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Abstract- The growing prevalence of lactose intolerance, cow's milk protein allergy, and the global shift toward more sustainable food systems have fueled demand for plant-based milk replacements. Millets, which have been identified as climate-resilient and underutilized cereals, present a suitable substrate for the development of dairy analogues due to their better nutritional profile and functional components. Millet grains provide around 6-15% protein, as well as important amino acids, dietary fiber, minerals (Fe, Ca, Zn), and antioxidant-rich phytochemicals. Despite these benefits, the presence of anti-nutritional substances, particularly phytates, tannins, and oxalates, may reduce nutrient digestibility and mineral bioavailability. Pre-processing procedures such as soaking, germination, heat treatment, and enzymatic hydrolysis greatly improve extractability, minimize anti-nutrients, and improve millet milk's techno-functional properties, such as stability, viscosity, and emulsion. Standard extraction typically comprises hydration, germination (optional), wet milling, filtration, and thermal or high-pressure homogenization to yield a microbiologically safe and sensorially acceptable product. Additionally, millet milk serves as a versatile matrix for value addition through fortification with micronutrients, incorporation of bioactive compounds, and formulation of flavored or probiotic variants. This review consolidates current research on the compositional aspects, process optimization, and technological innovation associated with millet milk production. The findings reinforce millet milk’s potential as a functional, allergen-free, and sustainable alternative to bovine milk, contributing to improved nutritional security and environmental resilience.
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Introduction 
India contributes significantly to global milk production, making it a popular food item worldwide. Milk is classified as a nutritionally complete food. Demand for non-dairy, plant-based milk is increasing due to medical disorders such as cow's milk allergy (CMA), lactose intolerance (LI), phenylketonuria, and cholesterol difficulties, as well as lifestyle choices like veganism (Saxena, Sarthak, et al., 2023).
Millets, a grain crop native to Ethiopia, have been successfully adopted in other nations.  India is the world's leading producer of millets, which are small-seeded, perennial plants belonging to the Poaceae family. According to the FAO, India accounts for around 35.7% of global millet output. Millet contains 6-15% protein, which is more than that found in commercial milk. It has a high curd output, a decent nutritional profile, and a pleasant sensory experience. Germination enhances nutritional value and mineral bioavailability (Saini S et al.,2021).
Lactose intolerance 
Lactose sugar (β-galactosyl-1,4-glucose) is the primary carbohydrate present in milk, with human milk accounting for around 7% and bovine milk for 4.8% of total milk weight. Lactase enzyme, found in the small intestinal lining, hydrolyses it into glucose and galactose. Lactase enzyme, a β-galactosidase (EC 3.2.1.108), is mostly present in the mid-jejunum and on the enterocyte surface of microvilli in the small intestine. Lactose, once broken down into monosaccharide sugars, is easily absorbed by enterocyte cells and utilized by the body. (Katoch, G.K. et al.,2022). It is caused by a genetic lack of the enzyme lactase, which hinders the body's ability to hydrolyse lactose, a disaccharide found naturally in dairy products. The rising incidence of this illness emphasizes the necessity of investigating and creating dairy alternatives to meet dietary and nutritional needs (Nair UK et al.,2020). Symptoms can indicate lactose intolerance. Lactose-containing foods or beverages typically cause symptoms within 30 minutes to a few hours of intake. The level of symptoms varies with lactose consumption, with 10 g causing fewer symptoms than 20-40 g (Yang, J et al.,2013). Lactose intolerance can cause symptoms in both the gastrointestinal and extra-intestinal systems. Gastrointestinal symptoms include diarrhea, nausea, bloating, and abdominal discomfort. The gut flora ferments lactose sugar, generating bloating, which contributes significantly to these symptoms. Bloating may develop owing to the osmotic potential of lactose molecules in the stomach. Some individuals may experience constipation due to microorganisms that convert carbon dioxide to methane. Extra-intestinal symptoms commonly observed in patients include headaches, weakness, muscular soreness, poor focus, and mouth ulcers ( Matthews, S. B. et al.,2005).
Millets 
Millets serve as valuable ingredients for nutritious food products due to their diverse health advantages. Their superior nutrient composition, absence of gluten, and ability to maintain lower blood sugar levels make them highly suitable for health-focused diets. Varieties such as finger millet and pearl millet demonstrate that selecting the appropriate millet type is essential for optimizing their use in both food and feed applications.(Prachi Chavan et al.,2025). Sorghum, pearl millet, finger millet, minor millets (such as barnyard millet, proso millet, kodo millet, small millet, and foxtail millet), maize, and barley are examples of coarse grains produced in warm locations for food and fodder production. Millets' cultivation contributes to food security by providing a sustainable food source and combating hunger in the face of climate change. Millets are a low-cost crop that is resistant to climate change, providing farmers with economic certainty. Patients with celiac disease can use millet as a substitute. (Parashar, S., & Sonkar, S.,2024). Millets have high levels of starch, protein, fats, vitamins, and minerals. Minerals, including magnesium, manganese, and phosphorus, are abundant compared to other grains. They are rich in important amino acids, particularly those containing sulphur. The product provides 6- 13% crude protein and 1.9-14% total minerals. Although they are the cheapest raw material source for the development of non-dairy beverages. They offer unique advantages for health, being rich in micronutrients, particularly minerals and B vitamins, as well as nutraceuticals (Shunmugapriya K., et al.,2020). 
Antinutritional factors present in millets 
Anti-nutritional factors are chemical compounds found in natural foods and feeds that disrupt optimum nutrition through various mechanisms, such as nutrient inactivation, decreased digestion, or altered metabolic processes. Anti-nutritional factors, also known as "secondary metabolites" in plants, are very physiologically active. Secondary metabolites are byproducts of the primary metabolite manufacturing process. Consuming sufficient anti-nutrients has been shown to lower the risk of illnesses, including breast cancer, cardiovascular disease, and inflammation (Rajakumar, R et al., 2023). Anti-nutrients can be lowered by soaking, germination, simmering, malting, and fermenting grains. Soaking is a simple and effective procedure used before germination and fermentation (Sweta Kumari et al.,2015).

