with that of the standard drug acarbose (Fig. 6.4a. &Fig. 6.4b.). 

Both acarbose and BPM exhibited dose-dependent α-glucosidase inhibition. The IC50 value of 

acarbose was found to be 85.95 ± 4.23 μg/mL whereas a relatively lower amount i.e., 58.42 ± 

0.45 μg/mL of BPM was only required to impart the same effect (Fig. 6.4c.).  The standard 

drug acarbose is a pseudo-tetrasaccharide that is composed of a nitrogen-bonded valienol 

moiety attached to isomaltotriose. It exhibits a higher binding affinity (104-105 times) than 

natural oligosaccharides for α-glucosidases and inhibits the enzyme competitively. Due to the 

formation of a hydrogen bond between ASP 568 in the enzyme's active site and the hydrogen 

atom of the amine group in acarbose, the binding affinity of acarbose to the enzyme is 

significantly higher than that of typical sugar substrates (Dirir et al., 2022). Comprehensive 

investigations are essential to elucidate the mechanism underlying the α-glucosidase inhibition 

potential of BPM. Further studies are warranted to isolate and identify the molecules 

responsible for the α-glucosidase inhibition capability to Nendran peel. 
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IC50 (µg/mL) 

Fig. 6.4a. Fig. 6.4b. 

Fig. 6.4c. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.4a. α-glucosidase inhibition potential of acarbose, Fig. 6.4b. α-glucosidase inhibition 

potential of BPM, Fig. 6.4c. IC50 value of acarbose and BPM. Standard acarbose is compared 

with BPM and means with different superscript letters in the graph show significant difference 

at p≤0.05 
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Fig. 6.5. Chapter 6 graphical abstract (Created with BioRender.com) 

6.5. Conclusion 

     Bioactive carbohydrates, including dietary fiber, RS, and oligosaccharides, are pivotal in 

promoting gut health and enhancing immune function. Recognizing their significance, the WHO 

recommends a daily fiber intake of 25 g to support optimal health. Banana peel is a major waste 

from the raw banana processing industry. Considering its potential application in the functional 

food industry we have studied the bioactive carbohydrates in lyophilized raw Nendran banana 

peel. Through this work, we have identified lyophilized raw banana peel as a potent source of 

bioactive carbohydrates. Lyophilized raw Nendran peel contains RS (18.11 ± 0.06%), dietary fiber 

(26.87 ± 0.92%), and fructan (1.34 ± 0.31%). The methanolic extract of the peel exhibited high 

total phenolic and total flavonoid content. In vitro assays demonstrated the extract's potent anti-

inflammatory properties by suppressing NO production in murine macrophages RAW 264.7 cells 

and enhancing IL-10 secretion. Additionally, our study revealed significant α-glucosidase 

inhibition potential of Nendran peel extract, comparable to the standard drug acarbose. The α-

glucosidase inhibition potential of peel substantiates the traditional knowledge regarding banana 

peel dietary usage for diabetes. The findings from in vitro studies, although promising, necessitate 

further evaluation to elucidate the underlying mechanisms and identify specific bioactive 

compounds responsible for the affirmed results. The findings from our study suggest that unripe 

Nendran peel can be used directly or as an ingredient in functional foods for promoting gut health 

and general well-being. 
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Chapter 7 

Summary, conclusion & future perspectives  

     Bananas belonging to the genus Musa of the Musaceae family, are a vital global crop, cultivated 

in over 130 countries, primarily in tropical and subtropical regions. In the green stage, bananas 

stand out for having high starch content predominantly RS, and boast a rich mineral profile by 

containing a good amount of potassium and magnesium. Further, the presence of a notable amount 

of bioactive carbohydrates makes bananas a good prebiotic source for gut health and general 

wellness. In addition to the nutritional benefits, banana has a plethora of bioactive compounds with 

numerous health benefits. Despite the nutritional richness, unripe banana is an underutilized 

matrix. Beyond traditional weaning foods, there are no novel products derived from unripe bananas 

with innovative applications in the market.  

     The 'Nendran' banana variety (Musa (AAB) cv. Nendran), widely cultivated in South India, 

holds popularity for its versatile uses. In its unripe state, 'Nendran' bananas are commonly utilized 

in culinary practices and for preparing banana chips. Despite its prevalence, there are no previous 

reports on the complete nutritional profile and bioactive carbohydrate content (RS, fructan, fiber) 

of Nendran, nor have there been efforts to develop value-added products from its unripe pulp to 

harness its prebiotic benefits. Given Nendran’s indigenous nature in Kerala, understanding the 

potentials and current scenario of underutilization, the current investigation was conducted to 

explain the untapped health potentials of both pulp and peel of unripe Nendran bananas, 

investigation on its phytochemical profile, and utilization of it in novel forms. Through this 

research, we aim to contribute to the betterment of farmers' livelihoods and consumers' health 

alike.  

     Initially, the voucher specimen of Nendran was collected and deposited at the Herbarium of 

Jawaharlal Nehru Tropical Botanic Garden & Research Institute, Thiruvananthapuram, Kerala, 

India with TBGT voucher number TBGT 94628. Initial studies on unripe Nendran banana peel 

revealed the presence of a significant amount of bioactive carbohydrates, highlighting its value 

addition potential. Through comprehensive research, we have successfully developed a novel, 

preservative, and additive-free product ‘BG’ from the pulp of mature Nendran bananas, thereby 

adding significant value to this previously underutilized agricultural resource. Shelf-life studies 
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showed that the product was shelf-stable for 11 months. BG was screened for the presence of 98 

pesticides according to the AOAC method and they were below the detectable limit in BG. BG 

demonstrated nutrient superiority, by containing bioactive carbohydrates- fructan & dietary 

fiber, minerals- potassium, and magnesium, and TCC of 3466 ± 11.78 µg/100 g which helps in 

positioning it as a promising alternative to cereals. The presence of a considerable amount of 

dietary fiber BG indicates its suitability for promoting gut health and thereby providing overall 

wellness. This RTC and RTR product offers versatility in consumption marking a breakthrough 

from the conventional use of unripe bananas as infant weaning food. A significant outcome of 

this work is the technology transfer of the developed product BG, facilitating its 

commercialization by M/s. MOZA ORGANIC Pvt. Ltd., Kochi, India. The novel product BG 

aims to unlock the nutritional potential of unripe Nendran bananas as a replacement for 

traditional cereal-based diet.  

     Further, a detailed phytochemical analysis of the organic extracts of BG and as well as unripe 

pulp revealed the presence of β-sitosterol, glycolipids viz. MGDG, DGDG, acyl steryl glycosides 

viz. sitoindoside-II, sitoindoside-I, sterylglycoside (𝛽-Sitosterol 𝛽-D-glucopyranoside), GC and 

carotenoids. An exhaustive NMR and HR-ESI-MS analysis aided in providing structural details 

of the isolated phytochemicals. The present work serves as the first report on the isolation of 

GCs from Musa species and also the first report on phytochemical isolation studies from the 

Nendran cultivar. Literature shows that the phytochemicals isolated from unripe Nendran and 

BG have a myriad of health benefits. Thus, incorporating BG into the diet can contribute to 

overall health and well-being, highlighting the significance of diversifying dietary choices for 

optimal nutrition.  

     After completing the value addition trials and the phytochemical investigations, we have 

focused our studies on the process induced changes in the RS content of the pulp and its relation 

to GI. Two preparations, BG upma and BG porridge were then screened for GI. BG cooked in 

both forms exhibited a high GI and medium GL in clinical studies. Even though high in GI, it 

has a medium GL value makes it suitable for consumption by diabetic people also. We also 

conducted an in vitro GI prediction, which showed a high correlation with the clinical GI values. 

We have also studied the process induced changes in the RS content of pulp. RS content of BG 

assayed using a 2-hour digestion protocol revealed RS content of 42.08%. But further evaluation 
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with a 4-hour digestion protocol revealed that BG has only 4.44% RS and raw Nendran has 41% 

RS. The unit operations we employed resulted in a 10% reduction of RS, which may have 

resulted in the high GI of the product. Further studies revealed BG has a high RS content 

compared to oats, rice, and chapathi. The study helped us to understand the importance of 

selecting appropriate unit operations when designing products with a low GI. 

     Banana peel, the primary waste product generated during BG preparation, also holds untapped 

potential. The UN 2030 agenda for sustainable development calls for actions focused on 

eliminating waste and maximizing food resources. In line with this, we have explored the potent 

bioactive compounds and the bioactive components in the unripe Nendran peel to assess its value 

addition potential. The phytochemical investigation in the unripe peel has resulted in the isolation 

and characterization of eighteen molecular species of GC from the peel and the present 

investigation is the first report of GCs from banana peel. GCs are distinguished by variation in 

aliphatic acids conjugated as amide-containing α- and ω-hydroxy fatty acids. The study further 

proved the anti-inflammatory potential of the GC consortium in LPS-induced murine macrophage 

RAW 264.7 cells by suppressing the NO production and decreasing the secretion of pro-

inflammatory cytokines. GC consortium at the dose of 50 µg/mL, even outperformed the standard 

drug dexamethasone (7.85 µg/mL) by reducing the production of pro-inflammatory cytokines, IL-

1α, TNF-α, COX-2, & IL-6, and increasing the production of the anti-inflammatory cytokine IL-

10. In addition to this, the GC consortium has also shown remarkable α-glucosidase inhibition 

potential with an IC50 value of 5.12 ± 0.51 μg/mL compared to the standard drug acarbose (IC50 = 

87.32 ± 1.99 μg/mL), highlighting the scope for further studies on GC. The identification of GCs 

in unripe banana peel shows the significance of studying this matrix for application in functional 

foods and skincare formulations.  

     Further studies on peel revealed that raw banana peel is a potent source of bioactive 

carbohydrates. Lyophilized raw Nendran peel contains RS (18.11 ± 0.06%), dietary fiber (26.87 ± 

0.92%), and fructan (1.34 ± 0.31%). The methanolic extract of the peel exhibited high total 

phenolic and total flavonoid content. In vitro assays demonstrated the extract's potent anti-

inflammatory properties in murine macrophages RAW 264.7 cells. The MeOH extract of the peel 

at a dose of 100 µg/mL outperformed dexamethasone (7.85 µg/mL) in increasing the production 

of the anti-inflammatory cytokine IL-10. The extract also showed significant α-glucosidase 

inhibition potential by showing a lower IC50 value of 58.42 ± 0.45 μg/mL, compared to the standard 
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drug acarbose 85.95 ± 4.23 μg/mL. Our findings highlight the unripe Nendran banana peel's 

potential as a valuable source of bioactive compounds for functional food and pharmaceutical 

applications. Comparing the anti-inflammatory potential and α-glucosidase inhibition potential of 

the crude extract with that of isolated GCs reveals that the isolated GCs not only demonstrate 

superior activity but also surpass the performance of commercially available standard anti-

inflammatory drug dexamethasone and α-glucosidase inhibitor acarbose. This highlights the 

significant therapeutic potential of GCs, underscoring the importance of further research to explore 

their use as novel pharmaceutical agents in the treatment of inflammatory conditions and diabetes 

management. 

     In conclusion, the present study has revealed the immense potential of the unripe Nendran 

banana, transforming it from an underutilized resource into a novel product BG, marking a 

breakthrough from the conventional use of unripe bananas as infant weaning food. By showcasing 

its high content of bioactive carbohydrates, essential minerals, and phytochemicals, the research 

positions BG as an alternative to traditional cereals, contributing to better gut health and overall 

wellness. Additionally, the pioneering work on the phytochemical profile of Nendran's pulp and 

peel, especially the discovery of GCs and bioactive carbohydrates in peel, not only expands 

scientific knowledge but also introduces sustainable solutions for banana peel waste utilization in 

the food and pharmaceutical industries. The technology transfer of BG underscores its impact, 

promising to enhance consumer health and farmer livelihoods while addressing global 

sustainability goals. 

Future Perspectives 

• Developing banana products with retained RS content for the management of diabetes, gut 

health, and lifestyle diseases. 

• Validation of products -studies on gut health-promoting potential is warranted.  

• The present study being the first report on GCs from banana peel, demands the 

development of a cost-effective and ‘green process’ for the isolation of GC from the 

banana peel and its effective utilization at the industrial level. 

• Trials for peel value addition and evaluation of its prebiotic potential. 
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Bananas (genus Musa, family Musaceae) are a globally significant crop, primarily cultivated in tropical and 

subtropical regions. Despite their nutritional richness, particularly in the green stage with high resistant 

starch (RS) and a rich mineral profile (potassium, magnesium), unripe bananas remain underutilized beyond 

traditional applications. This study focuses on the ‘Nendran’ banana variety (Musa (AAB) cv. Nendran), 

widely grown in South India, aiming to harness its untapped potential and explore its phytoconstituents. 

We developed a novel, preservative & additive-free product Banana Grit (BG) from the mature, unripe 

Nendran banana pulp. BG contains bioactive carbohydrates (fructan, dietary fiber), essential minerals 

(potassium, magnesium), and a total carotenoid content (TCC) of 3466 ± 11.78 µg/100 g. BG’s versatility 

in consumption, marking a breakthrough from the conventional use of unripe bananas as infant weaning 

food, positions it as a promising alternative to traditional cereals, with benefits for gut health and overall 

wellness. The technology transfer of BG to M/s. MOZA ORGANIC Pvt. Ltd., Kochi, India, is a significant 

outcome of this work. Clinical studies indicated that BG when prepared as upma or porridge, exhibited a 

high glycemic index (GI) but medium glycemic load (GL), making it suitable even for the diabetic 

population when consumed in restricted amounts. The in vitro GI prediction studies of BG showed a high 

correlation with clinical GI-GL studies. Further studies revealed the process induced changes in the RS 

content of unripe pulp. Additionally, the study identified significant phytochemicals in BG and unripe 

Nendran pulp, including β-sitosterol, glycolipids (MGDG, DGDG & GC), acyl steryl glycosides, and steryl 

glycosides, using NMR and HR-ESI-MS analysis. Notably, this is the first report of glucocerebroside (GC) 

from the Musa species and also the first report on phytochemical isolation studies from the Nendran 

cultivar. Further investigations into unripe Nendran banana peel, the primary waste generated during banana 

processing, revealed it as a potent source of bioactive compounds, including 18 molecular species of GCs, 

which exhibited remarkable anti-inflammatory and α-glucosidase inhibition potential than the standard 

drugs dexamethasone and acarbose respectively, indicating the scope for further research in this area. The 

peel also contained high RS (18.11 ± 0.06%), dietary fiber (26.87 ± 0.92%), and fructan (1.34 ± 0.31%), 

indicating the immense value addition potential of peel as a functional food and also for pharmaceutical 

applications. Our research not only sheds light on scientific knowledge about Nendran bananas but also 

contributes to global sustainability goals by developing value-added products from underutilized resources. 
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Banana grit from Unripe ‘Nendran’ Banana and Characterization of its Starch 

Fractions 

 
Raveena Natakkakath Kaliyathan1,2, Anjali Krishna T U1, Reshma M V1,2 

1Agro-Processing and Technology Division, CSIR-National Institute for Interdisciplinary Science and Technology 

(CSIR-NIIST), Thiruvananthapuram 695019, Kerala, India 
2Academy of Scientific & Innovative Research (AcSIR), Ghaziabad 201002, India 

Corresponding author: mvreshma@niist.res.in 

Background: Banana is a popular tropical plant coming under the genus Musa of Musaceae 

family. Banana is a potential source of several bioactive compounds such as carotenoids, phenolics, 

biogenic amines and it is one of the resistant starch (RS) abundant commodity. RS is termed as 

bioactive carbohydrate due to its tremendous biological potentials. ‘Nendran’ is a popular 

cultivated variety of Musa × paradisiaca L. in Kerala. Though the unripe banana is rich in many 

minerals and functional nutrients, it is underutilized. Considering these facts there is a huge scope 

for developing value added products from unripe ‘Nendran’ for health benefits. The objective of 

the present study was to develop novel food product from unripe ‘Nendran’, with focus on its shelf 

life studies and estimation of starch fractions. 

