


Plant-Based Milk Alternatives: A Narrative Review on Nutrition and Functional Properties



ABSTRACT
In the recent food product development category of functional and specialty beverages worldwide, plant-based milk substitutes are an emerging segment. Lactose intolerance, dairy allergies, and the desire to live a healthy life with less impact on the environment are some of the factors driving the trend towards plant-based milk alternatives. New lifestyles like vegetarianism and veganism have also encouraged researchers to develop a substitute product for animal milk. Plant-based milk is aqueous liquid made from various plant materials, including cereals, legumes, nuts, seeds, and pseudocereals which serves as an alternative to traditional cow milk. People with ethical issues, dairy allergies, etc. are shifting to a dairy free diet and are consuming  more and  more of plant based substitutes. This review explores the diversity, nutritional composition, and health implications of plant-based milks. The nutritional makeup of these dairy alternatives varies greatly, with varying amounts of proteins, lipids, carbs, vitamins, and minerals. To create better formulations that satisfy consumer demands while advancing sustainability and health, it is crucial to comprehend the possibilities and constraints of plant-based milks. This review aims at providing information and aspects on the types, nutritional properties, bioactive compounds present and their effect on health and the consumer acceptance of the plant based milks.
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INTRODUCTION
The contemporary food business offers consumers an amazing array of delicious and highly processed items, but also it negatively impacts human health. As a result, chronic disorders linked to diet, including obesity and diabetes, have become more common[1-3].  Additionally, the natural landscape is suffering as a result of people consuming more meat, fish, eggs, and milk, among other animal-based goods. Growing plant foods for human use is often significantly less damaging to the environment than raising animals for food, which includes the production of the feed required to keep them alive. This is because it results in higher pollution levels, increased land use, greenhouse gas emissions and depletion of water sources[1,3].Animal-based milk is the most popular type of milk consumed worldwide, such as that from cattle, sheep, goats, and buffalo[11]. Cow's milk has been a vital component of human diets since ages. This mammalian fluid is recognized as a complete diet, which contains various necessary components, such as proteins, minerals, vitamins, lipids, and lactose. In several countries it is regarded as a crucial component of nutrition recommendations and is essential for human health.  The main issues in the consumption of animal milk include antibiotic use in cattle, hormone levels, saturated fat and sugar levels, milk allergies and lactose intolerance[5]. Due to low calories, cholesterol-free, trans-fatty acid-free, lactose- and milk protein-free, and acceptable for  both special populations and the general public, the usage of plant milk extracts has grown in Europe between 2018 and 2020. Customers consequently want replacement to cattle milk, and since 2012, the demand for non-dairy beverages has grown dramatically to 61%[6]. Sales of plant-based milk substitutes are rising as a result of popular trends like veganism and concern for animal and environmental welfare, which are mirrored in culinary blogs and social media. In only ten years, the number of vegans has increased by 360 percent, and there are already an estimated 500,000 vegans in the UK[12]. 
Current consumers' expectations for healthier and more appetizing food options have pushed the dairy industry to learn more about producing non-traditional plant-based beverages with health benefits comparable to those of milk at recommended dosages. However, current research has clearly demonstrated the critical role these plant-based drinks play in enhancing or managing the immune system, having possible antibacterial properties, lowering the risk of cardiovascular and gastrointestinal disorders, and boosting physiological processes[9]. Over the past few years, plant-based milk alternatives have gained popularity, and there are numerous consumer products available in the market like Sofit, SoGood Oat Beverage, Good Karma Plant Milk etc. Plant Based Milk Alternatives (PBMAs) are water-soluble extracts of cereals, oilseeds, legumes, pseudocereals, nuts and vegetables. This produces a mix or an emulsion that has an animal milk-like consistency[7,8]. In order to be utilized in comparable applications, these milk substitutes are usually made to resemble animal milk in terms of appearance, texture, flavor, and shelf life.
Understanding the science underlying the development and features of plant-based milk replacements is essential to producing high-quality alternatives with suitable functional qualities[4]. The purpose of this study is to provide an overview of plant-based milk substitutes, and potential future research directions for the production of best and high-quality plant-based milk substitutes[10]. 

