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t protein: an up-to-date overview
of sources, extraction techniques and utilization

Akshay S. Chandran,a Shweta Suri*b and Pintu Choudhary *c

Protein is a vital macronutrient that helps in the survival of human beings. Its major functions include body

building and promoting normal growth and maintenance. The two key sources of protein in the diet are

animal and plant proteins. Vegetable/plant protein intake has several health benefits, while a greater

intake of animal protein can be associated with a number of diseases. Besides, animal protein is one of

the major causes of greenhouse gas emissions and subsequently a source of carbon footprint. In the

context of plant proteins, there are three main categories namely leguminous proteins, cereal proteins,

and oilseed proteins. Legumes play a crucial role in the human diet as they contain essential amino

acids, calories, minerals, and vitamins. Cereals are vital for human nutrition, but their protein quality is

poor due to a lack of amino acid lysine. Oilseed proteins can be used to provide good nutritive value and

functional qualities to foods. Processing of plant proteins involves physico-chemical and thermal

treatments that affect both the nutritional value and functional properties of the final product. With the

advent of green chemistry, research is increasingly focusing on non-thermal/green methods to improve

extraction efficiency and minimize proteolysis during extraction. The present review focuses on the

recent literature about plant protein sources, isolation/extraction techniques, and application of plant

proteins in the food sector.
1. Introduction

Proteins are high-molecular-weight organic components made
up of amino acids that cannot be substituted by lipids, bers, or
other organic compounds. Furthermore, they constitute
a fundamental building material for meeting the population's
increasing demand for high-quality nutrition.1 Protein is a vital
component of human nutrition since it is required for muscle
mass maintenance, immunological responses, cell signaling,
and cell repair.2 The amino acid prole, bioavailability, digest-
ibility, anti-nutritional factors, and protein processing methods
have a signicant impact on protein nutritional value.3 Each
amino acid plays a unique and crucial part in how the body
works. Essential amino acids cannot be made by the human
body and must be obtained from food. A high-quality protein
should contain sufficient amounts of each of the nine essential
amino acids.3,4 Besides, there are usually two types of proteins:
complete proteins and incomplete proteins. Foods that contain
all essential amino acids in optimal amounts for body building
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are called complete proteins. Incomplete proteins also contain
essential amino acids, but not in sufficient amounts.5

In addition, an individual can obtain protein from two main
sources, i.e. animal and plant sources.2 In comparison to plant
proteins, animal proteins are easier to digest, have high bio-
logical value (BV), net protein utilization (NPU), and protein
digestibility-corrected amino acid score (PDCAAS). In contrast,
animal proteins were observed to have a lower number of a-
helices and a higher number of b-sheet structures than plant
proteins, making them much more susceptible to enzymatic
degradation. Also, animal foods are a source of increased
carbon footprint. Concerning the market cost, land require-
ment, environmental impact, and phenomenon of water
eutrophication, animal proteins are in the spotlight. Further-
more, consumers' trust in animal proteins has been eroded as
a result of food safety concerns caused by diseases like bovine
spongiform encephalopathy.6,7

In contrast, plant proteins contain good amounts of essen-
tial amino acids (Fig. 1). Besides, they have poor proteolytic
digestibility because of the presence of a higher proportion of
bers in plant foods. Some plant proteins contain anti-
nutritional elements, such as trypsin inhibitors, which can
inhibit protein digestion and reduce the overall efficiency of the
proteins' nal utilization.4 Additionally, they have a larger
concentration of antinutritional components, which is another
factor contributing to their reduced digestibility. Processing
methods can boost the digestibility of these proteins by
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Amino acid content of plant protein.
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reducing the amount of these antinutritive components.7

Because of their renewable and biodegradable nature, as well as
functional qualities such as emulsifying ability, brogenic
capabilities, and water-solubilizing action, plant proteins have
been intensively investigated in recent years.