Materials and methods: Fresh unripe ‘Nendran’ was purchased from farmers and the pulp and 

peel were separated. The pulp was subjected to pretreatment, subsequent drying and final grinding 

to produce ‘banana grits. The physicochemical properties of the product were determined and the 

shelf life stability of product was evaluated for seven months. An in vitro digestion protocol which 

mimics the human digestion was followed in order to determine the starch fractions in grit. 

Result: A novel food product, banana grits was developed from unripe ‘Nendran’. The proximate 

analysis showed that the banana grits have low moisture content (2.83±0.05%) and high 

carbohydrate content (91.31±0.18%). Shelf life studies showed that the product was shelf stable 

up to seven months. The in vitro digestion assay showed that the grit comprises of 84.74±6.74 % 

starch, out of which 50.63±7.60% was bioactive carbohydrate fraction.  

Conclusion: A novel, highly shelf stable and preservative free banana grits was developed from 

‘Nendran’ banana. Presence of high RS portion indicates immense biological potential of grit. 
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Abstract 

Raw banana Musa (AAB) cv. Nendran is a popular cultivated variety of Musa in South Indian 

states (Tamil Nadu, Kerala, Karnataka), and elsewhere in the world. In the present investigation, 

we are showing a novel utility of unripe Nendran banana as ‘Banana Grits’ (BG) that can be 

consumed on daily basis like cereals and tubers. BG is a novel preservative and additive-free 

product, which is in ready-to-cook as well as ready-to-reconstitute form. The in vitro starch 

digestion pattern indicated that out of 80 % of total starch in BG, 21 % is slowly digestible starch 

(SDS) and 42 % is resistant starch (RS). The SDS and RS fractions of starch were known to have 

nutraceutical potential due to their low postprandial glycemic response and high indigestible 

carbohydrate content. The presence of SDS and RS in BG indicates that they may contribute to 

gut health and glycemic control. Estimation of the total carotenoid content of BG revealed a high 

level of carotenoid content i.e., greater than 3000 µg/100 g of BG. The high amount of carotenoids 

in BG indicates the suitability of BG for alleviating vitamin A deficiency. The technology of 

banana grit production was transferred to a Kochi-based company M/s. MOZA ORGANIC Pvt. 

Ltd. India on 1st January 2021 and we are expecting the launch of bana- grit, and bana-gra soon in 

national and international markets. A detailed phytochemical analysis of BG and as well as unripe 

Nendran pulp revealed the presence of β-sitosterol, sitoindoside-II, sitoindoside-I, sterylglycoside, 

monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), acyl steryl 

glycosides and glucocerebroside in them.  Literature data shows that these phytochemicals were 

associated with a myriad of health benefits including anti-inflammatory, and anti-cancer 

properties. The present work serves as the first report on the isolation of glucocerebrosides 

from Musa species and also the first report on phytochemical isolation studies from the Nendran 

cultivar. 

mailto:mvreshma@niist.res.in
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Raw Nendran as “Grit”– Innovation for Sustainable Nutritional Security Using an 

Underutilized Crop 

Raveena Natakkakath Kaliyathan,1,2 Rafeena Rafi,1 and Reshma M. V1,2 
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2Academy of Scientific & Innovative Research (AcSIR), Ghaziabad 201002, India 

 

Email: mvreshma@niist.res.in 

 

Introduction: Raw banana Musa (AAB) cv. Nendran is an underutilized crop with untapped 

health potential and there is enormous scope for developing novel products from this commodity. 

Objectives:  

• Development of grits from raw ‘Nendran’, its physicochemical analysis, studies of starch 

fractions 

• Shelf life evaluation and studies on starch fraction in raw banana and its ripening changes.  

Materials and methods: A novel product ‘Banana grit’(BG) was developed from unripe Nendran 

pulp and its physicochemical properties and shelf life was evaluated. The starch fractions in 

different maturity stages of Nendran and BG were estimated with an in vitro digestion protocol. 

Result and conclusion: The starch content of Nendran drops from 23.12±2.22% to zero during 

the ripening process and the unripe pulp with high starch content was used for the preparation of 

novel BG. The novel BG is a preservative and additive-free ‘ready-to-cook’ product with a variety 

of cooking options. BG has a low moisture content (2.83±0.05%), high total carotenoid content 

(3000 µg/100 g of BG), high resistant starch content (42%), and shelf-stable up to nine months. 

The technology of banana grit production was transferred to a Kochi-based company M/s. MOZA 

ORGANIC Pvt. Ltd. India. The present work is an innovative step towards sustainable nutritional 

security from an underutilized indigenous crop which can improve the life of our farmers and the 

health of the consumers as well. 

 

 

 

 

mailto:mvreshma@niist.res.in
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Abstract  

Bananas (genus Musa, family Musaceae) are a globally significant crop, primarily cultivated in 

tropical and subtropical regions. The 'Nendran' banana variety (Musa (AAB) cv. Nendran), which 

is widely cultivated in South India, holds popularity for its versatile uses. In its unripe state, 

'Nendran' bananas are commonly utilized in culinary practices and for preparing banana chips. The 

Unripe banana peel is the primary waste product generated by banana processing industries and is 

typically discarded as waste. Annually, about 40 million tonnes of peel are generated and the 

majority of these peels are often dumped away in landfills. In alignment with the UN 2030 Agenda 

for Sustainable Development, we have explored the potent bioactive components in the unripe 

Nendran peel to assess its value addition potential. Studies on peel revealed that raw Nendran peel 

is a potent source of bioactive carbohydrates including resistant starch (18.11 ± 0.06%), dietary 

fiber (26.87 ± 0.92%), and fructan (1.34 ± 0.31%). Bioactive carbohydrates are pivotal in 

promoting gut health and enhancing immune function. The phytochemical investigation in the 

unripe peel has resulted in the isolation and characterization of eighteen molecular species of 

glucocerebroside (GC), containing α- and ω-hydroxy fatty acids from the peel. Marking the first 

report of GCs from banana peel. GC is a molecule with immunomodulation potential and being a 

source of ceramides, it is highly valued in the cosmetic industry for its role in skin health. The in 

vitro anti-inflammation potential of the isolated GC consortium was assessed in RAW 264.7 

murine macrophage cell line. The GC consortium at a dose of 50 μg/mL, showed a significant 

reduction in lipopolysaccharide (LPS)-induced nitric oxide (NO) production. The enzyme-linked 

immunosorbent assay (ELISA) analysis demonstrated GC's immunomodulation potential by 

showing a reduction in pro-inflammatory cytokines and an increase in anti-inflammatory cytokine 

production. Furthermore, GC exhibited potent α-glucosidase inhibition with an IC50 value of 5.12 

± 0.51 μg/mL, significantly lower than standard drug acarbose (IC50 = 87.32 ± 1.99 μg/mL). This 

research highlights the potential of GC as a promising candidate for therapeutic application due to 

its anti-inflammatory and α-glucosidase inhibition properties. These findings underscore the 

potential of unripe Nendran banana peel as a valuable source of bioactive compounds, paving the 

way for its use in functional foods and pharmaceutical applications. 

mailto:ravishankar@niist.res.in
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Abstract: Unripe banana 'Nendran' (Musa (AAB) cv. Nendran), an indigenous banana of Kerala, 

is an underutilized commodity. A novel product, BG was developed from the pulp of the unripe 

Nendran banana by pre-treatment and drying. BG is a novel preservative and additive-free product, 

which is in Ready to Cook (RTC) as well as Ready to Reconstitute (RTR) form. BG in RTC 

and RTR form offers a way to position banana in a new form rather than the conventional weaning 

food. Shelf-life studies showed that the product was shelf-stable for 11 months. BG was screened 

for the presence of 98 pesticides according to the AOAC method and they were below the 

detectable limit in BG. BG demonstrated nutrient superiority, by containing bioactive 

carbohydrates- resistant starch (4%), fructan (0.07 %), dietary fiber (7 %), minerals- potassium, 

and magnesium, and TCC of 3466 ± 11.78 µg/100 g which helps in positioning it as a promising 

alternative to cereals. The presence of a considerable amount of dietary fiber BG indicates its 

suitability for promoting gut health and thereby providing overall wellness. Furthermore, being 

gluten-free makes the product suitable for individuals with gluten allergy. The significant outcome 

of this work is the technology transfer of BG to Ms. MOZA ORGANIC Pvt. Ltd. Kochi, India.  A 

detailed phytochemical analysis of BG revealed the presence of bioactive compounds including β-

sitosterol, sitoindoside-II, sitoindoside-I, sterylglycoside, monogalactosyldiacylglycerol 

(MGDG), digalactosyldiacylglycerol (DGDG), acyl steryl glycosides and glucocerebroside. 

Literature data indicates that these compounds have numerous health benefits. The present work 

serves as the first report on the isolation of glucocerebrosides from Musa species and also the first 

report on phytochemical isolation studies from the Nendran cultivar. The study reveals that 

incorporating BG into the diet can contribute to overall health and well-being, highlighting the 

significance of diversifying dietary choices for optimal nutrition.  
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a b s t r a c t 

Novel ‘Banana Grits’ (BG) was prepared from the pulp of unripe banana ( Musa AAB) cv. Nendran, and their 
detailed phytochemical investigation is described. The present work serves as a first report of isolation and iden- 
tification of glycolipids by exhaustive NMR and HR-ESI-MS analysis from Nendran that include glycolipids viz. 
monogalactosyldiacylglycerols, digalactosyldiacylglycerols, acyl steryl glycosides, glucocerebrosides, and steryl- 
glycoside. Proximate analysis, estimation of total carotenoid content, and the resistant starch content in BG are 
also reported. In vitro starch digestion pattern indicated that out of 80% of total starch in BG, 21% is slowly 
digestible starch (SDS) and 42% is resistant starch (RS). The presence of SDS and RS indicates that they may 
contribute to gut health and glycaemic control. 

1. Introduction 

Banana ( Musa spp.) is one of the world’s leading tropical fruit crop 
with immense economical value and occupy a pivotal role in human 
nutrition as a staple food ( Aurore et al., 2009 ). India is the top banana- 
producing country in the world followed by China, Ecuador, Brazil, and 
Philippines ( Nayar, 2010 ). In addition to the nutritional benefits, ba- 
nana is a rich source of phytochemicals of therapeutic relevance ( Pereira 
& Maraschin, 2015 ; Qamar & Shaikh, 2018 ; Singh et al., 2016 ). Phyto- 
chemical studies from various parts of Musa genera showed the presence 
of phenolics, flavonoids, anthocyanins, carotenoids, sterols and triter- 
penes, steryl glycosides, diarylheptanoids, phytoalexins, neurotransmit- 
ters, indoles, and amino acids. The phytochemicals associated with M. 
paradisiaca were attributed with a broad range of pharmacological ben- 
efits such as antidiabetic, antioxidant, anti-inflammatory, antimicrobial, 
and anti-helminthic ( Oguntibeju, 2019 ). 

Raw banana Musa (AAB) cv. Nendran is a popular cultivated vari- 
ety of Musa in South Indian states (Tamil Nadu, Kerala, Karnataka), 
and elsewhere in the world. Nendran banana growing regions and its 
local name is given in the supplementary material under Table S1. It 
is consumed both in raw and ripe forms. Nendran attains bunch ma- 
turity after 5–6 months from flowering, the long and thick fruits with 
good keeping quality make unripe Nendran the best option for the 
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preparation of the world-famous Kerala banana chips and as the first 
weaning food of babies in India ( Chitra, 2015 ). The Nendran fruits 
are large, thick (20–27 cm long and 14–18 cm circumference) with a 
thick-leathery peel having three prominent ridges and a distinct nipple. 
The bunch of Nendran may weigh 12–15 kg with 4–6 hands, and each 
hand with 8–10 fingers ( Sreejith & Sabu, 2017 ). The interior colour of 
the fruit will remain creamy, yellowish when it is raw and eventually 
turns yellowish orange during ripening, simultaneously the peel colour 
also turns yellow. When the peel is green, the flavour of the flesh is 
bland and its texture is starchy, as the peel changes to yellow, brown 
to black, the sweetness increases, and the texture becomes soft. ‘Nen- 
dran’ varieties include Nedunendran, Quintal Nendran, Chengalikodan, 
Manjeri Nendran, Wayanad local, Kaliyethan, Swarnamughi, Attu Nen- 
dran, etc. among them, Chengalikodan is a very popular variety that 
has conferred the geographical indication (GI) status and is known for 
its unique shape, red spots on the peel, colour, taste, etc. ( Sreejith & 

Sabu, 2017 ). Nendran flower bracts were shown to possess anticancer 
activity, attributed to the presence of anthocyanins ( Suman et al., 2018 ). 
A novel metalloprotease was reported from the peel of Nendran with 
collagenolytic and cytotoxic activities ( Gurumallesh et al., 2019 ). Fruc- 
tan from Nendran serves as a prebiotic, which stimulated the growth of 
lactic acid bacterial strains to varying degree ( Shalini et al., 2017 ). 
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In the present study, the pulp of unripe banana ( Musa AAB) cv. Nen- 
dran was converted to novel ready-to-cook ‘Banana Grits’ (BG) by pre- 
liminary treatments and drying techniques. Fully matured Nendran ba- 
nana, i.e. , before ripening, was used to prepare BG. Maturity of Nen- 
dran can be defined as a fully grown stage that happens 150 days after 
flowering. Nendran banana, infructescence, and different stages of ma- 
turity are shown in the supplementary material under Figure S1. The 
peel colour of immature Nendran banana is dark green, and it becomes 
brownish-yellow with black marks at maturity. The immature fruit pulp 
is greyish white and later becomes creamy yellow and soft at maturity 
( Sreejith & Sabu, 2017 ). In the present study, we have used the ma- 
turity days ( i.e. , around 150 days) as the selection criteria of Nendran 
banana for BG preparation, as this can be taken as the raw material 
selection criteria for commercial BG production. A detailed phytochem- 
ical investigation was conducted on the fruit pulp of the unripe Nendran 
pulp (UNP) and the converted BG. Moisture content of unripe Nendran 
pulp prior to BG preparation is also reported. We present the first report 
on isolation of glycolipids monogalactosyldiacylglycerols (MGDGs), di- 
galactosyldiacylglycerols (DGDGs), acyl steryl glycosides, glucocerebro- 
sides, and sterylglycoside from the organic extracts of UNP and BG. In 
addition, the proximate analysis, estimation of total carotenoid content, 
and the resistant starch content in BG is reported. 