PLANT BASED MILK: TYPES
Different raw materials may be used to make vegan milk, and these materials can be categorized based on the basic components they contain. Liquids formed by breaking down plant material in water are known as plant-based milk substitutes like nuts, legumes, oilseeds, cereals, and pseudo-cereals. Further homogenization of such fluids yields a particle size distribution between 5-20 µm, which mimics the consistency and look of cow's milk. Despite the lack of clear description and categorization of these milk alternatives, an attempt has been made to group them generally into five groups, which are as follows[10]: 
· Cereal based: Oat, Rice, Corn, Spelt wheat. 
· Legume based: Soy, Peanut, Lupin, Cowpea, pea, kidney beans. 
· Nut based: Almond, Coconut, Hazelnut, Pistachio, Walnut. 
· Seed based: Sesame, Flax, Hemp, Sunflower. 
· Pseudo-cereal based: Quinoa, Teff, Amaranth.
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Fig 1:  SOURCES OF PLANT-BASED MILK


NUTRITIONAL ATTRIBUTES OF DIFFERENT PBMAs
Milk has been marketed as a nutrient-dense dietary item for a long time. Regular milk consumption has been shown to contribute to nutritional recommendations and may offer protection against chronic illnesses, according to scientific data[11,13]. An excellent source of protein, calcium, phosphorus, potassium, and vitamin D, cow milk has a high nutritional value due to its nutritional balance. Despite not having the same nutritional value as cow milk, PBMAs are typically supplemented with several elements, including Phosphorus, calcium and Vitamin E and D. Certain PBMAs offer vital nutrients that are necessary for human nutrition. From the perspective of macronutrients, plant-based milk substitutes have a higher fiber and unsaturated fatty acid content than cow's milk, but a usually lower protein level. Plant-based milk alternatives have a high unsaturated fatty acid content and no cholesterol. The nutritional fiber content of cashew, oat, and soy milk is higher than that of the other plant-based milk substitutes.[24]. Depending on the raw ingredients utilized, plant-based milk's nutritional qualities might vary significantly. Alternatives to milk, such as peanut, hemp, soybean and almond, are high in linoleic and oleic acids, which are necessary fatty acids and may thus be very beneficial to human nutrition[5,14-16].  
Milk composed of plants has a wide variety of energy sources. Ideally, plant-based milk contains fewer calories than cow's milk. Different varieties of plant-based milk have calorie variations ranging from 19 to 76 kcal per 100 mL. There are several elements that influenced the calorie content of vegan milk, including the amount of fat, protein, and carbohydrates as well as the way the ingredients were prepared and processed. The minimum amount of calories is present in almond milk[11]. The caloric density of soymilk and oat milk substitute may be higher than that of cow milk (64 kcal/100 mL), whereas the calorie content of flax, rice, quinoa, coconut, almond and soybean milk substitutes is typically lower[5]. 
In general, plant-based milk contains a moderate amount of fat. Saturated fatty acids make up the majority of the 3.27 g of fat in 100 mL of cow's milk. Consumption of saturated fatty acids has been connected to an increase in LDL cholesterol. On the other hand, it has been shown that plant-based milk contains more unsaturated fatty acids. Coconut milk has high fat content(4.12 g per 100 mL) which are generally saturated fatty acids (short-chain and medium-chain). Rice, cashew, and almond milk include monounsaturated fatty acids, whereas polyunsaturated fatty acids make up the majority of soybean and hemp milk[11,18]. 
It has been stated that milk extracted from plants is low in protein[11]. Since cow milk contains all of the essential amino acids, including leucine, isoleucine lysine, methionine, cysteine, threonine, phenylalanine, tyrosine, and valine, its protein composition is of greater quality than that of PBMAs[5,16,17]. The protein level of soy milk is higher than that of cow milk (3.28 g/100 mL) among other PBMAs, but it is deficient in some essential amino acids, which may have a negative nutritional impact if consumers' dietary are lacking in the right ratio of these amino acids[5,18]. When the supply of animal milk was insufficient, soy milk was the first vegan milk that could be used to gain nutrients. Table 1 shows the nutrition profiling of different plant based milk.