Plant proteins are excellent microencapsulation wall mate-
rial that can be used inmeals, pharmaceuticals, and cosmetics.8

As functional ingredients in food preparations, plant proteins
are an economical and versatile alternative to animal proteins.
However, the successful replacement of animal protein requires
technological advances. To be able to make these advances
effective and efficient, understanding the relationship is
essential. The study of the relationship between protein struc-
ture and functional characteristics is important.9

Themost important step in utilizing plant proteins is the use
of suitable extraction techniques based on plant matrices.
Different researchers have worked on conventional and novel
ways of extracting protein. The conventional methods are some
of the common traditional techniques used for protein extrac-
tion such as aqueous-based protein extraction, alkali, solvent,
and use of detergent while novel or non-conventional extraction
techniques offer effective recovery of protein with energy-saving
effects such as the use of microwaves, ultrasound, high-
intensity pulses, and enzyme assisted treatment. The conven-
tional ways of extracting protein led to lower protein yields with
greater degradation of proteins. This decrease in the yield of
plant protein depends on many aspects, viz. extraction time,
solvent, pH, and temperature. Therefore, scientists today are
focusing on non-thermal green technologies to improve
extraction efficiency and reduce proteolysis during extraction.
These novel techniques have no detrimental impact on the
ecological system and the resulting proteins are safe for human
use with only small quantities of toxic chemicals and solvents
being used.10

Moreover, with increasing consumer awareness about the
disadvantages of animal proteins, today's research needs to
© 2023 The Author(s). Published by the Royal Society of Chemistry
focus on the efficient handling and use of plant proteins for
better applicability. Furthermore, the food industry as well as
commercial players should be interested in the challenges and
opportunities of investing in the plant protein trend.11 A liter-
ature search revealed that information about the sources of
plant protein and its better applicability in the food sector is
scarce. Therefore, this review provides an overview of the
various plant food sources that can be used as protein sources,
conventional and novel protein extraction methods, and their
applications, and development, as well as the future prospects
of plant protein.

2. Different types of plant proteins

In recent times, there has been a growing trend of using plant
proteins as a cost-effective and adaptable substitute for animal-
based sources in human diets. Plant-based ingredients are also
being utilized as functional components in product develop-
ment. Numerous plant-based proteins including leguminous
proteins (viz. soybean, pea, chickpea, mung bean, and kidney
bean), cereal protein (such as oat, rice, wheat, and corn), and
oilseed protein (such as peanut protein, axseed, sesame, and
sunower) have been extensively researched and incorporated
as protein supplements.12

Leguminous protein: legumes are another widely consumed
food grain in the human diet, aer cereals. These legumes are
considered a cheap source of protein as well as other vital
nutrients. Pea seeds contain two important globulin proteins
namely vicilin and legumin. Besides, they are also a rich source
of lysine and contain a balanced amino acid prole.13 Further-
more, chickpeas also contain signicant amounts of essential
amino acids with high bioavailability and, on the other hand,
anti-nutritional factors in low amounts. In addition, numerous
bioactivities of chickpea protein hydrolysates have been re-
ported, e.g. reduced antigen effect and inhibition of angiotensin
I converting enzyme.14

Cereal protein: cereal grains such as rice, wheat, oat, barley,
etc. are used as a plant protein source. Among cereals, oat
protein is found to be valuable. The total protein content of oats
is 12–24% with a high proportion of globulin and albumin. In
particular, globulins account for 70–80% of total oat protein.15

The oat globulin protein has three major fractions, 3S, 7S, and
11S (molecular weight of 54 kDa with a basic subunit of 22 kDa
and an acidic subunit of 32 kDa). The amino acid content
present in 100 g of oat protein shows the presence of amino
acids viz. valine (5.2–5.7 g), tryptophan (0.8–0.9 g), threonine
(3.3–3.7 g), lysine (4.1–4.5 g), leucine (7.4–7.7 g), isoleucine (3.8–
4.1 g) and histidine (2.1–2.9 g).16 Oat protein concentrate is also
poorly soluble, and several chemical modications have been
employed to improve protein solubility, including succinyla-
tion, acetylation, and enzymatic hydrolysis.15 Furthermore,
wheat protein i.e. gluten is distinctive from other plant proteins
and cereals in its capacity to create a cohesive mixture with
viscoelastic properties aer it is made malleable.17 Cereals
constitute a major source of energy and protein, but they are
decient in the critical amino acid lysine. In contrast, legumes
are likewise high in protein and amino acids, but they are also
Sustainable Food Technol., 2023, 1, 466–483 | 467
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decient in sulphur-containing amino acids. Hence, adding
legumes to cereals would increase the protein and nutritional
density of the resulting food products.18

Oilseed protein: more than 200 species of oilseeds are
cultivated worldwide. The most common oilseed crops are
soybeans, sunowers, coconuts, rapeseeds, olives, and peanuts
while oilseeds such as sesame, ax, and cotton seeds are
utilized at a lower level. Furthermore, some less common
oilseeds have gained wide popularity in current times such as
chia seeds, primrose, pumpkin, hemp seeds, nigella, and milk
thistle. Oilseed processing by-products are good sources of
protein having excellent nutritional and bioactive effects. These
oilseeds are exciting raw materials that offer the possibility of
developing healthy products or functional foods.19
2.1. Leguminous proteins