2. Materials and methods 

2.1. General procedures 

Structure elucidation of the isolated phytochemicals by chromatog- 
raphy was carried out by 1D ( 1 H, 13 C NMR, and DEPT-135) and 2D 
NMR (COSY, HSQC, and HMBC) analysis. The isolated compounds were 
dissolved in deuterated solvents (CDCl 3 , CD 3 OD), 

1 H, and 13 C NMR 
were recorded on a Bruker Ascend TM 500 MHz spectrometer at 500 
and 125 MHz, respectively. The chemical shifts ( 𝛿) were given in parts 
per million (ppm), coupling constants in Hz, and multiplicities are re- 
ported as s for singlet, d for doublet, dd for double doublet, m for mul- 
tiplet, etc. HR-ESI-MS (High-Resolution Electrospray Ionization Mass 
Spectrometry) analysis was conducted on a Thermo Scientific Exactive 
mass spectrometer with an Orbitrap analyzer, and the ions are given in 
m/z . The specific optical rotation of compounds was measured with a 
JASCO P-2000 polarimeter (JASCO, USA). The HPLC fingerprinting of 
carotenoids in the sample was performed on a Shimadzu HPLC (Nex- 
eraX2 HPLC system, Kyoto, Japan) connected to a PDA detector (SPD 
M20A). The total carotenoid content and glucose content were measured 
on a UV-2600, UV–VIS spectrophotometer (Shimadzu, Kyoto, Japan). 

2.2. Chemicals and standards 

All the solvents used for isolation and purification were of standard 
analytical grade. The TLC aluminium sheets (Silica gel 60 F 254 ) and 
silica gel (230–400 mesh & 100–200 mesh) were obtained from Merck 
(Mumbai, India). The NMR and HPLC grade solvents were purchased 
from Merck Life Science Pvt Ltd (Mumbai, India). The carotenoid HPLC 
standard ( 𝛽-carotene - catalogue no. C4582–10MG), and the enzymes for 
in vitro starch digestion assay amyloglucosidase (catalogue no. 10,113), 
invertase (catalogue no. I4504), pancreatin (catalogue no. P7545), and 
pepsin (catalogue no. P7000) were procured from Sigma-Aldrich, India. 
The GOD-POD kit was purchased from Avecon Health Care Pvt. Ltd., 
India. 

2.3. Raw material collection for BG preparation and phytochemical 

analysis 

Nendran pulp (6.17 kg) from the indigenous Nendran banana culti- 
var from Kerala (India) was used for the preparation of novel BG, and 
the yield of BG was 2.4 kg (39%). The voucher specimen of Nendran 
( Musa (AAB) cv. Nendran) was collected on 15 th May 2019 from local 

organic farmers in Vellayani, Ookode (8°25 ′ 54.3 ″ N 77°00 ′ 14.8 ″ E) Thiru- 
vananthapuram District, Kerala, India, and the voucher specimen was 
deposited at Herbarium of JNTBGRI, Thiruvananthapuram, Kerala, In- 
dia (Voucher number 94,628). BG was prepared from the unripe pulp 
of Nendran by pre-treatments and drying. For the phytochemical explo- 
ration studies, mature unripe Nendran banana (16.32 kg) was purchased 
from the exact location. The peel (5.09 kg) and pulp (10.35 kg) were 
separated, and the pulp (3.98 kg) was sliced, lyophilized (1.63 kg), and 
stored at − 20 °C for further analysis. The remaining pulp (6.17 kg) was 
pre-treated and dried to produce BG (2.40 kg). 

2.4. Proximate analysis of BG 

The moisture, fat, protein, ash, and carbohydrate content of BG was 
determined according to AOAC Methods ( AOAC, 1990 ). All the experi- 
ments were carried out in triplicates. 

2.5. In vitro starch digestibility of BG 

BG was analyzed for its starch fractions (slowly digestible starch, 
rapidly digestible starch & resistant starch) based on reported method 
( Englyst et al., 1992 ; Ren et al., 2016 ), with some modifications. The 
detailed methodology is given in the supplementary material (Method 
S1). 

2.6. Phytochemical exploration of BG through column chromatography 

2.6.1. Extraction protocol for isolation of phytochemicals 

BG (1 kg) was ground and passed through 20 mesh before extraction 
and sequentially extracted with chloroform (3.5 L), ethanol (4 L), and 
hydro-alcohol (1:1 v/v, ethanol:water 4 L) at 800 rpm using an over- 
head stirrer (Hei-TORQUE 100, Heidolph, Germany). After extraction, 
each extract was kept for settling, and filtered through Whatman no. 1 
filter paper, fitted with Buchner funnel to remove starch, then extracts 
were concentrated under vacuum (Hei-vap, Heidolph, Germany), which 
afforded 3.18 g, 4.39 g and 14.16 g of chloroform, ethanol and hydro- 
alcohol extracts, respectively. Schematic representation (Scheme S1) 
given under supplementary material shows the details of extraction pro- 
tocol of BG. The phytochemical distribution pattern of the chloroform 

extract was monitored on TLC, with different mobile phase systems com- 
prising 1:1 hexane:ethyl acetate (EtOAc), chloroform (CHCl 3 ):methanol 
(MeOH) (2:1, 8:1), and CHCl 3 :EtOAc (7:3, 10:1), by charring with 15% 

H 2 SO 4 in ethanol. The TLC chamber was oven dried and allowed to at- 
tain room temperature for each elution with the aforementioned mobile 
phase systems prior to the use. The CHCl 3 :MeOH (8:1) system showed 
the best separation pattern of compounds, hence, this ratio was adopted 
for checking the TLC of the isolates in further studies ( Fig. 3 ). 

2.6.2. Purification of chloroform extract by column chromatography 

The chloroform extract (2.8 g) was adsorbed and loaded on a sil- 
ica (230–400 mesh) column (60 × 3 cm) and sequentially eluted with 
800 mL of 100% chloroform which yielded 15 fractions. Further, 200 mL 
each of 1–10%, 15%, 20% and 50% methanol in chloroform combina- 
tion was added and each percentage solution was collected as separate 
fractions, which afforded 13 fractions. Finally, the column was eluted 
with 100 mL of 100% methanol. The TLC pattern of all the 29 fractions 
was monitored with CHCl 3 :MeOH (8:1) system and visualized by char- 
ring with 15% H 2 SO 4 in ethanol. The fractions which showed similar 
TLC patterns were pooled, which resulted in a total of nine (C 2–6, C 8, C 10, 
C 11, and C 13 ; TLC pattern given in the supplementary material Figure 
S2) 100% chloroform fractions and twelve chloroform-methanol frac- 
tions (CM 1–10, CM 15 and CM 20 ). Only the fractions that showed promi- 
nent TLC patterns were further explored for compound isolation. 
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2.6.3. Repurification of fractions and pure compound isolation 

Two fractions (C 8 and C 10 ) among the nine 100% chloroform frac- 
tions, were having a purple-pink prominent charring spot (Rf 0.68) in 
TLC when developed in CHCl 3 :MeOH (8:1) system. The combination of 
acetonitrile:methanol:tetrahydrofuran in the ratio 40:56:4, when added 
to these fractions, compound 1 precipitated (216.2 mg from C 8 and 
2.3 mg from C 10 , TLC pattern provided in supplementary material Figure 
S2), the compound was then dissolved in CDCl 3 and 

1 H and 13 C NMR 
spectra were recorded. Next, we attempted purification of seven frac- 
tions from chloroform and CM 1–3 but could not succeed in isolating com- 
pounds in pure form. Further, we tried purification of CM 4 (108.9 mg) 
on a silica gel column (230–400 mesh) and it afforded 6 sub-fractions, 
one sub-fraction (52.5 mg) was further purified on a silica gel column of 
100–200 mesh, packed with hexane-ethyl acetate (1:1, v/v) and eluted 
with the same solvent system and it afforded 7.2 mg of compound 3 
(Rf 0.52). The 1 H and 13 C NMR spectrum of compound 3 was recorded 
in CDCl 3 . Other fractions (CM 5–6, 20 ), did not yield any compounds in 
pure form. When 100% methanol was added to the CM 7 fraction, a white 
precipitate (compound 4 , 33.9 mg) was observed and the 1 H NMR spec- 
trum was taken in CDCl 3 , and since the NMR spectrum showed poor 
splitting pattern, the compound was peracetylated. In brief, the com- 
pound (12.8 mg) was dissolved in pyridine (2 mL) and acetic anhy- 
dride (1.5 mL) under nitrogen atmosphere at room temperature. After 
overnight stirring, the mixture was transferred to saturated NaHCO 3 so- 
lution (20 mL) and extracted with EtOAc (3 × 30 mL). The combined 
organic layers were further washed with distilled water (2 × 30 mL), 
dried over anhydrous Na 2 SO 4, and concentrated. The residue was sub- 
jected to purification over silica gel column (100–200 mesh) with 100% 

hexane and ethyl acetate in hexane combination (5% − 50%) to afford 
the acetylated product (8.1 mg), the 1 H and 13 C NMR spectrum of this 
acetylated compound were recorded in CDCl 3 . 

On addition of methanol individually to CM 8–10 , as in the case of 
CM 7 , a methanol insoluble and methanol soluble portions were gener- 
ated. The methanol insoluble portion of CM 8 and CM 9 (27.4 mg and 
7 mg, respectively) showed the exact TLC pattern as that of compound 
4 when developed in CHCl 3 :MeOH 8:1 system. The methanol soluble 
portions of CM 7–10 were pooled (90 mg) and separated on a silica gel 
column (230–400 mesh), which yielded two compounds. The first com- 
pound (13.8 mg) showed the same Rf (0.28) and charring pattern as that 
of compound 4 . The TLC comparison of all the compounds (one from the 
column and two from the insoluble fraction of CM 8,9 ) showing similar- 
ity with compound 4 is given in the supplementary material (Figure S3). 
The second compound, i.e. compound 7 (32 mg) showed more polar na- 
ture (Rf 0.16) than that of compound 4 , when developed in CHCl 3 :MeOH 

8:1 system and its 1 H NMR spectrum was recorded in CDCl 3 . In addition, 
compound 7 was peracetylated as detailed for compound 4 . The 1 H and 
13 C NMR spectrum of the peracetylated compound 7 was recorded in 
CDCl 3 . The fraction eluted with 15% methanol in chloroform combina- 
tion (CM 15 , 250 mg) showed a deep purple coloured charring spot (com- 
pound 6 ) with Rf 0.12, when developed in CHCl 3 :MeOH 8:1 system. The 
1 H NMR spectrum of compound 6 was recorded in CDCl 3, however, due 
to poor splitting pattern in 1 H NMR, compound 6 (68 mg) was acety- 
lated and subsequent column purification afforded peracetylated form 

of compound 6 (51.6 mg). The 1 H and 13 C NMR spectra, and 2D NMR 
experiments of peracetylated compound 6 were recorded in CDCl 3 . HR- 
ESI-MS analysis with direct injection was carried out on compound 6 
in underivatized and derivatized form (peracetylated form). The yields 
of compounds obtained through column chromatography route are de- 
picted in Table 1 . 

2.7. Phytochemical exploration studies of BG through preparative TLC 

method 

After completion of phytochemical exploration studies through col- 
umn chromatography method, we have continued our exploration to 
find more phytoconstituents of BG through the preparative TLC method. 

Accordingly, BG (500 g) was sequentially extracted with hexane, ace- 
tone, ethanol, hydro-alcohol (1:1, ethanol:water v/v) at 1000 rpm for 
6 h in a magnetic stirrer (IKA, RCT BS022) and the schematic repre- 
sentation of extraction protocol is provided in the supplementary mate- 
rial (Scheme S2). Each extract was concentrated under vacuum, which 
afforded hexane extract (560 mg), acetone extract (120 mg), ethanol 
(705 mg), and hydro-alcohol extract (7 g) of BG. The hexane and ace- 
tone extracts were further explored via the preparative TLC method. 
The hexane extract (70 mg) was spotted on a TLC plate and developed 
in CHCl 3 :MeOH 8:1 system. A portion of the TLC was cut and charred 
and used as a reference for scrapping out the compounds. A prominent 
charring spot corresponding to Rf 0.68 was scrapped out and the com- 
pound was eluted from silica with ethyl acetate, 1 H NMR spectra were 
recorded in CDCl 3 and identified as compound 1 (19.5 mg). Similarly, 
the acetone extract (100 mg) of BG was also spotted on a TLC plate and 
developed in CHCl 3 :MeOH 8:1 system, and charring spot corresponding 
to 0.68, 0.32, and 0.12 were scrapped out and eluted with ethyl acetate, 
and the solvent was removed under vacuum, which led to isolation of 
compound 1 (1.1 mg), compound 5 (5 mg), and compound 6 (2 mg), 
respectively. Compound 5 obtained through preparative TLC method 
was dissolved in CDCl 3 and recorded the 

1 H, 13 C, 2D NMR spectra, and 
further confirmed by HR-ESI-MS analysis. The yields of compounds ob- 
tained through the preparative TLC method is depicted in Table 1 . 