 







Table 1: Nutritional composition of plant-based milk and cow milk(g/100 mL) [23]
	Type of Milk
	Water 
	Protein 
	Carbohydrate 
	Total Fat 
	Ash 

	Energy 

	Cow milk
	88.13
	3.15
	4.78
	3.27
	0.67
	61

	Soybean milk
	-
	2.92
	1.67
	1.67
	-
	58

	Rice milk
	89.28
	0.28
	9.17
	0.97
	0.30
	47

	Coconut milk
	-
	0.59
	9.41
	4.12
	-
	76

	Almond milk
	97.05
	0.59
	0.58
	1.10
	0.68
	18

	Cashew milk
	-
	0.42
	3.75
	1.04
	-
	25




In addition it has been shown that milk is an essential part of a daily diet that is sufficient in magnesium, potassium and calcium[11]. Compared to cow milk, plant-based milks have a poorer nutritional profile. Because PBMAs are deficient in certain nutrients, they are supplemented with them. Cow milk has long been considered a useful source of calcium because of its high absorptive rate, and high bioavailability and low cost. Calcium fortification in plant-based milk has therefore become more significant. Two calcium salts that are commonly used to strengthen plant-based milk are tricalcium phosphate and calcium carbonate. Plant-based milks such as rice, coconut, soybean, and almond milk have more calcium than cow's milk [11].




Table 2: Mineral composition of plant-based milk and cow milk per 100 mL(in mg) [23]

	Type of Milk
	Calcium 
	Iron 
	Magnesium
	Phosphorus 
	Potassium
	Sodium 
	Zinc 

	Cow milk
	119.00
	0.05
	13.00
	93.00
	151.00
	49.00
	0.38

	Soybean milk
	205.86
	0.84
	49.00
	108.00
	364.29
	65.00
	0.75

	Rice milk
	245.50
	0.13
	35.00
	63.00
	50.00
	72.00
	0.75

	Coconut milk
	244.75
	0.10
	35.00
	–
	46.67
	63.75
	0.66

	Almond milk
	325.29
	0.18
	21.00
	48.00
	65.00
	146.42
	0.56

	Cashew milk
	118.00
	0.20
	11.00
	56.00
	27.00
	39.00
	0.13




According to reports, cow's milk contains the following vitamins: thiamin, riboflavin, niacin, vitamin E, folate, vitamin B6, vitamin B12. Traditionally, cow milk was fortified with vitamin D. Making the move from cow's milk to plant-based milk may increase the risk of rickettsia because of the absence of vitamin D. As a result, commercially produced plant-based milk typically has vitamin D added as well. When vitamin B12 is fortified into plant-based milk, the vitamin B12 content may rise to levels similar to those of cow's milk[11].

BIOACTIVE COMPOUNDS
The abundance of bioactive substances, macronutrients, micronutrients, and phytochemicals found in nuts, grains, and oilseeds offers several health advantages. Among the unsaturated fatty acids are high in selenium, fiber, vital fatty acids, and a balanced mineral ratio. Because of their  balanced fat content, which includes a significant number of mono and polyunsaturated fats, nuts, grains, and oilseeds are recognized as essential components of a regular diet for a healthy existence. Low levels of saturated fatty acids, including important fatty acids that the body is unable to produce, including linoleic and α-linolenic acids, and unsaturated fatty acids[24]. Foods contain trace amounts of bioactive substances. Usually referred to as extra nutritional components, they are beneficial but not essential for human health. It goes without saying that bioactive compounds present in diets composed of plants have been demonstrated to offer a number of health benefits, such as promoting brain development, avoiding cancer, and reducing the risk of coronary heart disease[23]. Because of their unsaturated fatty acid content and phenolic components, plant-based milk substitutes also have some positive health effects, as their raw ingredients would suggest. The concentration of plant sterols, vitamins, amino acids, dietary fiber, and other bioactive substances in non-fermented plant-based milk substitutes, however, is not well studied [24]. Recent research has shown that several PBMAs are essential for boosting or controlling the immune system, in addition to their possible antibacterial properties that can reduce the risk of cardiovascular and gastrointestinal disorders. Additionally, they enhance physiological processes, reduce the likelihood of poor bone mass, and generate large amounts of antioxidants that can scavenge free radicals. Numerous bioactive substances, including polyphenols, phytosterols, saponins, and essential fatty acids, are present in vegan milk substitutes[24,25]. Polyphenols, phytosterols, saponins, and essential fatty acids are just a few of the many bioactive substances found in plant-based milk substitutes that may have health advantages.