Legumes belong to the Leguminosae family oen known as
Fabaceae. They play a substantial part in human health and
nutrition since they hold a high prole of proteins, calories,
vitamins, and minerals. Legumes are considered a good
source of protein as they provide an adequate amount of
amino acids, and thus utilization of legumes in the food
industry is currently increasing.20 As compared with animal
proteins, the nutritional value of plant proteins is lower,
although they retain a high protein content. The digestibility
of proteins and essential amino acids, as well as the quantity
of essential amino acids concerning dietary requirements,
helps to assess the quality of protein in a food. For the past 20
years, the Protein Digestibility Corrected Amino Acid Score
(PDCAAS) has been employed as a tool to evaluate protein
quality. The PDCAAS values for most legumes are below 100
(e.g., for peas they are 50–68, for lentils 51–63, for chickpeas
52, for beans 53–67 and for peanuts 30–75), but these values
may vary based on variety, cultivar, and processing tech-
nology.21 Besides, the high levels of naturally occurring anti-
nutritive substances, such as trypsin and tannin inhibitors
in legumes, are responsible for lowering the digestibility of
proteins and amino acids.22 Phytic acids, phenols, and
tannins may act as potential antioxidants with health-
promoting properties. The persistence or removal of these
molecules varies based on the preferences of the consumer.
Phytic acid has lately been shown to have signicant antioxi-
dant, hypoglycemic, and anticarcinogenic effects.23 Legumes
exhibit certain groups of anti-nutritional factors that inhibit
protein digestibility by suppressing enzyme activity, which
can occasionally result in the formation of protein-ANF
complexes. Some grain legumes that contain a high
percentage of galactosides in a carbohydrate component cause
atulence.21 By neutralizing anti-nutritional elements and
increasing the bioavailability of nutrients, common food
preparation methods including soaking, sprouting, boiling,
and fermentation enhance the avor and palatability of
legumes. They also facilitate the absorption and digestion of
protein and carbohydrates.23 The usage of legume proteins in
food formulation is mainly dependent on their functional
attributes such as the physical as well as chemical functions of
468 | Sustainable Food Technol., 2023, 1, 466–483
protein, which affect their behavior in the food system in the
course of processing, storage, cooking and utilization.

According to the mechanism of action, the functional
properties of proteins are divided into three key units: (i)
hydration-related characteristics (water/oil absorption capacity,
thickening, solubility, & wettability), (ii) properties related to the
structure of protein and rheological features (aggregation,
elasticity, viscosity, adhesiveness, gelication, etc.) and (iii)
attributes linked with protein surface characteristics (emulsi-
cation and foaming capacity, formation of protein-lipid lms,
whipability etc.). However, the most crucial characteristics of
plant proteins are the solubility, ability to bind to fat and water,
ability to form gels and exhibit rheological behaviors, and
ability to emulsify, foam, and whip, all of which are inuenced
by environmental factors, processing conditions, and the
molecular size/structure and charge distribution of the protein
molecules.24

2.1.1. Soy protein. Soybeans (Glycine max) are legumes rich
in high-quality protein and edible oils. Soybeans are about 36%
protein, 15% soluble carbohydrates, 15% insoluble carbohy-
drates, and 18% oil. Depending on the type, region, and
weather, these values can vary. Because of their distinctive
chemical makeup, they are a rich source of nutritional
components. As compared to other varieties of beans and grains
they have high protein content25 (Table 1).

Soybeans originally provide abundant dietary proteins and
peptides found in Asian foods for a wide range of uses. Natto,
miso, and other soy-based food products are some examples of
fermented soy-based foods. Soy protein contains all essential
amino acids and many bioactive nutritional components, as
well as exhibiting emulsifying capacity and water–oil holding
capacity. It is perhaps the most economically important bean in
the world and a potential source of bioactive peptides,
providing plant-based proteins and compounds to millions of
people.26 Currently, rather than for their nutritional benets,
the various soy protein types are still predominantly used for
their functional impacts such as effectiveness against chronic
cancer, cardiovascular disease, and type 2 diabetes. However,
a number of businesses are currently developing foods where
soy proteins are the primary protein source, and they are
utilizing the functional qualities of the proteins to successfully
manufacture these products.27 As it has great gelation capabil-
ities, superior nutritional content, and low cost, it has been
acknowledged as a promising alternative for application in the
development of meat substitutes made from plant proteins.28