2.8. Phytochemical exploration studies of UNP 

2.8.1. Phytochemical exploration studies through preparative TLC method 

The lyophilized UNP (100 g) was sequentially extracted with hex- 
ane, acetone, ethanol, and hydro-alcohol (1:1, ethanol:water v/v) which 
yielded 218 mg, 58.8 mg, 145.3 mg, and 2.8 g extracts, respectively 
(supplementary material Scheme S3). The hexane (60 mg) and acetone 
extracts (50 mg) were subjected to preparative TLC analysis as men- 
tioned under Section 2.7 . The preparative TLC exploration of hexane 
extract afforded 3.8 mg of compound 1 (Rf 0.68), 1.5 mg of compound 
2 (Rf 0.48), and 1.8 mg of compound 5 (Rf 0.32). The 1 H and 13 C NMR 
spectrum of compound 2 was recorded in CDCl 3 . The preparative TLC 
exploration of acetone extract yielded 3 mg of compound 2 (Rf 0.48), 
4.2 mg of compound 5 (Rf 0.32), and 4.7 mg of compound 6 (Rf 0.12). 
The yields of compounds obtained through the preparative TLC route is 
depicted in Table 1 . 

2.8.2. Phytochemical exploration studies of UNP through column 

chromatography and preparative HPLC method 

In brief, 500 g of lyophilized UNP was sequentially extracted with 
chloroform and acetone, which yielded 2.09 g and 325 mg chloroform 

and acetone extracts, respectively. Each extract was separately chro- 
matographed on a silica gel column (230–400 mesh) and eluted with 
100% chloroform followed by 5–50% methanol in chloroform which 
yielded 35.3 mg and 15.1 mg of compound 7 from the chloroform and 
acetone extracts, respectively. The compound 7 (40 mg) so obtained 
was dissolved in methanol (1.2 mL) and filtered through a 0.2 𝜇m nylon 
syringe filter (Micro-Por Minigen Syringe Filter, Genetix Biotech Asia, 
New Delhi), and the clear solution was injected into the preparative 
HPLC system connected to a reverse phase Luna 5 𝜇 C18 (2) column 
25 cm × 21.2 mm (Phenomenex, USA) for further purification. The 
mobile phase system consisted of 100% methanol with a flow rate of 
5 mL per minute. The sample injection volume was 1 mL and the frac- 
tions were collected by monitoring the eluting peaks at 205 nm. The 
collected fractions were evaporated under vacuum in a rotatory evap- 
orator. 1 H and 13 C NMR, 2D NMR spectra of compound 7 was taken 
in CDCl 3 :CD 3 OD (2:1 v/v), and further analysed by HR-ESI-MS. Yields 
of compound 7 obtained through the column chromatography route is 
depicted in Table 1 . 

3 
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Table 1 

Yield (%) data of pure compounds obtained from BG and UNP through different isolation routes. 

Compound 
Number 

Compounds Yield (%) 
BG Column - Chloroform 

Extract 
BG Preparative TLC UNP Column UNP Preparative TLC 
Hexane Extract Acetone Extract Chloroform Extract Acetone Extract Hexane Extract Acetone Extract 

1 𝛽-Sitosterol 0.024 0.031 0.0002 ∗ ∗ 0.013 ND 
2 Sitoindoside-II ND ND ND ∗ ∗ 0.005 0.003 
3 Sitoindoside-I 0.0008 ND ND ∗ ∗ ND ND 
4 𝛽-Sitosterol 

𝛽- d -glucopyranoside 
0.009 ND ND ∗ ∗ ND ND 

5 MGDG ND ND 0.001 ∗ ∗ 0.006 0.004 
6 DGDG 0.028 ND 0.0004 ∗ ∗ ND 0.005 
7 Glucocerebroside 0.003 ND ND 0.007 0.003 ND ND 

ND - Not detected, ∗ Not explored. 

2.9. Confirmation of molecules by specific optical rotation 

The specific optical rotation of compound 1 and peracetylated com- 
pound 4 was analyzed by preparing 0.61% and 0.92% solutions of com- 
pounds in CHCl 3 , and the values were recorded with JASCO P 200 po- 
larimeter. 

2.10. Estimation of total carotenoid content of BG 

The total carotenoid content in BG was estimated as per literature 
report with slight modification ( Rodriguez-Amaya & Kimura, 2004 ). In 
brief, BG (100 g) was powdered and passed through 20 mesh and ex- 
tracted with hexane at 70 °C for 6 h in a Soxhlet apparatus, which 
yielded 413.5 mg of hexane extract and from that 2.5 mg of sample 
was taken for total carotenoid content measurement. 

For acetone extraction, BG (6 g) was powdered and passed through 
20 mesh, from that a portion of the sample (3 g) was extracted with 
50 mL chilled acetone for 30 min and the process was repeated until the 
sample was colourless. The extract was then transferred to petroleum 

ether (25 mL) and the absorbance was read at 450 nm in a UV–VIS 
spectrophotometer (UV-2600, Shimadzu, Japan) and quantified using 
the absorption coefficient of 2500 (recommended for estimation of 
carotenoid mixtures). 

Total carotenoid content ( 𝜇g∕g ) = 

A × V ( mL ) × 10 4 

𝐴 

1% 
1 𝑐𝑚 × sample weight ( g ) 

Where A is the absorbance at a specified wavelength, V is the total vol- 
ume of extract (25 mL), A 

1% 
1 𝑐𝑚 is the absorption coefficient (2500). The 

total carotenoid content of BG hexane extract was measured by dissolv- 
ing 2.5 mg of the extract in 10 mL of petroleum ether and the total 
carotenoid content was measured as described above. 

2.11. Qualitative HPLC-DAD profiling of carotenoids in the BG hexane 

extract 

The carotenoid fingerprinting of the BG was performed by using the 
hexane extract of BG and analyzed with the analytical Nexera X2 HPLC 
system (Shimadzu, Japan) equipped with a reverse phase, shim-pack 
GISS 5 μm C18 column (250 × 4.6 mm, Shimadzu) connected to a PDA 
detector (SPD-M20A) and an autosampler (SIL-30AC). The mobile phase 
comprised of acetonitrile:methanol:tetrahydrofuran (40:56:4) with a 
flow rate of 1 mL/min, and isocratic elution for 30 min. The weighed 
𝛽-carotene standard (5 mg) was dissolved in THF (10 mL) and 20 𝜇L of 
the sample was injected. The hexane extract (50 mg) of BG (extraction 
procedure mentioned under Section 2.10 ) was dissolved in 2 mL of THF 
and filtered through a 0.2 μm nylon filter (Micro-Por Minigen Syringe 
Filter, Genetix Biotech Asia, New Delhi) prior to analysis, and 20 𝜇L of 
the sample was injected. The column temperature was maintained at 25 
ºC and eluting peaks were monitored at 450 nm ( Bushway, 1986 ). 

2.12. Statistical analysis 

All the experiments (proximate analysis, in vitro starch digestibility, 
and total carotenoid content) were carried out in triplicates ( n = 3) and 
the data were recorded as mean ± standard deviation (SD). 

3. Results and discussion 

3.1. Preparation of BG 

Ripe Nendran banana is a popular fruit of Kerala, India, used in 
the preparation of sweet dishes, and the unripe Nendran is used in the 
preparation of raw banana fried chips and as weaning food. Hitherto 
attempts were not made to explore the phytochemicals and associated 
health benefits of unripe Nendran banana. The estimated moisture con- 
tent of unripe Nendran pulp was 58.67 ± 0.13%. To the best of our 
knowledge, there has been no previous attempt to develop raw Nendran 
as grits, which can have wider applications as porridge, flavored health 
drinks, gruel, and BG-vegetable (veg) mix that can be consumed as a 
main course food ( Fig. 1 ). BG is a novel preservative-free and additive- 
free product, which is in ready-to-cook as well as ready-to-reconstitute 
form. BG was prepared using the pulp of matured unripe Nendran ba- 
nana (150 days old after flowering; 20–27 cm long and 16 cm around) 
by pre-treatment and drying. 

3.2. Proximate analysis and in vitro starch digestibility of BG 

The proximate analysis showed that BG has a low moisture content 
(2.83 ± 0.05%), 1.46 ± 0.03% ash content, 3.97 ± 0.22% protein content 
and high carbohydrate content (91.31 ± 0.17%). Since the main com- 
ponent of BG is starch, in vitro digestion studies have been carried out 
to quantify its rapidly digestible starch (RDS), slowly digestible starch 
(SDS), resistant starch (RS), and total starch (TS) content by measuring 
the glucose released during different phases of digestion (detailed data 
is given in the supplementary material, Table S2). In vitro starch diges- 
tion pattern indicated that 80.49 ± 2.68% is TS, 21.44 ± 2.34% is SDS, 
16.95 ± 0.79% is RDS and 42.08 ± 2.85% is RS ( Fig. 2 a and b). 

Starch from cereals and tubers is consumed worldwide as an energy 
source along with ‘cooking bananas’ which are in the tenth position in 
the list of staple foods. Unripe banana is considered as the RS-rich non- 
processed food, its RS content ranges between 47 and 57% ( Fuentes- 
Zaragoza et al., 2010 ). The starch content of unripe fruit pulp of banana 
cultivars like Ney Poovan, Robusta, Rasthali, Poovan, Pachanadan, Nen- 
dran, Karpuravalli, Monthan, and Saba was recorded in the range of 
80.35–86.76% on dry weight basis and the Nendran cultivar in partic- 
ular found to have 84.75% starch content ( Ravi & Mustaffa, 2013 ). To 
the best of our knowledge, RS content of raw Nendran banana is not 
reported so far. The SDS and RS fractions of starch were known to have 
nutraceutical potential due to their low postprandial glycaemic response 
and high indigestible carbohydrate content. Since the SDS fraction is 
slowly digested in the small intestine, it gives a low glycaemic value, 
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Fig. 1. Unripe Nendran, novel ‘Banana Grit’ (BG), and products formulated from BG. 

Fig. 2. a: Proximate composition of BG; b: Amount of starch fractions in BG measured through in vitro starch digestion of BG. 

hence related to reduction in the risk of diabetes and other chronic dis- 
eases ( Englyst et al., 1992 ; Jenkins et al., 2002 ). The RS portion escapes 
digestion in the small intestine and on reaching the large intestine it 
gets fermented by the gut microbiota. Hence, RS acts as a substrate for 
the growth of probiotic bacteria, accordingly, RS is considered as a pre- 
biotic food ( Lockyer & Nugent, 2017 ). RS was also found to have the 
hypocholesterolemic effect and also help in better absorption of miner- 
als ( Morais et al., 1996 ; Younes et al., 1995 ). Due to these facts, SDS and 
RS portions are considered as bioactive carbohydrates and hence BG can 
be considered as a gut-friendly food that can be of prebiotic nature. 

3.3. Phytochemical exploration studies of BG and UNP 

The phytochemical composition of BG and UNP were explored by 
column chromatography, preparative TLC, and preparative HPLC, and 
the structural characterization of pure compounds were carried out with 
the aid of NMR, HR-ESI-MS & specific optical rotation data. The sequen- 
tial extraction of BG with different solvent systems afforded four extracts 
as mentioned in Section 2.6.1 . Crude chloroform extract of BG showed 
7 prominent charring spots with Rf ranging from 0.1 to 0.8 ( Fig. 3 ) in 
CHCl 3 :MeOH (8:1) system, hence, we focussed on phytochemicals iso- 
lated from the chloroform extract only. The compound corresponding 
to Rf 0.82 appeared as a carotenoid based on its bright orange colour 
in TLC. Compounds corresponding to the other six prominent charring 
spots (compound 1, 3–7 ) were identified ( Fig. 3 ) and discussed in detail 
here. 

Phytochemicals were isolated from UNP by preparative TLC and col- 
umn chromatography routes. It was observed that the TLC profile of the 
chloroform and acetone extracts of the UNP displayed perfect resem- 
blance to that of the chloroform extract of BG ( Fig. 3 ). Preparative TLC 
isolation of hexane and acetone extracts of UNP afforded compounds 1, 
2 , and 5 and compounds 2, 5 , and 6 , respectively. On the other hand, the 

Fig. 3. TLC charring pattern of BG chloroform extract (TLC code: BG-CHL), 
UNP chloroform extract (TLC code: 1) and UNP acetone extract (TLC code: 2) 
developed in CHCl 3 :MeOH (8:1) system. 

chloroform and acetone extracts were subjected to column chromatog- 
raphy for isolation of compound 7 . NMR spectral data of compounds 
1–7 are given in the supplementary material. 

Compound 1 (supplementary material Figure S4) exhibited charac- 
teristic chemical shifts of aliphatic phytosterol in 1 H and 13 C NMR, 
with the presence of C3-OH and olefinic proton signals, its non-polar 
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Fig. 4. Structures of compounds 1–7 . Compound 1 - 𝛽-Sitosterol, Compound 2 - Sitoindoside-II, Compound 3 - Sitoindoside-I, Compound 4 - 𝛽-Sitosterol 𝛽- d - 
glucopyranoside, Compound 5 - MGDG, Compound 6 - DGDG, Compound 7 - Glucocerebroside. 

nature was evident from TLC. Vilela et al. reported sterols such as 𝛽- 
sitosterol, campesterol, and stigmasterol from the ripe pulp of ten Musa 
species ( Vilela et al., 2014 ). Hence, compound 1 was readily identi- 
fied as 𝛽-sitosterol ( Fig. 4 ), further confirmed by NMR spectral com- 
parison in Biological Magnetic Resonance Data Bank. The specific op- 
tical rotation of compound 1 was found to be − 30.25°, which was in 
agreement with the reported value of − 30° ( Johnson, 1958 ). Efficient 
precipitation of 𝛽-sitosterol from the hexane extract upon addition of 
acetonitrile:methanol:tetrahydrofuran (40:56:4) was an accidental ob- 
servation that happened during sample preparation for HPLC analysis 
for carotenoids. 