	Millet Name
	Antinutritional Compound
	Concentration Range
	Effects
	Reference

	Finger Millet
	Tannins
	0.04% to 3.74%
	Reduce feed intake, impair nutrient digestibility, and decrease protein availability.
	Kumar et al., 2016

	
	Phytic Acid
	5.54 to 5.58 mg/g
	Binds minerals like zinc, iron, calcium, and magnesium, reducing their bioavailability.
	Panwar et al., 2016

	
	Oxalates
	2.35 to 5.16 mg/100g
	Can form insoluble complexes with minerals, hindering absorption.
	Adeyemo & Onilude, 2013

	Pearl Millet
	Phytic Acid
	354 to 796 mg/g
	Reduces bioavailability of phosphorus and other minerals.
	Abdelrahman et al., 2020

	
	Polyphenols (including tannins)
	Varies
	May limit protein and starch digestibility, hamper mineral bioavailability, and hinder enzyme activity.
	Abdelrahman et al., 2020

	Foxtail Millet
	Tannins
	28.7 mg/g
	Interfere with digestion by forming complexes with proteins and binding to minerals.
	Giridhar et al., 2017

	
	Phytic Acid
	9.9 mg/g
	Inhibits mineral absorption and enzyme activity.
	Devisetti et al., 2014

	Proso Millet
	Phytic Acid
	7.2 mg/g
	Reduces mineral bioavailability.
	Devisetti et al., 2014

	Barnyard Millet
	Phytic Acid
	3.37 to 3.70 mg/g
	Binds essential minerals, decreasing their absorption.
	Panwar et al., 2016

	
	Tannins
	3.25 to 3.96 mg/g
	Affect protein digestibility and mineral absorption.
	Panwar et al., 2016

	Kodo Millet
	Phytic Acid
	1.2 to 1.4 mg/g
	Impairs mineral absorption.
	Shyam & Singh, 2018

	
	Tannins
	1.0 to 1.2 mg/g
	Interfere with protein and mineral utilization.
	Shyam & Singh, 2018