The primary drawback of soy protein is its noticeable
unpleasant taste in the resulting products. Two types of
unpleasant tastes exist: the rst is a grassy and beany taste,
which results from the presence of lipoxygenases in soybeans;
the second is a bitter and puckering taste, which is due to the
presence of saponins and isoavones.17

2.1.1.1 Tofu. The most well-known meat substitute is
probably soy-based product “tofu”. Tofu is made from soybeans
and contains substantial amounts of calcium, iron, and protein.
It is found commonly in block form, and despite being tasteless
on its own, it rapidly absorbs the avors of marinades, sauces,
and other dressings.29 On a fresh weight basis, tofu includes
© 2023 The Author(s). Published by the Royal Society of Chemistry
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roughly 8% of the total protein, 4–5% fats, and about 2%
carbohydrates. Due to its lack of cholesterol and small amount
of dietary ber (approximately 1%), tofu has unique nutritional
value. The rich vitamin and mineral content of tofu also
contributes to its physiological signicance.30 Generally, meat
alternatives should taste like meat. Additionally, meat substi-
tutes should have a brous muscle structure that closely
resembles real meat, and comparable moisture content, bite
resistance, and texture.28

2.1.1.2 Textured vegetable protein (TVP). These are animal
meat alternatives, usually made from soybeans. Despite the
fairly time-consuming production process, the nished product
has a brous consistency that is extremely comparable to
meat.30 However, a newly developed procedure called high-
moisture extrusion generates products with high moisture
content that do not require rehydration and have a brous
structure that more closely resembles animal meat, evading the
unpleasant mouthfeel and texture quality that occurs when
chewing low-moisture products.28 TVP is made by hot extruding
defatted soy proteins into enlarged, high-protein chunks,
grains, strips, nuggets, and other shapes. TVP has the texture of
meat because of the denaturized proteins used in its
production.30

2.1.2. Pea protein. Peas (Pisum sativum L.) are the most
widely cultivated and eaten legumes in the world. They are an
excellent source of bioactive peptides with antioxidant and
angiotensin-I converting enzyme (ACE) inhibitory properties
that have benecial effects on health.31

Their minimal allergenicity, non-transgenic variety, high
nutrient content, easy availability, and origin as a sustainable
crop make pea protein a viable alternative to conventional
protein ingredients such as animal protein and soy protein.
Being a potent supplier of essential amino acids such as
phenylalanine, arginine, lysine, leucine, and isoleucine, which
are not normally found in grains, pea protein is considered
a high-quality protein. However, sulfur-containing amino acids,
especially methionine as well as cysteine, are decient in pea
protein. Pea protein isolates' amino acid scores (AAS) (1.56) are
marginally lower than those of soy isolates (1.69) but greater
than those of egg white (1.19).32

Besides, a variety of peas namely eld peas also contain
substantial quantities of protein (23.1–30.9%), fat (1.5–2.0%),
and other minor components based on the variety, harvest
maturity, and growing environment. Albumins and globulins
are the two major types of protein present in peas, which make
up up to 10–20% and 70–80% of the total pea protein, respec-
tively. When compared to globulins, albumins in peas have
higher quantities of important amino acids such as lysine,
tryptophan, methionine, and threonine. Albumins are thought
to be water-soluble metabolic proteins. Legumin and vicilin
proteins, along with convicilin in trace levels, make up the
majority of globulins, which are classied as salt-soluble
storage proteins.46

Pea protein is a novel and useful alternative to other proteins
in functional food applications owing to its accessibility, low
cost, nutrient quotient, and therapeutic potential. Pea protein
isolates, in contrast to conventional cereal proteins, are gluten-
Sustainable Food Technol., 2023, 1, 466–483 | 469
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free and can be a valuable ingredient in the creation of gluten-
free products because of their exceptional physicochemical
characteristics, which include outstanding water as well as oil
absorption capacity, gelation ability, and gel clarity.34

Applications of pea protein in the food industry include its
usage in beverages, sauces, salad dressings, baked goods, and
other food products that could all benet from the prepared pea
protein isolates. The use of pea protein as a binder in meat
applications is based on its lower water-holding capacity. In
a recent study, pea protein isolates were created, where their
functionality was found to be acceptable; however, the isolates'
avor and use in a variety of food products were not studied,
which could pose signicant challenges for product
developers.35