Compound 2 (supplementary material Figure S5) exhibited char- 
acteristic carbohydrate chemical shifts between 3 and 5 ppm, with 
𝛿H 4.32 ppm ( J = 7.6 Hz) indicating anomeric proton H-1 ꞌ with 𝛽- 
configuration. Presence of downfield chemical shifts for H-6 ꞌ ( 𝛿H 4.45, 
4.18 ppm) in 1 H NMR suggest the presence of an ester functionality 
on C6 ꞌ-OH, with an aliphatic chain. Presence of a steryl group was ev- 
ident from NMR, which along with the conventional glycosidic link- 
age ( 𝛿C-1 ꞌ 101.2 ppm) suggest compound 2 as an acyl steryl glycoside 
(ASG). By consideration of COSY correlations (supplementary material 
Figure S6) and diaxial coupling constants of 9 Hz for 𝛿H-4 ꞌ 3.31 ppm and 
𝛿H-2 ꞌ 3.29 ppm, the carbohydrate moiety was confirmed as d -glucose. A 
three integration in 1 H NMR in the olefinic region suggest the presence 
of one unsaturation in aliphatic chain and with characteristic H-6 of 
the steryl moiety, which along with chemical shift considerations of 1 H 

and 13 C NMR resemble 𝛽-sitosterol. Ghosal et al. reported extensively 
on isolation and characterization of steryl glycosides and sitoindosides 
(ASGs) from the peel of M. paradisiaca and their anti-ulcerogenic ac- 
tivity ( Ghosal, 1985 ). Presence of olefinic carbons at 𝛿C 130 ppm in- 
dicate oleoyl moiety of the acyl group, which based on the published 
report by Ghosal et al. suggest compound 2 as sitoindoside-II ( Fig. 4 ) 
( Ghosal, 1985 ). Accordingly, compound 3 (supplementary material Fig- 
ure S7) was elucidated as sitoindoside-I ( Fig. 4 ) with a palmitoyl chain 
evident by the presence of only one olefin proton ( 𝛿H-6 5.3 ppm) from the 
𝛽-sitosteryl moiety, which was further evident from the 13 C NMR. Com- 
pound 4 exhibited characteristic carbohydrate signals in the 1 H NMR 
that along with steroidal region resemble a sterylglycoside. However, 
due to poor splitting pattern in 1 H NMR in CDCl 3 , compound 4 was 
peracetylated (supplementary material Figure S8) and confirmed as a 
𝛽-sitosterol 𝛽- d -glucopyranoside ( Fig. 4 ) by NMR, which was in agree- 
ment with literature ( Faizi et al., 2001 ). The specific optical rotation of 
peracetylated form of compound 4 was found to be − 22.9°, which was 
in agreement with the reported value of − 23.9° ( Coutts et al., 1957 ). 

Compound 5 (supplementary material Figure S9) exhibited charac- 
teristic carbohydrate signals in the 1 H NMR along with aliphatic chain, 
thus, resembling a glycolipid. Presence of COSY correlations for H-2 
with H-3, H-1; H-1 ꞌ with H-2 ꞌ; H-6 ꞌ with H-5 ꞌ, and HMBC correlation 
for H-2 ꞌ with C1 ꞌ, C3 ꞌ; H-4 ꞌ with C2 ꞌ, which along with coupling con- 
stants confirmed the presence of d -galactose appended to a glycerol 

backbone as a 𝛽-glycoside. The downfield chemical shifts of H-2, H- 
1, and HMBC correlation of H-1 ꞌ with C3 indicate the presence of ester 
groups in sn -1,2 positions and sn -3 with glycosidic linkage (supplemen- 
tary material Figure S10), thus, compound 5 is a MGDG. Presence of 
olefinic protons between 5 and 5.5 ppm suggest the presence of unsat- 
urated fatty acids. HR-ESI-MS analysis (supplementary material Figure 
S11) with direct injection was carried out to identify prominent molecu- 
lar species, and two ions were observed. Ion at m/z 775.5367 [ M + H ] + , 
which against the calculated 775.5360 [ M + H ] + , confirms the molec- 
ular formula C 45 H 74 O 10 that corresponds to MGDG 36:6. Ion at m/z 
799.5354 [ M + Na] + , which against the calculated 799.5336 [ M + Na] + , 
confirms the molecular formula C 45 H 76 O 10 that corresponds to MGDG 
36:5. Blackbourn et al. reported the presence of high proportion of 
mono- and di- galactosyl diacylglycerols (MGDGs and DGDGs) in ba- 
nana peel, with polyunsaturated fattys acids (PUFAs) such as 𝛼-linolenic 
acid (18:3 𝜔 3), PUFAs in MGDGs account for 94% of the fatty acid 
content ( Blackbourn et al., 1990 ). Hence, one of the molecular specie, 
MGDG 36:6 was identified as compound 5 ( Fig. 4 ). The second molecu- 
lar specie MGDG 36:5 has two possibilities, MGDG (18:3 𝜔 3/18:2 𝜔 6) or 
MGDG (18:2 𝜔 6/18:3 𝜔 3). MGDGs and DGDGs are predominantly found 
in the thylakoid membrane of plant chloroplasts, which are overlooked 
in nutrition applications as they are dispersed in biomass ( Sahaka et al., 
2020 ). In addition, compound 5 is a main constituent of a plant en- 
riched extracts of many patents with a variety of product applications. 
Compound 5 is endowed with a wide-range of pharmacological benefits, 
extensively reported in literature and reviewed in the supplementary 
material. 

Compound 6 exhibited characteristic disaccharide signals in the 1 H 

NMR, which along with aliphatic region resemble DGDG. However, due 
to poor splitting pattern in 1 H NMR, compound 6 was peracetylated 
and characterized (supplementary material Figure S12). Presence of key 
COSY correlations of H-2 ꞌ with H-1 ꞌ, H-3 ꞌ; H-4 ꞌ with H-5 ꞌ, H-3 ꞌ; H-2 ꞌꞌ
with H-1 ꞌꞌ, H-3 ꞌꞌ; H-4 ꞌꞌ with H-5 ꞌꞌ, H-3 ꞌꞌ aided in identification of the 
anomeric protons H-1 ꞌ and H-1 ꞌꞌ with 𝛽 and 𝛼 configurations, respec- 
tively. Coupling constants of 1.9 and 1.7 Hz for H-4 ꞌꞌ and H-4 ꞌ, respec- 
tively, confirm the presence of digalactosyl moiety. Presence of COSY 
correlation of H-2 with H-3, H-1 helped in identification of the protons of 
the glycerol backbone in 1 H NMR. Presence of key HMBC correlations of 
H-3 with C1 ꞌ and H-6 ꞌ with C1 ꞌꞌ confirm the glycosidic linkages of DGDG 
(supplementary material Figure S13). HR-ESI-MS analysis with direct 
injection was carried out to identify the molecular species (supplemen- 
tary material Figure S14). DGDG account for higher proportion of satu- 
rated fatty acid such as palmitic acid ( Blackbourn et al., 1990 ). HR-ESI- 
MS analysis of the underivatized compound 6 exhibited an ion at m/z 
915.6029 [ M + Na] + , which against the calculated 915.6021 [ M + Na] + 

with palmitic esters, confirms the molecular formula C 47 H 88 O 15 that 
corresponds to compound 6 ( Fig. 4 ). A prominent ion at m/z 847.4677 
[ M + Na] + , which against the calculated 847.4667 [ M + Na] + , suggest the 
molecular formula C 40 H 72 O 17 that corresponds to a DGDG containing a 
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nonadioic acid in sn -1 or sn -2 along with palmitic acid. Nonadioic acid 
was one of the dioic acids reported in the lipophilic extracts of ripe pulp 
from banana cultivars ( Vilela et al., 2014 ). HR-ESI-MS analysis of the 
derivatized peracetylated compound 6 showed corresponding ions with 
increase in mass by 294 due to acetylation of 7 x OH groups of digalacto- 
syl moiety (supplementary material Figure S15). Signals in mass spectra 
depend on the ionizing capability of the compounds, hence, DGDG with 
an extra carboxylic acid functionality in nonadioc acid is intense com- 
pare to compound 6 with palmitic acid (supplementary material Figure 
S14). A n -BuOH fraction of compound 6 from Malva verticillata was re- 
ported with anticancer activity in AGS cells (gastric cancer), with an 
with IC 50 value 10.6 𝜇M ( Ko et al., 2018 ). 

Compound 7 exhibited characteristic glycolipid signals in NMR, 
which was initially analyzed by peracetylation NMR (supplementary 
material Figure S16). Based on diaxial coupling constants and charac- 
teristic 8 Hz coupling constant of the anomeric proton, the monosac- 
charide of the acetylated derivative was determined as d -glucose with 
𝛽-glycosidic linkage. Presence of a characteristic amide NH proton and 
HMBC correlations, indicate the presence of a ceramide backbone with 
sugar appendage at the C1 position. However, the presence of a C3- 
C4 double bond was unusual in the derivative, perhaps, an elimination 
reaction followed during peracetylation as shown in the supplemen- 
tary material (Scheme S4), thus, confirming compound 7 as a gluco- 
cerebroside. Based on the NMR, compound 7 in its original state NMR 
(supplementary material Figure S17) or in its peracetylated form NMR 
(supplementary material Figure S16) constitute a mixture of molecular 
species. We resorted to HR-ESI-MS analysis for generic information of 
the sphingosine backbone as well as aliphatic chains of the amide. HR- 
ESI-MS through LC afforded one of the parent ion measured as 770.6146 
[ M + H ] + , which against the calculated 770.6146 correspond to molec- 
ular formula C 44 H 83 NO 9 , thus, revealing one of the molecular species 
7a ( Fig. 4 and 5 a). Presence of [ M + Na] + , [2M + Na] + peaks, and frag- 
ment peaks 752.6045 and 590.5514 corresponding to [M-OH] + calcu- 
lated for 752.6035 and [M-glucose] + calculated for 590.5507, respec- 
tively confirm a sphingadienine backbone with 2-hydroxyeicosanoic 
acid as the aliphatic chain for molecular specie 7a . A second par- 
ent ion measured as 794.6127 [ M + Na] + , which against the calculated 
794.6122 correspond to molecular formula C 44 H 85 NO 9 , thus, revealing 
the second molecular specie 7b ( Fig. 4 and 5 b). Presence of [2M + Na] + 

peak, and fragment peaks 610.5782 and 592.5675 corresponding to 
[M-glucose + H ] + calculated for 610.5774 and [M-glucose-OH] + calcu- 
lated for 592.5663, respectively confirm a sphingosine backbone with 
2-hydroxyeicosanoic acid as the aliphatic chain for molecular specie 
7b . A third parent ion measured as 820.6282 [ M + Na] + , which against 
the calculated 820.6279 correspond to molecular formula C 46 H 87 NO 9 , 
thus, revealing the third molecular specie 7c ( Fig. 4 and 5 c). Presence 
of [2M + Na] + peak, and fragment peaks 780.6361 and 618.5830 cor- 
responding to [M-OH] + calculated for 780.6348 and [M-glucose-OH] + 

calculated for 618.5820, respectively confirm sphingadienine backbone 
with 2-hydroxydocosanoic acid as the aliphatic chain for molecular 
specie 7c . Both 2-hydroxyeicosanoic and 2-hydroxydocosanoic acids 
were reported as fatty acids components in banana cultivar “Dwarf 
Cavendish ” ( Oliveira et al., 2006 ). To determine the position of dou- 
ble bond in sphingadienine and sphingosine backbone, we resorted to 
2D NMR of compound 7 . Presence of key COSY correlations of H-3 with 
H-4, H-2; H-5 with H-4, H-6; and the presence of key HMBC correla- 
tions of H-3 with C2, C1, C4, C5; and H-1 with C1 ꞌ (anomeric carbon) 
confirm the position of double bond at C4 of sphingadienine and sphin- 
gosine backbone NMR (supplementary material Figure S18). The char- 
acteristic ‘ E ’ geometry of C4-C5 was determined from trans coupling 
constant of 15 Hz in 1 H NMR, but due to merging of signals between 
5.2 to 5.3 ppm corresponding to the second double bond and due to the 
presence of molecular species, it was difficult to determine the double 
bond geometry and position. However, based on the consensus structure 
of sphingoids from plants, we report C8-C9 double bond with ‘ E ’ geom- 
etry ( Shirakura et al., 2012 ). The stereochemistry of C2 and C3 is highly 

conserved in sphingoids, however, the configuration of the hydroxy po- 
sition of the aliphatic acid was left unassigned. To the best of our knowl- 
edge, the present work is the first report on isolation and characteriza- 
tion of glucocerebrosides from Musa species. Glucocerebroside have an 
immunomodulatory effect and showed beneficial effect in clinical stud- 
ies for type 2 diabetes or non-alcoholic steatohepatitis ( Ilan et al., 2009 ). 
In addition, glucocerebrosides have shown application in cosmetics by 
playing an important role in the skin-barrier function in retaining mois- 
ture, and also has shown relevance as dietary supplement ( Jiang et al., 
2021 ). 

3.4. Total carotenoid content of BG 

One of the characteristic attributes of BG is its bright yellow 

colour which in turn is linked with the carotenoid content in the BG, 
hence attempts were made to quantify the total carotenoid content 
in BG by taking both the hot hexane extract and cold acetone ex- 
tract of BG. According to the latest National Institute of Nutrition data 
(2017) ( Longvah et al., 2017 ), the carotenoid content of raw banana 
(Musa × paradisiaca ) was 224 μg/100 g. Whereas, an exceptionally 
high level of carotenoid content i.e. 3466 ± 11.78 μg/100 g of BG and 
3819 ± 15.82 μg/100 g of BG was obtained through the acetone and 
hexane extraction routes, respectively (supplementary material Figure 
S19). Studies show that the carotenoid content of even the ripe bananas 
of cultivars like Monthan, Poovan, Red, and Robusta was very low and 
it ranges from 252 to 314 μg/100 g ( Longvah et al., 2017 ). The high 
amount of carotenoids in BG indicates the suitability of BG for alleviat- 
ing the vitamin A deficiency. 

3.5. Qualitative HPLC-DAD profiling of carotenoids in the BG hexane 

extract 

The HPLC profiling of the hexane extract was carried out for iden- 
tification of carotenoids in BG. The standard 𝛽-carotene peak was iden- 
tified at a retention time of 21.30 min (supplementary material Fig- 
ure S20a). In the extract, peak at retention time 21.40 min correspond 
to 𝛽-carotene along with other unidentified peaks (supplementary ma- 
terial Figure S20b). Presence of 𝛽-carotene was further confirmed by 
spiking with standard 𝛽-carotene (supplementary material Figure S20c). 
among the carotenoids, 𝛼-carotene and 𝛽-carotene have a high level of 
provitamin A activity ( Englberger et al., 2006 ). Even though the mi- 
cronutrient requirements in our body is very minimal, their impact 
on our body’s health is crucial and deficiency of any of them can 
lead to mild to severe even life-threatening conditions. According to 
WHO, deficiencies in iron, vitamin A and iodine were the most com- 
mon around the world, particularly in children and pregnant women, 
and nearly 2,50,000–5,00,000 children who are vitamin A-deficient be- 
come blind every year, and half of them die within 12 months of los- 
ing their sight (https://www.who.int/data/nutrition/nlis/info/vitamin- 
a-deficiency). Since, BG is a good source of provitamin A carotenoids, it 
can also help in alleviation of Vitamin A deficiency. 