	
Table No. 1 Antinutritional factors present in millet milk
Strategies to reduce antinutrients in millets 
(Nehir El, S., & Simsek, S.,2012) has reviewed the importance of pre-treatment methods for milled grains. Millet has several antinutritional properties by nature. To mitigate these influences and facilitate easier millet milk extraction, millets are often subjected to various pretreatments.  Pretreatment is essential since processing reduces antinutrients while increasing vitamin bioavailability and organoleptic properties.  Millets frequently have low mineral bioavailability and poor digestion due to heritable antinutritional traits. 
Soaking 
Soaking is the first step in extracting millet milk. Soaking finger millet increases nutrient availability, lowers antinutritional factors, and improves mineral bio accessibility, making it a potential option for generating value-added products. This procedure expands and softens the outer layer of grains, legumes, and nuts, making it easier to extract nutrients. This may lead to higher extraction yields (Pandey, S., & Singh, A., 2024). 
(Abioye, V. F et al.,2022) Investigated the effect of soaking treatment on the potential of finger millet for value-added products. Although soaking is the first step in the preparation of millet-based milk. The researchers revealed that the soaking treatment increases the nutrient levels and lowers the antinutrients. The researchers observed that the soaking procedure softens and expands the outer layer of the shell, making it easier to extract nutrients from foods like grains, legumes, and nuts. Therefore, there may be a chance to boost the extraction yield. Soaking and discarding water can significantly reduce anti-nutritional elements by leaching off polyphenols. Discard the soaking water, as it effectively removes phytates and phytic acid (Fernandes, A. C et al.,2010).
(Hithamani, G., & Srinivasan, K.,2014)  reported that Soaking reduced tannins from 2.72 to 0.70 mg/g. Soaking activates the enzyme polyphenol oxidase, reducing polyphenol levels. (Ibrahim et al. ,2002) observed that tannins decreased from 210.17 to 210.03 mg/100g, phytic acid from 4.54 to 4.18 g/100g, and trypsin inhibitors from 29.65 to 24.91 TIU/mg after 16 hours of soaking.(Ajay Singh, A.S.,2017). Process optimization for anti-nutrient minimization of millets. lowered sorghum's phytate concentration by 4%. Researchers found a drop of up to 70% in polyphenol levels in millet after soaking, germination, microwave treatment, and fermentation.
Germination 
(Nair UK et al.,2020) observed that germination improves millet's nutritional profile, physicochemical characteristics, and in vitro protein digestibility. As a result, millet milk's nutritional value improved, and vice versa, the antinutrient content was significantly reduced. Furthermore, research has shown that germination improves the physicochemical and nutritional properties of millet-milk-based drinks while also increasing their sensory acceptability. The germination process helps to improve the in vitro digestibility of starch (86% to 112%) and proteins (14 % to 26%).
Ultrasound 
It has been thoroughly studied and documented that ultrasonic waves can be used in food products to improve their structural, chemical, and functional qualities. As ultrasonic waves generate waves in the medium, some of the molecular bonds in the grains are broken, leading to structural and chemical changes (Alwohaibi, A. A., & Ali, A. A.,2022).  Ultrasound can improve the physicochemical qualities of millets, especially when combined with enzymatic treatment. Researchers found that ultrasound significantly affects the physicochemical properties of millet extracts. Mir, N. A.
Extraction process for millet milk 
The extraction process for millet milk depends on the raw material's nature and the targeted product. Although standard unit operations are applied, specific processing steps influence nutrient retention and sensory characteristics. Soaking is the first step in millet milk preparation, which softens the outer layer of grains, making nutrient extraction more efficient (IIMR, 2017). The soaking process typically lasts 6–24 hours, facilitating hydration, enzyme activation, and partial breakdown of anti-nutritional factors (Sharma et al., 2020). Germination (malting) follows soaking and is one of the most crucial steps in millet milk extraction. Studies have investigated optimal soaking and germination times, with standard procedures involving soaking for 8–12 hours and germination for 24–48 hours, often using a damp cloth wrap (Sheela et al., 2017). Germination enhances protein digestibility, increases antioxidant activity, and reduces phytates and tannins, improving the bioavailability of essential minerals (Kumar et al., 2021).
After germination, the millet grains are blended with water to form a slurry. The millet-to-water ratio varies between 1:3 and 1:7, depending on the desired consistency, nutritional density, and sensory properties (Sun-Waterhouse et al., 2013). This blending step facilitates cell wall breakdown, starch gelatinization, and the release of soluble proteins and minerals, crucial for plant-based milk formulation (Gani et al., 2017). The slurry is then filtered through a muslin cloth, fine mesh sieve, or centrifugation techniques to remove insoluble fiber and residue, improving smoothness and palatability (Jiang et al., 2020). Further processing techniques, such as heat treatment, enzymatic hydrolysis, or fortification, may be applied to enhance stability, viscosity, and shelf life (Singh et al., 2018).
Methods for the Extraction of Millet Milk 
Dry Extraction 
Millets are finely ground and combined with water to make a slurry before being homogenized. Dry extraction is typically avoided when developing plant-based milk replacements due to suspension instability induced by solids settling. The patented almond milk process involves heating roasted almond flour (8% ± 1% by weight) with 0.1% stabilizer to 90°C, grinding it in a colloid mill, centrifuging it to remove coarse particles, and sterilizing and homogenizing it at 18 MPa. The final product apparently had the texture and color of semi-skimmed cow milk. However, this extraction method is best suited to nitrogen-rich nuts, limiting its application to millets (Nagarajan Meena et al.,2025).