2.1.3. Kidney bean protein. Kidney bean (Phaseolus
vulgaris L.) is the most commonly grown and eaten legume in
Africa, India, Latin America, and Mexico. These beans offer
a range of health-related advantages, involving reducing the risk
of heart and kidney diseases, a lower glycemic index for dia-
betics, greater satiation, and cancer prevention. In addition,
kidney beans are a valuable supplier of protein as well as
minerals for animal feed production, as well as being a poten-
tial rawmaterial for human food processing. On the other hand,
kidney beans have a low protein digestibility due to the occur-
rence of antinutrients, some of which also reduce trace
elements and protein bioavailability. Anti-nutrients and a-
galactosides (e.g., stachyose, raffinose, and verbascose) are two
unfavorable components of beans that may hinder protein and
carbohydrate consumption.36 Kidney beans typically contain
protein (20–30%), with a signicantly high amino acid content
but a minimal content of sulfur-containing amino acids,
particularly tryptophan, and methionine. Furthermore, kidney
bean and eld pea proteins have been proven to be adequate for
making gluten-free muffins and have similar properties to those
prepared with wheat gluten.34 Ammonium sulfate precipitation
of protein from kidney bean seeds can yield two main compo-
nents, albumin and globulin. These components are rich in
lysine and arginine, making them suitable for use in fortifying
foods. While kidney bean powder outperforms soybean powder
in terms of gelation ability, its emulsifying activity and foam
stability are comparable. Additionally, the gelation ability of
kidney bean protein isolate (KPI) is better than that of mung
bean protein isolate.37

2.1.4. Mung bean protein. Mung beans (Vigna radiata (L.))
have a quick growth cycle of approximately 70–90 days. Many
Asian countries, as well as drier regions of Southern Europe and
warmer regions of Canada and the United States abundantly
grow mung beans. Mung beans are well recognized for their
detoxifying bioactivities as a major plant-based food source. It
has also been used to treat a variety of ailments, ranging from
improving the human cognitive role to preventing heat stroke.
Mung bean has a high nutritional content, especially in the seed
part.38 Humans and other animals use it as a source of food and
feed. Mung beans have a protein content of about 20.97–
31.32%, compared to 18–22% and 20–30% for soybeans and
kidney beans, respectively. In addition, the protein content of
mung beans is about twice that of cereal grains like maize,
470 | Sustainable Food Technol., 2023, 1, 466–483
which have a smaller protein content (7–10%), andmuch higher
than that of traditional root-based crops.38 Mung beans are
a type of leguminous plant. They have a more than 2000 year
history of cultivation in China. Owing to their biological prop-
erties, which include detoxication, cholesterol reduction, and
anti-tumor and anti-inammatory properties, mung beans are
one of the most common foods in China. They contain an
abundance of vitamins, minerals, and other essential nutri-
ents.39 Mung bean seeds are exceptionally high in protein, with
a protein level of 20.97–31.32 percent. As per the Food and
Agriculture Organization of the United Nations (FAO)/World
Health Organization (WHO) criteria, mung bean received
a chemical score of 76 percent. Consuming mung bean seeds
along with cereal grains is recommended due to their high
protein content and digestibility that signicantly improve the
quality of protein intake as part of a vegetarian diet.38
2.2. Cereal proteins

Cereals are members of the monocotyledon family Poaceae.
They are particularly signicant because they are the principal
staple food in different regions of the globe. Cereals are dietary
staples as they contain an abundance of essential nutrients viz.
vitamins, dietary ber, proteins, and carbohydrates.40,41 Wheat
(Triticum aestivum), maize (Zea mays), sorghum (Sorghum vul-
gare), rice (Oryza sativa), and millets like pearl millet (Pennise-
tum glaucum) and nger millet (Eleusine coracana) are common
types of cereal grains.18 Cereal grains satisfy over 60% of the
world's food supply and are grown on over 73% of the world's
harvested land. Cereals can be used as a fermentable substrate
for the growth of probiotic microbial cultures, especially Lac-
tobacilli and Bidobacteria, or as dietary ber promoting
numerous benecial physiological impacts in functional food
compositions (Fig. 2). The most popular cereal-based functional
foods and nutraceuticals are those made from wheat, buck-
wheat, oat, barley, axseed, psyllium, and brown rice.42