Soy milk
The first vegan milk that was used to deliver nutrition to a community when the milk supply was insufficient was soy milk[10]. Due to its similar nutritional makeup and several health-promoting qualities, it is used widespread as a substitute for cow's/animal milk[25]. High levels of important monounsaturated and PUFAs, which are occasionally linked to cardiovascular health, are found in soy milk[26]. It has modest levels of CHO but necessary amino acids that are similar to those found in humans. It also possesses lipid-lowering and antioxidant properties and is rich in phytochemicals, including genistein, saponins, phytic acid, isoflavones, and phytosterols. Because of all the aforementioned characteristics, it may be used therapeutically and offer protection against a number of illnesses, including diabetes, high blood pressure, cancer, cardiovascular disease, and osteoporosis[10,28]. It seems that isoflavones are the functionally active ingredient that gives soybeans their positive benefits[27,10]. The most prevalent isoflavone in soybeans, genistein, is thought to be the most physiologically active[29]. Its potential health advantages are increased by phytochemicals such sterols (0.23-0.46%), saponins (0.17-6.1%), and phytic acid (1-2.2%) [10,30]. During fermentation, isoflavone glucosides are hydrolyzed in the presence of glucosidases to create aglycones in the small intestine, which are then broken down by microflora into further metabolites in the large intestine[10,31].
Proteinase inhibitors, phytic acid, and oxalic acids are some  of the antinutritional elements that fermentation helps to decrease. It also increases the bioavailability of beneficial components as the microorganisms increase the quantity of free isoflavones and peptides in fermented products by breaking down complicated materials into simpler components[26,32]. 

Oat Milk
Avena sativa, another name for oats, includes useful components including protein and α-glucan, lipids, minerals, micronutrients, and vitamins A, D, E, and B1, sodium, calcium, magnesium, and phytochemicals in addition to antioxidants. Its anticancer characteristics and beneficial effects on digestive health are due to the presence of soluble fiber, which lengthens the gastrointestinal transit time and delays the stomach emptying time. As a result, it may help reduce and maintain weight, blood glucose, cholesterol, and triglyceride levels[25,35]. 
The primary factor generating attention in oats is the presence of β-glucan, a component that has characteristics of nutraceuticals. β-glucan is a soluble fiber that can prolong the time it takes for the stomach to empty and raise the viscosity of the solution. These effects are linked to a lower blood glucose level[36,10]. In broad terms, 0.75g of b-glucan per serving is advised for a single dish, although the presence of oleic acid, a necessary amino acid (45.60g/kg), linolenic acid (38.4-41.6%), and linoleic acid (36.2-40.4%) enhance the significance of oats in a daily diet[10].

Coconut Milk
Coconut milk is often utilized as a milk substitute and in both domestic and commercial settings to prepare a wide range of culinary items. A substance rich in nutrients, coconut is also an excellent source of fiber. Coconut milk contains a lot of vitamins and minerals, including magnesium, potassium, calcium, iron and others. Additionally, it has a high concentration of vitamins C and E. Use of coconut milk is linked to health advantages including antiviral, antibacterial, anti-microbiological, and anti-carcinogenic properties. It contains fat and lauric acid, which has been linked to boost and aid brain development. Lauric acid also helps to preserve the blood vessels' flexibility and strengthen the immune system[10]. Lauric acid is transformed into monolaurin, which has antiviral, antibacterial, and antimicrobial qualities and guards against infections. Antioxidants like vitamin E are abundant in coconut milk which helps in reducing the oxidative stress, prevents degenerative illnesses, slows down the aging process, nourishes skin, and provides calming benefits[25]. Consuming coconut milk is seldom linked to allergic responses. Additional advantages of coconut milk include its cooling qualities, skin-nourishing qualities, and aiding with digestion. Despite all of its health advantages, saturated fats restrict its consumption[10]. 
Medium-chain triglycerides make coconut milk a non-dairy substitute that is easily absorbed. In contrast to other milk substitutes with lengthy Medium-chain fatty acids (MCFAs), which are found in coconuts, are easily absorbed and converted into ketone, which is done by the liver that supports brain function and provides relief from memory impairments like Alzheimer's. Soluble and insoluble fiber, in addition to MCFAs, boosts the nutritional value of coconuts with a variety of antioxidant qualities[26,38]. 