4. Conclusion 

In this study, we showed a novel utility of unripe Nendran banana 
as ‘Banana Grits’ that can be consumed on daily basis like cereals and 
tubers. In vitro starch digestion pattern indicated that out of 80% of total 
starch in BG, 21% is SDS and 42% is RS. The presence of SDS and RS 
indicates that they may contribute to gut health and glycaemic control. 
Estimation of total carotenoid content of BG revealed a high level of 
carotenoid content of greater than 3000 μg/100 g of BG in hexane or 
acetone extracts, thus, BG serves as a provitamin source to alleviate Vi- 
tamin A deficiency. A detailed phytochemical analysis from the organic 
extracts of BG and as well as UNP revealed the presence of glycolipids 
viz. MGDGs, DGDGs, ASGs, glucocerebrosides, and sterylglycoside. An 
exhaustive NMR and HR-ESI-MS analysis aided in providing structural 
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Fig. 5. a: HR-ESI-MS of compound 7a. b: HR- 
ESI-MS of compound 7b. c: HR-ESI-MS of com- 
pound 7c . 

Fig. 5. Continued 
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details of the isolated phytochemicals. The present work serves as the 
first report in isolation of glucocerebrosides from Musa species and also 
the first report on phytochemical isolation studies from the Nendran 
cultivar. Literature shows that the phytochemicals isolated from unripe 
Nendran and BG has myriad of health benefits. Thus, BG serves as a func- 
tional food, which is a ready-to-cook or ready-to-reconstitute form with 
no preservatives or additives. We have also blended BG with green gram 

in another product formulation (not discussed in this manuscript) to 
supplement the protein needs. The glycaemic load and glycaemic index 
studies of BG, gut health, and anti-inflammatory potential are planned 
for further validation of claims. 
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A B S T R A C T   

Banana peel represents a significant waste product of banana processing industries that can yield high-value 
products. Banana peel contains flavonols, tannins, alkaloids, terpenoids, and various phenolic compounds 
such as catechin, epicatechin, and catecholamines. Recent studies have demonstrated the immunomodulatory, 
anti-inflammatory, and antidiabetic potential of these compounds. The current work serves as the first report on 
the glucocerebroside (GC) consortium from the unripe banana peel Musa (AAB) cv. Nendran. Through high 
resolution mass spectrometry analysis, we have identified eighteen molecular species of GC, containing α- and 
ω‑hydroxy fatty acids. The in vitro anti-inflammation potential of GC consortium was assessed in RAW 264.7 
murine macrophage cell line. The GC consortium at a dose of 50 μg/mL, showed a significant reduction in 
lipopolysaccharide (LPS)-induced nitric oxide (NO) production. The enzyme-linked immunosorbent assay 
(ELISA) analysis demonstrated GC’s immunomodulation potential by showing a reduction in pro-inflammatory 
cytokines and increase in anti-inflammatory cytokine production. Furthermore, GC exhibited potent α-glucosi
dase inhibition with an IC50 value of 5.12 ± 0.51 μg/mL, significantly lower than standard acarbose (IC50 =

87.32 ± 1.99 μg/mL). This research highlights the potential of GC as a promising candidate for therapeutic 
application due to its anti-inflammatory and α-glucosidase inhibition properties.   

1. Introduction 

Banana is a tropical crop that belongs to the genus Musa of the 
Musaceae family. Interestingly, one of the most popular varieties of 
banana is the unripe banana (Musa AAB) cv. Nendran, which is famous 
for its use in making chips. The ’Nendran’ has different names in various 
parts of the world, such as ’Rejeli’ in North Indian states, ’French 
plantain/Horn plantain’ in England, ’Hooru plantain’ in Denmark, 
’Banana cent livers’ in France, ’Pisang feige/Hornfeermige’ in Germany, 
’Pisang candi’ in Indonesia, ’Pisang lang/Pisang Nangka/Pisang ton 
dok’ in Malaysia, ’Bhangoaisan’ in the Philippines, and ’Kluai nga 
chang’ in Thailand (Sreejith & Sabu, 2017). 

In our previous work, we have demonstrated a novel application of 
unripe Nendran pulp in the form of “banana grit” (Raveena et al., 2022). 
Notably, the primary byproduct generated during the banana grit 

production process is the banana peel waste. The banana processing 
industries, worldwide, generate tons of this waste material every day. 
Valorization of waste is instrumental for reducing the environmental 
and economic burden of waste material and transitioning to a circular 
economy by developing value-added products (Zou et al., 2022). 
Repurposing banana by-products into valuable commodities could 
significantly boost agricultural development (Zou et al., 2022). Also, the 
valorization of banana peel enhances the market viability of banana 
pulp-based products. Therefore, our study involved the exploration of 
bioactives in the unripe Nendran peel and the exploration of its bio
logical activity. As lyophilization (freeze drying) involves the removal of 
water by sublimation under high vacuum, the heat-sensitive compounds 
retain their original properties and the process extends the shelf life of 
the matrix (Nowak & Jakubczyk, 2020). This high-end technology is 
widely used for the preservation of herbs and spices. The unripe 
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Nendran peel was lyophilized to retain native compounds and was used 
for the isolation and characterization of bioactives. 

Banana peel, which constitutes a significant percentage of the fruit’s 
weight (35–40 %), is a rich source of phytochemicals such as flavonols, 
hydroxycinnamic acids, tannins, alkaloids, anthocyanins, terpenoids, 
and catecholamines, which rationalize its traditional use in treating 
burns, diarrhoea, diabetes, ulcers, and inflammation (Pereira & Mar
aschin, 2015; Zaini et al., 2022). Moreover, banana peel has been uti
lized to improve the nutritional and physicochemical properties of 
various products. Recent research has shown that mature banana 
(Nanica cavendish) peel can be used to make gluten-free Rissol, while the 
peel of Musa cavendish can be incorporated into bakery products and 
pasta. Furthermore, Musa balbisiana peel powder has been used to 
enhance the sensory and nutritional quality of chicken sausage (Gomes 
et al., 2022; Segura-Badilla et al., 2022; Zaini et al., 2020). Nida et al. 
(2023) utilized it to prepare 3D-printed food package casings and apart 
from the food sector, banana peel has also found applications in 
wastewater treatment, biofuel production, bioplastic, and nanocellulose 
(Alzate Acevedo et al., 2021; Nida et al., 2023). Notably, banana peels 
find applications across various industries, including cosmetics, medi
cine, food processing, beverages, textiles, energy production, paper 
manufacturing, bio-absorbents, biofuel production, and agriculture 
(Bhavani et al., 2023). 

Our previous report on unripe Nendran pulp has revealed the pres
ence of monogalactosyldiacylglycerols, digalactosyldiacylglycerols, acyl 
steryl glycosides, glucocerebrosides (GCs), and sterylglycoside from the 
pulp of unripe Nendran (Raveena et al., 2022). Literature data demon
strated the bioactive role of GC with reports on anti-inflammatory po
tential of GC isolated from Cordyceps militaris, an edible fungus (Chiu 
et al., 2016). Inflammation refers to a complex immunological response 
that is connected to the gradual release of pro-inflammatory cytokines. 
Macrophages play a key role in the inflammatory process by providing 
an immediate defence against foreign agents. When induced by an 
inflammation stimulus such as LPS, they initiate the production of a 
variety of pro-inflammatory mediators including TNF-α, IL-6, COX-2, 
NO, etc. (Geller & Billiar, 1998; Huang et al., 2014). Suppression of 
these pro-inflammatory cytokines is critical for treating inflammatory 
diseases. Hence the potential of GCs for the suppression of NO produc
tion and its role in the release of pro and anti-inflammatory cytokines 
were evaluated. 

GCs belong to the class of neutral glycosphingolipids, and contains 
one glucose molecule attached to a ceramide. A ceramide consists of a 
sphingosine and a long chain fatty acid, connected by an amide linkage 
(Demir, 2021). The fatty acyl groups of ceramides are typically saturated 
or monounsaturated with various chain length from 14 to 36 carbons. 
GC is degraded to produce ceramides by enzymes such as glucosidase, 
and glucocyl ceramidase (Yang & Chen, 2022). Decreased level of 
ceramides in the skin barrier often found to be the major reason for 
many skin disorders. Hence topical application of ceramide through 
conventional and novel carrier systems have been researched globally 
(Kahraman et al., 2019). GC is a molecule with numerous applications, it 
has been incorporated in cosmetics as moisturizing ingredient, and the 
direct oral intake of GC found to increase the level of epidermal 
ceramides and reduces skin allergy responses (Kimata, 2006; Spada 
et al., 2018). This emphasizes the potential of GC in the cosmetic field. 

The potential anti-diabetic properties of Nendran peel have garnered 
significant attention and appreciation traditionally. However, it is 
crucial to emphasize that, as of the latest available scientific informa
tion, these claims lack substantial empirical evidence. The usage of 
α-glucosidase inhibitors is proven to be the most efficient approach for 
controlling postprandial hyperglycemia and associated adverse physio
logical complications, in type 2 diabetes (Hossain et al., 2020). The 
traditional knowledge regarding banana peel dietary usage for diabetes 
has led us to examine the α-glucosidase inhibition potential of GCs iso
lated from Nendran peel. 

The identification of bioactive compounds in unripe banana peel, 

demonstrating dual anti-inflammatory and α-glucosidase inhibition 
properties, shows the significance of studying this matrix for wider ap
plications. Moreover, considering the versatile benefits, including their 
potential use in cosmetics, GCs present a promising avenue for both 
functional foods and skincare formulations. 

2. Materials and methods 

2.1. General procedures 

NMR spectra of isolated compounds were analyzed in CD3OD, 1H and 
13C NMR were recorded on a Bruker Ascend™ 500 MHz spectrometer at 
500 and 125 MHz, respectively. The HR-ESI-MS (High-Resolution 
Electrospray Ionization Mass Spectrometry) analysis of GC fractions was 
carried out on a Thermo Scientific Exactive mass spectrometer with an 
Orbitrap mass analyzer, and an Accela 600 pump system and the ions are 
given in m/z. 

2.2. Chemicals and standards 

All the solvents used for isolation and purification were of standard 
analytical grade. The TLC aluminium sheets (silica gel 60 F254, catalogue 
no. 1.05554.0007) and the silica gel (230–400 mesh, catalogue no. 
6.18609) & 100–200 mesh (catalogue no. 6.18608), NMR solvent 
(CD3OD, catalogue no.151947–50-SB) and gradient grade methanol 
(catalogue no. 1.06007) were purchased from Merck Life Science Pvt 
Ltd, Mumbai, India. 

The murine macrophage cell line, RAW 264.7 was procured from the 
National Centre for Cell Science (NCS), Pune, India. Chemicals and re
agents for cell culture studies including Dulbecco’s Modified Eagle 
Medium (DMEM) high glucose medium (catalogue no. AT007–1 L), fetal 
bovine serum (FBS, catalogue no. RM10432–500ML), antibiotics-100X 
(with 10,000 U Penicillin, 10 mg streptomycin and 25 µg amphoter
icin B per ml in 0.9 % normal saline, catalogue no. A002A-5 × 50ML), 3- 
(4,5-dimethylthiazol-2-yl)− 2,5-diphenyl tetrazolium bromide (MTT, 
catalogue no. TC191–1 G), dimethyl sulfoxide (DMSO, catalogue no. 
TC349–100ML), bovine serum albumin (BSA, catalogue no. TC548–5 G) 
were procured from HiMedia, India. 

The 3′,5,5′-Tetramethylbenzidine (TMB catalogue no. 555,214) 
substrate was procured from BD Biosciences, San Diego. Pierce™ BCA 
protein assay kit (catalogue no. 23,227) and Halt™ protease Inhibitor 
Cocktail-100X (PIC, catalogue no. 87,786), were purchased from 
Thermo Scientific, USA. The primary antibodies; tumour necrosis factor- 
alpha (TNF-α, catalogue no. ITT07014), interleukin-6 (IL-6, catalogue 
no. ITT06087), interleukin-10 (IL-10, catalogue no. ITT06894), 
interleukin-13 (IL-13, catalogue no. ITT06813), cyclooxygenase-2 
(COX-2, catalogue no. ITT07003), interleukin-1alpha (IL-1α, catalogue 
no. ITT06893), interferon-gamma (INF-γ, catalogue no. ITT06045), & 
monocyte chemoattractant protein-1 (MCP-1, catalogue no. ITT07577), 
and secondary antibody (goat anti-Rabbit IgG/HRP, catalogue no. 
ITSAH134) were procured from ImmunoTag, USA. LPS from E. coli 
(catalogue no. L6529–1MG), radioimmunoprecipitation assay buffer- 
10X (RIPA buffer, catalogue no. 20–188), α-glucosidase from Saccha
romyces cerevisiae (Type 1, lyophilized powder ≥10 units/mg protein, 
catalogue no. G5003–1KU), p-nitrophenyl-α-d-glucopyranoside (pNPG, 
catalogue no. 487,506–5GM), Griess reagent (catalogue no. G4410–1 
G), acarbose (catalogue no. A8980–1 G), and dexamethasone (catalogue 
no. D4902–100MG) were obtained from Sigma-Aldrich (Darmstadt, 
Germany), and all the other chemicals were of standard analytical grade. 

2.3. Raw material collection for phytochemical analysis 

The voucher specimen of ‘Nendran’ was collected on 15th May 2019 
from local organic farmers in Vellayani, Ookode (8◦25′54.3″N 
77◦00′14.8″E) Thiruvananthapuram District, Kerala, India. The spec
imen was identified and deposited at the Herbarium of Jawaharlal 
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Nehru Tropical Botanic Garden & Research Institute (TBGT) Thir
uvananthapuram, Kerala, India with voucher number 94628 (Raveena 
et al., 2022). 