Wet Extraction 
Wet grinding is the process of crushing raw materials with water to generate a suspension. This is usually done with a blender or a colloid mill. A colloid mill utilizes the rotor-stator principle to create shear forces that break down particles. The method involves coarse grinding, followed by fine grinding after repeated passes( Maindarkar et al.,2014). The recommended solid-to-water ratio for wet grinding varies by source material, such as soybean (1:9). Oats (1:2.7), Kodo millet (1:7), and Proso millet (1:7) (Nagarajan Meena et al.,2025).
Value-added products from millet-based milk 
Millet-milk curd
The conversion of millet milk into a fermented curd equivalent represents a possible pathway for plant-based dairy replacements. In one study, a vegan curd was made by combining 50% coconut milk, 15% barnyard millet milk, 10% sorghum milk, 10% amaranth milk, 8% finger millet milk, and 7% buckwheat milk with 2% starter cultures of Lactobacillus acidophilus, Lactococcus lactis, and Streptococcus thermophilus and incubating it at 32-34 °C for 10-12 hours. The resulting product had a pH of roughly 4.23 and an acidity of about 1.21% for the chosen formulation, showing sufficient fermentation and acidification. Mineral analysis found higher levels of potassium and magnesium than in certain typical plant milks, suggesting the nutritional advantage of millet-derived systems. The study showed that millet-milk curd can match the sensory appeal of dairy counterparts while remaining vegan and allergen-free.  This makes millet-milk curd an appealing addition to the range of plant-based fermented goods, especially in situations where legumes or soy may be allergic or incompatible (Bele, S. D. et al., 2024).
Millet-based ice cream 
Another potential value-added application for millet-based milk is in frozen desserts like plant-based ice cream. In a formulation trial of 100% barnyard millet milk combined with coconut cream and other plant extracts, the resulting ice cream was found to be highly acceptable on sensory grounds, with reduced fat (≈ 5.17 g/100 g) and energy value (≈ 168 kcal/100 g) compared to traditional soy-milk or cow-milk controls (Amirtha G et al.,2021). From a process point of view, using millet milk presents issues in terms of crystallisation, overrun, aeration, and stabilisation—non-milk solids may settle, and the texture may become stiffer or "grainy". A study on plant-based milk (including millet) discovered that increasing oleogel stabiliser (candelilla wax) increased hardness and sensory scores, while the type of plant milk had a substantial impact on rheological behavior (hardness, adhesiveness) (Ropciuc, S. et al.,2024).
Conclusion 
The demand for plant-based milk substitutes has increased due to the rising incidence of lactose intolerance, cow's milk protein allergy, and the widespread focus on sustainable food production. Due to their exceptional nutritional makeup, useful qualities, and ability to withstand extreme weather conditions, millets stand out among other possibilities as a viable raw material. Millets are a powerful, nutritious alternative to traditional dairy milk that is also environmentally beneficial because they are high in proteins, vital amino acids, minerals, dietary fiber, and antioxidants. Phytates, tannins, and oxalates are examples of antinutritional substances that can restrict the digestion and bioavailability of nutrients. The physicochemical, sensory, and functional properties of millet milk have been improved while these antinutrients have been reduced by pre-processing techniques, especially soaking, germination, fermentation, enzymatic hydrolysis, and ultrasound-assisted processing. In order to produce stable emulsions and increase overall acceptability, process optimization involving suitable soaking–germination durations, controlled milling, and homogenization is essential.
 Additionally, millet milk offers a flexible foundation for the creation of value-added goods such as plant-based frozen desserts, probiotic beverages, and curd substitutes. These developments increase millets' commercial potential in the functional foods industry while also enhancing their consumer appeal.
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