Almond Milk
The most popular nut is almonds (Prunus dulcis). Almonds are considered as the "brain-foods" because they support mental clarity, awareness, and memory abilities, and promotes restful sleep when taken at night[26,41]. This could be because of its well-known medicinal benefits, which include immune-boosting capabilities, antioxidants like alpha-tocopherol and arabinose, and high-quality lipids[39]. It is well known that almonds include anti-inflammatory, anti-tumoral, anti-hyperlipidemic, and antioxidant substances[26,42]. It has been shown that almond milk enhances flow of blood and reduces resistance in blood vessels, oxygen, nutrition, and blood pressure maintenance (Alozie, 2015: 117-121). Additionally, it is thought to improve vision, support the growth of healthy bones, and preserve appropriate renal function[25]. Almonds may have prebiotic properties in addition to these benefits since their cell walls contain arabinose, which enhances their functioning by reducing blood cholesterol levels[10].

Rice Milk
According to the Global Rice Science Partnership (2013), more than half of the world's population, mostly in South-East Asian countries, use rice as a staple diet[26]. White or brown rice can be used to make rice milk. Because rice contains a lot of carbs, it breaks down into sugars during processing, which gives it a sweet taste. Almost 85% of the iron found in rice is present in the bran [42], which is eliminated when rice is turned into milk. Therefore, iron fortification of rice milk is necessary. The high levels of selenium and magnesium in rice milk contribute to improved immunity and disease resistance. Additionally, it includes a useful phytosterol, such as b-sitosterol and c-oryzanol, which has anti-oxidative, anti-hypertensive, anti-diabetic, and anti-inflammatory qualities in addition to lowering cholesterol. 

Different PBMAs and the bioactive compounds present are listed below in Table 3.
Table 3: Different PBMAs and the bioactive compounds

	Plant Based Milk
	Bioactive Compounds
	Health Benefits

	 Almond  milk
	 Flavonoids, arabinose, phytosterols, and α-tocopherol
	· prebiotic properties
· Improves gut health
· Lower plasma LDL cholesterol level

	 Coconut Milk 
	 Lauric acid Medium chain triglycerides
	· Boosts the immunological system, 
· keeps blood arteries supple,
· raises HDL cholesterol while lowering LDL cholesterol.

	Soy Milk 
	Isoflavones Phytosterol α-tocopherol
	· Capacity to attach to estrogen receptors and produce characteristics such as the estrogenic hormone 
· Reduces the risk of breast, prostate, and colon cancer 
· Reduces menopausal symptoms
· Protective action against heart disease and osteoporosis.

	Rice Milk
	β-sitosterol and γ-oryzanol, phytosterols
	· Anti Diabetic
· Lowers hypertension 
· Reduction of cholesterol levels
· Anti-inflammatory properties 

	 Oat Milk
	 β-glucans
	· Manages body weight
· Delay time of Gastric emptying
· Reduction of postprandial glycemic response
· Reduction of total and LDL cholesterol 

	 Peanut Milk 
	 Phenolic compounds
	· Protective function against illnesses including coronary heart disease, stroke, and different types of cancer as well as oxidative damage.