To conduct the phytochemical exploration studies, mature Nendran 
infructescence (40.34 kg) was purchased from local organic farmers in 
Vellayani, Thiruvananthapuram District, Kerala, India. The peel (13.91 
kg) and pulp (25.65 kg) were separated. The peel (13.91 kg) was 
lyophilized using VirTis Genesis-25 EL lyophilizer. The initial freezing 
was done at − 40 ◦C for 3 h at ambient pressure. For the drying step, the 
initial shelf temperature was set at − 40 ◦C for 1 hour at 500 mTorr. The 
temperature was further reduced to − 10 ◦C at a rate of − 10 ◦C reduction 
in each 2 h. Meanwhile, the pressure was also reduced to 300 mTorr. 
Then, a holding was given for 2 h at − 5 ◦C at 300 m Torr. Then the 
temperature was increased to 5 ◦C and maintained for 2 h at 250 mTorr 
pressure and further, the temperature increased to 10 ◦C and maintained 
for 1 hour 30 min at 200 mTorr pressure. The temperature was finally 
raised to 25 ◦C at a rate of increase of 5 ◦C in each 4 h, and the final 
applied vacuum was 100 mTorr. The lyophilized peel (1.50 kg) was 
collected, sealed and stored at − 20 ◦C until further analysis (details of 
the yield pattern of lyophilization is provided in the supplementary 
material, Scheme S1). 

2.4. Phytochemical exploration studies of banana peel for the isolation of 
GC 

2.4.1. Extraction protocol for isolation of GC 
For the isolation of GC, the lyophilized banana peel was subjected to 

extraction with ethyl acetate, chloroform, and methanol separately. 
Three solvents with varying polarities, namely chloroform (non-polar), 
ethyl acetate (mid-polar), and methanol (polar), were selected to assess 
the extractability of GCs across different polarity ranges. 

The lyophilized banana peel was powdered and passed through mesh 
10 before extraction and the powdered banana peel (250 g) was 
extracted with ethyl acetate (1.5 L) for 6 h at 700 rpm using an overhead 
stirrer (Hei-TORQUE 100, Heidolph, Germany). After 6 h, the extract 
was collected, kept for settling and filtered through Whatman no. 1 filter 
paper, fitted with a Buchner funnel, then extracts were concentrated 

under vacuum in a rotary evaporator (Hei-vap, Heidolph, Germany). 
This process was repeated twice, and the extracts pooled. The same 
process was followed in the case of chloroform and methanol extraction 
of banana peel. The yield of extracts were 11.1 g, 14.09 g, and 12.32 g of 
ethyl acetate, methanol, and chloroform extracts, respectively (Fig. 1). 

2.4.2. Purification of extracts by column chromatography 
Before proceeding to the isolation protocols, the TLC pattern of ethyl 

acetate, chloroform, and methanol extracts were compared with the GC 
isolated from the banana pulp (Raveena et al., 2022), and the presence 
of the GC was confirmed in all the three extracts (supplementary ma
terial, Figure S1a-S1c). All the three extracts were explored for isolation 
of GC individually, and the isolation protocol is described below. 

2.4.2.1. Exploration of ethyl acetate extract. The ethyl acetate extract 
(10 g) was loaded on a silica column (230–400 mesh), the column length 
was 60 cm, and the bed length was 50 cm with an internal diameter of 
3.5 cm. The extract was fractionated using the eluents chloroform, and 
methanol-chloroform in the following ratios 5:95, 10:90, 20:80 & 50:50, 
respectively, and obtained five fractions. The TLC pattern of these 
fractions was checked and found that the 20:80 methanol-chloroform 
fraction (1.13 g) contains GCs along with other compounds and was 
subjected to the second level of purification. The 20:80 methanol- 
chloroform fraction was loaded on a silica column (230–400 mesh), 
the column length was 30 cm and the bed length was 25 cm with an 
internal diameter of 1 cm, and eluted with 100 % chloroform, 5:95, 
10:90, 20:80, 30:70 and 50:50 methanol-chloroform ratios, respectively, 
which yielded six fractions. The 10:90 methanol-chloroform fraction 
(109.8 mg) was found to contain GCs with few other categories of 
compounds; hence, the fraction was further purified using a narrow 
glass column (0.5 × 20 cm). Three fractions obtained from purification 
[BP-GC-TT-15–18 (23.7 mg), BP-GC-TT-19–23 (21.7 mg) & BP-GC-TT- 
24–26 (8.2 mg)] were separately submitted for NMR and HR-ESI-MS 
analysis as they showed slight difference in Rf and charring pattern. 
After completion of exploration studies in the ethyl acetate extract, the 
chloroform and methanol extracts were also explored for the presence of 
GCs. 

Fig. 1. Schematic representation of processing of unripe banana peel (Musa AAB) cv. Nendran for phytochemical exploration studies.  
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2.4.2.2. Exploration of methanol extract. The purification protocol 
adopted in the ethyl acetate extract was followed here, which resulted in 
two fractions: GCs [BP-MeOH-GC-1 (81.30 mg) and BP-MeOH-GC-2 
(20.61 mg)]. These two fractions were subjected to HR-ESI-MS anal
ysis for identification of GCs. 

2.4.2.3. Exploration of chloroform extract. The chloroform extract was 
initially fractioned using the eluents chloroform, and methanol- 
chloroform in the ratios 5:95, 10:90, 20:80 and 50:50 , and obtained 
five fractions. 

In contrast to the ethyl acetate and methanol extracts, the 10:90 
methanol-chloroform fraction was found to contain GCs along with 
other compounds. This fraction was further purified and obtained two 
fractions of GCs [BP-CHL-GC-1 (45.13 mg) and BP-CHL-GC-2 (169 mg)] 
and both fractions were subjected to HR-ESI-MS analysis. 

2.4.3. HR-ESI-MS analysis of GC fractions 
The mobile phase consists of 0.1 % formic acid in water (A) and 

methanol (B), with an isocratic elution [A(3 %)/B(97 %)] with a flow 
rate of 150 µL/min for a total runtime of 15 min. Samples were dissolved 
in gradient-grade methanol with a few drops of chloroform, and the 
injection volume was 2 µL. The mass range was 100–1500 m/z, analyzed 
in a positive ionization mode. 

From the extensive HR-ESI-MS analysis, it was found that the frac
tions BP-CHL-GC-1 and BP-CHL-GC-2 contain more molecular species of 
GCs, hence, these fractions were pooled and purified again through a 
narrow glass column (0.5 × 20 cm), and the resultant GC consortium 
(103.27 mg) was used for further evaluating in vitro anti-inflammatory, 
and α-glucosidase inhibition potential. 

2.5. Evaluation of immunomodulatory effects of GCs 

The immunomodulatory effects of GCs were evaluated in vitro in the 
murine macrophage cell line, RAW 264.7. In a culture flask (25 cm2), 
murine macrophage RAW 264.7 cells were cultured in DMEM high 
glucose media with 10 % FBS and 5 % antibiotics at 37 ◦C and 5 % CO2. 
The morphology of the cells was observed under a microscope to 
monitor any changes (Kwon et al., 2018). The sample was dissolved in 
dimethyl sulfoxide (DMSO) (10 mg/60 µL), and diluted with cell culture 
medium to obtain the desired concentrations for treatment. 

2.5.1. Determination of cell viability by MTT assay 
The effect of GCs on the viability of cells was evaluated by assessing 

the number of metabolically active cells through the reduction of MTT to 
formazan through a colorimetric assay (Mosmann, 1983). In brief, RAW 
264.7 cells (5 × 103 cells/well) were cultured and treated with 5, 10, 25, 
50, 100, and 200 μg/mL of GCs, and incubated for 24 h. After the in
cubation period, MTT solution was added, and cells were incubated for 3 
h at 37 ◦C with 5 % CO2. Then, the supernatants were withdrawn, DMSO 
was used for solubilizing the formazan crystals, and absorbance was 
measured at 570 nm using a multimode reader (Tecan infinite® 200). 
The cell viability was assessed by following the equation 

Cell viability (%) =
OD of experimental group x 100

OD of control group  

2.5.2. Evaluation of NO production by Griess reaction 
The amount of NO produced in the cells was determined by 

measuring the amount of nitrite accumulated in the culture supernatants 
using the Griess reagent (Green et al., 1982). The RAW 264.7 cells (5 ×
103 cells/well) were plated, treated with GC consortium of the following 
concentrations 5, 10, 25, and 50 µg/mL, and incubated for 4 h. After the 
incubation period, 1 μg/mL LPS was added to each well and kept for 24 h 
incubation at 37 ◦C with 5 % CO2. Following that, culture supernatants 
(50 μL) were diluted with equal volumes of the Griess reagent, and 
incubated for 20 min at room temperature (28 ◦C) in the dark. The 

absorbance at 540 nm was measured in a multimode reader (Tecan 
infinite® 200 PRO). The culture medium was used as blank, and NO 
concentration in the supernatants was determined from a standard curve 
generated with sodium nitrite (NaNO2). 

2.5.3. Evaluation of pro and anti-inflammatory cytokines production 

2.5.3.1. Cell lysate preparation-RIPA method. RAW 264.7 cells at a 
density of 3 × 105 cells/well were seeded in six-well plates, then treated 
with GCs of the concentrations 25 and 50 µg/mL, and incubated for 4 h. 
After incubation, 1 μg/mL LPS was added to each well and kept for 24 h 
incubation at 37 ◦C in a 5 % CO2 atmosphere. After 24 h, media from 
each well was collected, and the plates were kept on ice. The collected 
media was centrifuged at 5000 rpm for 10 min at 4 ◦C, and the super
natant was stored at − 80 ◦C. Adhered cells were washed with 200 µL of 
ice-cold phosphate buffered saline (PBS), then 200 µL of RIPA lysis 
buffer (Sigma-Aldrich, catalogue no. 20–188) containing PIC Inhibitors 
(Thermo Scientific, catalogue no. 87,786), and incubated for 5 min on 
ice. Cells were scraped, the lysate was transferred to a vial and constant 
agitation was given at 4 ◦C for 30 min. The lysate was then sonicated 
three times at 30 kHz for 1 min each with at least 1 min repose on ice in 
between. After that, the cell lysate was centrifuged at 12,000 rpm, 4 ◦C 
for 20 min. The supernatant was collected and stored at − 80 ◦C 
(Lakshmi et al., 2021). 

2.5.3.2. Determination of protein content. Cellular protein content was 
determined by bicinchoninic acid (BCA) protein assay (Smith et al., 
1985). The cell lysate (10 µL) was mixed thoroughly with 200 µL of 
freshly prepared BCA working reagent (Reagent A: B, 50:1). The reac
tion was incubated for 30 min at 37 ◦C and cooled to room temperature 
(28 ◦C). The absorbance was determined at 562 nm using a microplate 
reader (Tecan infinite® 200 PRO). The cellular protein content was 
calculated in comparison with the BSA standard curve, and the results 
were expressed as mg/mL. 

2.5.3.3. ELISA. The immuno plate was coated with 100 µL/well of the 
collected media and incubated at 4 ◦C for 12 h. Then the media was 
discarded and wells were gently rinsed with phosphate buffered saline 
(PBS) containing 0.05 % Tween 20. The antigen coated on the plate was 
blocked by adding 100 µL/well of blocking buffer (5 % BSA+ 0.5 % 
Tween 20 in PBS) for 1 hour at 37 ◦C. After incubation, the blocking 
buffer was aspirated and gently rinsed with PBS containing 0.05 % 
Tween 20. After that, 100 µL of the primary antibody solution (TNF-α, 
IL-1α, INF-γ, IL-6, IL-10, IL-13, MCP-1, COX-2) was added to each well 
and incubated for 2 h at 4 ◦C with gentle continuous shaking. The pri
mary antibody was collected after incubation, and the plates were gently 
rinsed with PBS containing 0.05 % Tween 20. Then 100 µL of horse
radish peroxidase-conjugated IgG secondary antibody was added into 
each well, and incubated for 2 h at 4 ◦C with gentle shaking. The sec
ondary antibody was recollected and plates were rinsed with PBS con
taining 0.05 % Tween 20. Then 100 µL/well freshly prepared TMB 
substrate was added and incubated in the dark for 30 min at room 
temperature. To that 50 % H2SO4 (50 µL/well) was added to terminate 
the reaction. The absorbance was monitored at 490 nm using a micro
plate reader (Tecan infinite® 200 PRO) and results were expressed as 
OD/mg of cell protein (Engvall & Perlmann, 1971; Saranya et al., 2017). 

2.6. Evaluation of α-glucosidase inhibition potential of GC 

α-Glucosidase assay followed in this study is based on the procedure 
of Pistia-Brueggeman and Hollingsworth (2011) with slight modifica
tions. Briefly, 20 μL α-glucosidase (1.25 U/mL of 0.05 M potassium 
phosphate buffer, pH 6.8), 200 μL GC consortium (six different con
centrations, 0.88 - 44 µg/mL) was added to vials, and incubated at room 
temperature for 5 min. Then the hydrolysis process was initiated with 
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the addition of 200 μL pNPG solution (1 mM) as the substrate. After 20 
min, the reaction was terminated by adding 500 μL of 1 M sodium 
carbonate (Na2CO3) and then diluted with 580 μL of distilled water. The 
absorbance of the solution was recorded at 405 nm (Pistia-Brueggeman 
& Hollingsworth, 2001) using Biorad multimode microplate reader 
(BioTek Instruments Inc., Winooski, VT). Acarbose was used as the 
positive control. 

The inhibition rate of the GC was calculated by 

% Inhibition =
Absorbance of control − Absorbance of sample

Absorbance of control
× 100 

The IC50 value was the concentration of α-glucosidase inhibitor 
needed to inhibit 50 % of α-glucosidase activity under the assay condi
tion. The same protocol was followed to determine the IC50 value of 
acarbose. The IC50 value was obtained by plotting a graph with con
centration of test samples in µg/mL along the X-axis against percentage 
inhibition in the Y-axis. 

2.7. Statistical analysis 

All the experiments were carried out in triplicates (n = 3) and the 
data were recorded as the mean ± standard error mean (SEM). All the 
data were statistically analyzed by IBM Statistical Package for Social 
Science 26 (SPSS Inc., Chicago, USA). One-way analysis of variance 
(ANOVA) followed by Tukey’s post hoc tests was used for multiple 
comparisons analysis, and P ≤ 0.05 is considered significant. To 
compare the means of two samples (IC50 value of acarbose and GCs), an 
independent sample t-test was employed. 

3. Results and discussion 

3.1. Phytochemical exploration studies of banana peel for the isolation of 
GC 

For the study, a total of 40.34 kg of infructescence was procured, 
from which 13.91 kg of peel was obtained. This substantial peel yield, 

representing 34 % of the infructescence weight, demonstrates significant 
potential for peel valorization. When the peel was lyophilized, it resul
ted in 1.50 kg of peel, indicating that the peel contains around 90 % 
moisture, and around 10 % dry matter. The lyophilized peel was utilized 
for the exploration of GCs. 