CONSUMER ACCEPTANCE
A variety of factors influence a person's experience with a new cuisine, including its flavor, nutritional value, health advantages, and environmental impact. The public's propensity to try a new meal is influenced by all of these factors [44]. Because of their basic ingredients, PBMAs always look different from cow milk, even when they are made to resemble traditional milk as homogenous, creamy, white fluids. Customers typically see PBMAs as having unfavorable qualities and equate their flavor to that of cow's milk. For example, some customers may reject legume milk substitutes due to their earthy and beany scent, which is associated with the presence of n-hexanol and n-hexanal ( produced by plant lipid oxidation), as well as the fact that they are unfamiliar with their flavors [5]. However, two issues have been noted in the industry: a chalky mouthfeel brought on by insoluble big particles, and a final product with an off-flavor that is "beany" or "painty" as a result of lipoxygenase activity [24]. The proper ratio of raw ingredients to water percentage or paste levels in PBMA formulation is also determined using the preference ranking test. Using three different amounts of paste, Apan and Zorba created a milk substitute for cantaloupe seeds. They found that the optimum milk substitute formulation, in terms of look, mouthfeel, and flavor, was 25% of the paste in water [5,45]. In their sensory examination of the almond milk substitute, it is found that the drink's substantial fat content gave it a very satisfactory mouthfeel and an excellent acceptance rating overall. While physical and chemical methods of inactivating enzymes have long been employed, more recent techniques such as solid-phase microextraction, ohmic heating, cold plasma, high pressure processing, pulse electric fields, and supercritical fluid extraction have proven to be useful in eliminating undesirable flavors from a variety of beverages. In general, sensory testing is a helpful method for determining how stable PBMAs are while being stored. Market research indicates that the use of these milk substitutes has been rising and improving the milk replacements' quality and sensory appeal may be crucial to raising consumer awareness of the product [5].


FUTURE CONSIDERATIONS
  
Given the challenges the dairy business faces, the non dairy sector has a lot of promise including lactose intolerance, babies' milk allergies, infections, and a deficiency in some vital nutrients. The direct involvement of different bioactive phytochemicals in the treatment or amelioration of various health-related conditions, as well as the function of various plants in the creation of innovative products that are both nutritionally and economically comparable to bovine milk, should, nevertheless, be the subject of definitive research studies. The scientific community is progressively working to enhance the quality of its products through technological interventions and research and development operations in order to fulfill customer acceptance with a constantly shifting behavior toward innovative food items. In conclusion, it appears that the more recent food science and product development category will continue to focus heavily on plant-based milk substitutes. The nutritional, organoleptic, and functional qualities of plant-based milk substitutes are being improved via ongoing study. It has been determined that off-flavor elimination, stability and shelf-life enhancement of plant-based milk drinks are essential for the creation and advancement of milk analogs. The development of more plant-based meals is a significant trend in the contemporary food business due to their alleged ethical, health, and environmental advantages. The study defines and extracts the nutritional composition of different  plant based milk and their health benefits as they are high in bioactive compounds which are present in the ingredient used.

7. CONCLUSION

In recent years, the growing awareness of nutrition, sustainability, and ethical consumption has reshaped global dietary preferences, leading to a marked rise in the popularity of plant-based milk alternatives. These beverages, produced from sources such as cereals, legumes, seeds, and nuts, have become appealing substitutes for traditional dairy due to their balanced nutrient composition and absence of lactose, cholesterol, and animal-derived proteins (McClements et al., 2019, Reyes-Jurado et al., 2023, Fona International, 2020). Beyond offering health benefits, they also contribute to reducing environmental pressures associated with livestock production, including land degradation, water depletion, and greenhouse gas emissions (Poore & Nemecek, 2018, Willett et al., 2019). Nevertheless, despite their promising nutritional and functional attributes, several technical limitations remain. Improving texture, flavour, protein bioavailability, and overall product stability continues to be a major focus for researchers and manufacturers (Silva et al., 2020, Sethi et al., 2016, Food & Drink Consultants, 2017). Addressing these challenges through innovative processing and fortification strategies could enhance both consumer acceptance and nutritional value.

Overall, the evolution of plant-based milk represents a transformative step toward sustainable and health-conscious eating patterns. With continuous advancements in food technology and growing consumer interest, these dairy alternatives are likely to remain at the forefront of modern food innovation—bridging the gap between wellness, taste, and environmental responsibility (Springmann et al., 2018, Grant & Hicks, 2018).
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