3.1.1. Exploration of ethyl acetate extract 
As discussed in Section 2.4.2.1. the column chromatography sepa

ration of the ethyl acetate extract yielded three fractions of GC [BP-GC- 
TT-15–18 (23.7 mg), BP-GC-TT-19–23 (21.7 mg) & BP-GC-TT-24–26 
(8.2 mg)]. The 1H, and 13C NMR spectra of these fractions were recorded 
in CD3OD (supplementary Fig. S47-S52.). The NMR spectra unambigu
ously revealed the presence of GCs in the isolated fractions which is in 
line with our previous studies in the unripe banana pulp (Raveena et al., 
2022). Further, the molecular species of GC in each fraction was iden
tified using HR-ESI-MS analysis. The fatty acid composition of the 
dichloromethane extracts of different parts of the banana plant reported 
by Oliveira et al. includes saturated, unsaturated, diacid, α- and 
ω‑hydroxy fatty acids (Oliveira et al., 2006). GCs are distinguished by 
variation in aliphatic acids conjugated as amide. Based on the report 
from Oliveira et al. (2006), the GC fractions in the present study clearly 
showed the presence of α- and ω‑hydroxy fatty acids from exact mass 
calculations and HR-ESI-MS analysis. These observations have facili
tated an unambiguous identification of eighteen molecular species of GC 
in the present work (Fig. 2). The identified molecular species of GC 
conjugated with α‑hydroxy fatty acids in the fraction BP-GC-TT-15–18 
were 2 and 3, and those conjugated with ω‑hydroxy fatty acids were 7, 8, 
9, 10, 12, and 16. The fraction BP-GC-TT-19–23 contained molecular 
species of GC conjugated only with ω‑hydroxy fatty acids, which include 
7, 8, 9, 10, and 18. Similarly, the fraction BP-GC-TT-24–26 also con
tained molecular species of GC conjugated only with ω‑hydroxy fatty 
acids viz. 7, 15, and 17 (supplementary Fig. S14-S29). 

3.1.2. Exploration of methanol extract 
The HR-ESI-MS analysis of the GC fraction BP-MeOH-GC-1 revealed 

the presence of only one α‑hydroxy fatty acid conjugated GC (4), and six 

Fig. 2. Structures of molecular species of GCs identified from the unripe banana peel (Musa AAB) cv. Nendran.  
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ω‑hydroxy fatty acid conjugated GCs (7, 9, 10, 12, 16, and 17). The 
fraction BP-MeOH-GC-2 found to contain GC conjugated only with 
ω‑hydroxy fatty acids (7, 9, 10, 12, and 16) (supplementary Fig. S2-S13). 

3.1.3. Exploration of chloroform extract 
The HR-ESI-MS analysis of the GC fraction BP-CHL-GC-1 showed that 

it contains GC conjugated with ω‑hydroxy fatty acids only (10, 12, 14, 
and 16). Fraction BP-CHL-GC-2 was found to contain three α‑hydroxy 
fatty acid conjugated GCs (1, 5, and 6), and ten ω‑hydroxy fatty acids 
conjugated GCs (7, 8, 9, 10, 11, 12, 13, 15, 17, and 18). Molecular 
species 1, 5, and 6 were exclusively present in BP-CHL-GC-2 only 
(supplementary Fig. S30-S46). As the HR-ESI-MS analysis depicted that 
the chloroform fractions were most abundant with molecular species of 
GCs, these two fractions were pooled and purified again through a 
narrow glass column (0.5 × 20 cm). The resultant GC consortium 
(103.27 mg) was used for evaluating the in vitro anti-inflammatory, and 
α-glucosidase inhibition potential of GCs. 

3.2. Evaluation of immunomodulatory effects of GCs 

3.2.1. Determination of cell viability by MTT assay 
The cytotoxicity of GC consortium was assessed using MTT assay by 

assessing the viability of RAW 264.7 macrophages. Samples of the 
concentrations 5, 10, 25, 50, 100 & 200 μg/mL were used for assessing 
the cytotoxicity of the sample, and the results are shown in Fig. 3. As 
depicted in the figure (Fig. 3), the GCs of concentrations ranging from 5 
µg/mL to 50 µg/mL had negligible effects on cell viability, with no 
significant difference between the control group and the sample-treated 
group. However, with an increase in concentration to 100 and 200 μg/ 
mL, the viability of RAW 264.7 macrophages significantly decreased to 
85.05 ± 0.94 % and 71.44 ± 0.82 %, respectively. Based on this 
observation, GC consortium of concentrations ranging from 5 to 50 μg/ 
mL were selected for the evaluation of NO production by Griess reaction. 

3.2.2. Evaluation of NO production by Griess reaction 
Stimulation of macrophages by LPS triggers an overproduction of NO 

through the breakdown of l-arginine. In the mammalian immune 
response to inflammatory signals, the generation of NO is controlled by 
inducible nitric oxide synthase (iNOS) in macrophage cells (Baek et al., 
2020). The progression of inflammation is the main cause of many dis
ease conditions, including, Alzheimer’s disease and Parkinson’s disease. 

In a comprehensive review by Facchin & team., 2022 on inflammatory 
biomarkers on an LPS-induced RAW 264.7 cell model points out that 
measurement of NO levels may be sufficient to screen for possible 
anti-inflammatory action of a compound in these cells (Facchin et al., 
2022). Hence the anti-inflammation potential of the GC consortium was 
first evaluated by monitoring its role in the suppression of NO produc
tion in LPS-induced RAW 264.7 cells. 

To assess the influence of GCs in the NO production in macrophages, 
RAW264.7 cells were stimulated with LPS, and nitrite production was 
analyzed using the Griess reaction. GCs at concentrations 5, 10, 25 & 50 
μg/mL were evaluated for their inhibitory effect on the NO production in 
LPS-activated RAW264.7 macrophages. The addition of LPS signifi
cantly increased the NO production of cells, and the treatment sup
pressed the NO production in a dose-dependent manner (Fig. 4). Upon 
treatment with LPS, the NO production increased to 37.70 ± 1.46 µM 
from the basal level of 6.76 ± 0.40 µM (control) and the positive control 
dexamethasone significantly reduced the NO production to 10.72 ±
0.47 µM compared to the LPS treated groups. The cells treated with GC 
consortium of the concentrations 10 & 25 μg/mL showed a significant 
reduction in the NO production to 25.22 ± 0.40 µM and 17.33 ± 0.70 
µM respectively. Whereas GC consortium at a dose of 50 μg/mL showed 
a reduction in NO production to 10.75 ± 0.58 µM, which is on par with 
dexamethasone (10.72 ± 0.47 µM) (Fig. 4). Based on assay results, GC of 
concentrations 25 & 50 μg/mL were selected for further studies. 

There are only a few reports discussing the anti-inflammation 
properties of GC. Literature data demonstrated the anti-inflammatory 
potential of GC isolated from Cordyceps militaris, an edible fungus. GC 
was able to prevent the accumulation of the pro-inflammatory iNOS 
protein and thereby reducing the NO production. It also reduced the 
expression of cyclooxygenase-2 protein in LPS-stimulated macrophages 
(Chiu et al., 2016). Similarly, the observed reduction in the NO pro
duction upon GC treatment may be due to its potential to prevent the 
accumulation of iNOS. 

3.2.3. Effect of GCs on pro and anti-inflammatory cytokines secretion 
To study the effects of GCs on the cytokine production in inflamed 

cells, the ELISA technique was employed. Cytokines play a crucial role in 
regulating inflammation in the body. Among the doses tested (25 & 50 
μg/mL), 50 µg/mL of GC consortium significantly suppressed the pro
duction of pro-inflammatory cytokines, including IL-1α, IFN-γ, TNF-α, 
MCP-1, COX-2, and IL-6, while stimulated the production of anti- 
inflammatory cytokines IL-10 and IL-13 to a degree that matches to 

Fig. 3. Effect of GCs on the viability of RAW 264.7 cells. The cells were treated 
with GC consortium of concentrations ranging from 5 to 200 μg/mL and 
viability (%) was assessed after 24 h of exposure and significance was deter
mined through ANOVA, *p ≤ 0.05 (vs. control). 

Fig. 4. Effect of GCs on the NO production of RAW 264.7 cells induced by LPS. 
The cells were treated with GC consortium of concentrations ranging from 5 to 
50 μg/mL and NO production (µM) was assessed after 24 h of exposure and 
significance was determined through ANOVA, #p ≤ 0.05 (vs. control), *p ≤ 0.05 
(vs. LPS). 
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that of dexamethasone (7.85 µg/mL) (Fig. 5a & 5b). It is noteworthy that 
at the dose of 50 µg/mL, GCs even outperformed dexamethasone by 
reducing the production of pro-inflammatory cytokines, IL-1α, TNF-α, 
COX-2, & IL-6, and increasing the production of the anti-inflammatory 
cytokine IL-10. 

Upon LPS stimulation, the activated macrophages primarily produce 
proinflammatory cytokines, which play a crucial role in triggering in
flammatory responses. Proinflammatory cytokines like IL-1β, IL-6, and 
TNF-α have been implicated in the development of pathological pain, 
supported by ample evidence. The anti-inflammatory cytokines are a 
series of immunoregulatory molecules that control the pro- 
inflammatory cytokine response. Among them, IL-10 stands out for its 
potent anti-inflammatory properties, by suppressing the expression of 
inflammatory cytokines such as TNF-α, IL-6 and IL-1 by activated 
macrophages. Moreover, IL-10 has the ability to up-regulate endogenous 
anti-cytokines and down-regulate pro-inflammatory cytokine receptors. 
Thus, it can counter-regulate production and function of pro- 
inflammatory cytokines at multiple levels (Iyer & Cheng, 2012; Marti
nez-Espinosa et al., 2021; Zhang & An, 2007). As evident from the ELISA 
analysis, the increased level of IL-10 upon GC treatment may be the 
mechanism behind the anti-inflammation potential of GC. 

The impact of GCs on immune-mediated disorders has been exten
sively researched using various animal models. The findings indicate 
that it possesses remarkable anti-inflammatory, immunomodulatory, 
and anti-malignant properties. This is primarily achieved by promoting 
dendritic cells, natural killer T cells, and regulatory T cells. It is note
worthy that the breakdown of GCs to ceramide may significantly 

contribute to these positive outcomes. (Ilan et al., 2009). 
Our study is the first to report the anti-inflammatory benefits of GC 

extracted from unripe Nendran peel. Our findings suggest that GC can 
reduce LPS-induced inflammation by decreasing the secretion of pro- 
inflammatory cytokines and increasing the production of anti- 
inflammatory agents. Although in vitro studies provide quick results, 
they are inherently limited in their ability to replicate the intricate 
complexities of organ systems and the internal environment of the 
human body. Therefore, these studies warrant additional validation 
through pre-clinical and clinical studies. 

3.3. Evaluation of α-glucosidase inhibition potential of GCs 

Due to the incredible therapeutic potential in the treatment of con
ditions like diabetes, metastatic cancer, HIV infection, and lysosomal 
storage diseases, glucosidase inhibitors are currently an important area 
of research (de Melo et al., 2006). Our study extensively evaluated the 
α-glucosidase inhibition potential of GCs and compared it with the 
standard drug acarbose (Fig. 6a & 6b). Acarbose and GC consortium 
demonstrated a dose-dependent α-glucosidase inhibition. However, 
with GCs, a dose-dependent inhibition pattern is observed within the 
concentration range of 0.88 μg/mL to 18 μg/mL. At 18 μg/mL concen
tration, GCs demonstrated nearly 100 % α-glucosidase inhibition. 
Beyond this range, i.e., from 20 to 44 μg/mL, a plateau is evident in the 
inhibition curve, as maximum inhibition is achieved at the 18 μg/mL 
concentration itself. 

The study demonstrated that 87.32 ± 1.99 μg/mL of acarbose was 

Fig. 5. a) Effect of GCs on the secretion of pro-inflammatory cytokines in the RAW 264.7 macrophage cells induced by LPS. #p ≤ 0.05 (vs. control), *p ≤ 0.05 (vs. 
LPS) 5b) Effect of GCs on the secretion of anti-inflammatory cytokines in the RAW 264.7 macrophage cells induced by LPS. *p ≤ 0.05 (vs. LPS). 
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required to inhibit 50 % of α-glucosidase activity where as a remarkably 
lower amount i.e., 5.12 ± 0.51 μg/mL of GC consortium was only 
required to exhibit the same effect (Fig. 6c). Acarbose functions by 
reversibly inhibiting α-glucosidases, which leads to a decrease in the 
rapid increase of blood glucose levels after a meal, thereby reducing 
post-prandial hyperglycemia (Martin & Montgomery, 1996). A similar 
mechanism may be responsible for the α-glucosidase inhibition potential 
of GC. 

It is surprising that there has been no previous literature discussing 
the α-glucosidase inhibition potential of GC. Even comprehensive re
views discussing the α-glucosidase inhibition potential of various 
bioactive compounds such as flavonoids, phenolic compounds, poly
saccharides, betulinic acid, tannins, steroids, anthocyanins, galangin, 
procyanidins, hydroxyl‑α-sanshool, hydroxyl‑β-sanshool, erythritol, 
ganomycin, saponins, avicularin, oleanolic acids, urasolic acid, etc., also 
did not include GC in that category (Hossain et al., 2020; Yin et al., 
2014). Our preliminary study findings indicate that GC may have the 
potential to be a potent α-glucosidase inhibitor, which necessitates 
further evaluation and confirmation. 

4. Conclusion 

Unripe banana comprises of more than one fourth of its weight as 
peel. Our study sheds light in the scope for valorisation of the unripe 
banana peel (Musa AAB) cv. Nendran. Present study demonstrates the 
isolation and characterization of GC molecular species. The study 
further proves anti-inflammatory potential of the isolated GCs in LPS- 
induced murine macrophage RAW 264.7 cells by suppressing the NO 
production and decreasing the secretion of pro-inflammatory cytokines. 
GC consortium has also shown remarkable α-glucosidase inhibition 
potential. The in vitro studies, being far away from the normal physi
ology of the human system, warrant further evaluation to confirm the 
affirmed results. The isolation of GCs from Nendran peel, showcasing 
anti-inflammatory and α-glucosidase inhibition potential, reinforces its 
traditional ethnopharmacological use. GC’s versatility extends to 
cosmetic field also, where it serves as a moisturizing ingredient. The 
present study being the first report on GCs from banana peel, warrants 
development of cost-effective and ‘green process’ for the isolation of GC 
from the banana peel and its effective utilization. Harnessing the ther
apeutic qualities of GCs may contribute to the creation of effective and 
multifaceted products for health and cosmetic applications. 
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