The protein quality of cereals is reduced due to their amino
acid content. Cereals do not contain sufficient quantities of
essential amino acids such as lysine, tryptophan and threonine.
On the other hand, they are a rich source of sulfur-containing
amino acids, such as methionine and cystine, so they comple-
ment lysine-rich, low-sulfur-containing legume proteins very
well. However, owing to the low levels of essential amino acids,
these proteins have lower net protein utilization and protein
efficiency ratio (PER). In general, the PER for cereal protein
varies from 0.8 to 2.0 in comparison to 2.5 for milk casein. In
the context of cereal grains, rice and oat proteins are considered
to be the most available and high-quality proteins.18,43

The modernized society and the expansion of the cereal food
industry created a need for highly efficient processing tech-
nologies, especially for our production.44 Cereal proteins
possess signicant potential for various industrial applications,
whether in their original form or modied form. Wheat glutens
are particularly promising for use in coatings and lms due to
their exceptional lm-forming characteristics. However, addi-
tional research is necessary to examine the proteins of maize
and sorghum for this specic purpose. These coatings and lms
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Percentage distribution of essential amino acids in cereals.
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can be utilized in the food industry and packaging sectors to
regulate barrier properties for gases, avors, and water vapor. In
baking processes, glutenins and gliadins, which are the storage
proteins of cereals, are essential in providing dough elasticity
and gas retention. The unique properties of wheat glutens make
them crucial in bread-making, as they improve dough strength
and gas retention, control its expansion, extend dough life,
enhance water absorption, and impart natural avors and
colors while preserving the structure and quality of the baked
products.45

2.2.1. Wheat protein. Wheat is one of the common cereal
grains consumed in different parts of the world. Wheat our is
used to make leavened as well as unleavened loaves of bread,
noodles, pasta, biscuits, etc. Wheat our ingredients play an
important role in determining the functionality of the wheat
grain. The quality of wheat protein is a complicated term that
necessitates application-specic specications (for example,
breadmaking requires a different functionality than pasta
making).46

The protein content of wheat grains is an important indi-
cator of the quality of wheat for human consumption and is
sometimes neglected in attempts to improve crops. Grain and
protein yields are expected to be lower and more unpredictable
due to reduced growth stimulation from high CO2 emissions.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Introducing a warming-adapted genotype (taking into account
changes in CO2 and precipitation) could increase global wheat
production by 7% and protein yield by 2%, but grain protein
concentrations decreased by 1.1%, suggesting a relative shi of
8.6%. Adaptations to climate change that increase cereal yields
are not necessarily good for cereal quality and put further
pressure on global wheat supplies.34 Hexaploid Triticum aesti-
vum wheat varieties are used to make wheat our for bread.
There are signicant variances in the bread-making quality of
the our. The link between the protein composition of Triticum
aestivum and bread-making quality is examined. The details of
the properties (structure, size, & content) of the glutenin protein
fraction and how they affect its function are also discussed. A
more in-depth look at the features of the glutenin protein
fraction (structure, size, and content) and how they affect its
functionality is also provided.46,47

2.2.2. Corn protein. Corn, also known as maize, is one of
the popular cereal grains, followed by rice and wheat. In 2013,
global maize production surpassed 1 billion metric tons, with
the United States accounting for around 35% of the world's total
production. Corn is a staple cereal grain for many people in
Latin America, Africa, and Asia, where it is eaten as “corn on the
cob” or corn kernels and used to make a variety of traditional
dishes. Corn is a very signicant cereal grain in the food
Sustainable Food Technol., 2023, 1, 466–483 | 471
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business in the United States. Corn is milled either wet or dry to
develop a range of food preparations. Corn starch and oil are
the main products of corn wet milling, whereas corn gluten,
seed coat, and steeping solids are secondary products.48 Zein is
a key storage protein found in corn. Commercial attention has
focused on the ability of zein and related resins to form tough,
lustrous, hydrophobic, and oleophobic coatings that are resis-
tant to microbiological attacks. Zein has also been utilized to
make microspheres that delay medication release until it rea-
ches the gut, protect pharmaceuticals from stomach acid, and
offer a system for continuous drug release in the stream.
Biodegradable lms and plastics have also been made from
zein.49 Dry milling, alkali treatment, wet milling, and dry
milling processes for ethanol production are the four main ways
of processing corn. Alkali-treated and dried corn is for direct
human consumption.50 On a dry basis, the protein present in
various varieties of corn ranges from 6 to 12%. The endosperm
tissue contains around 75% of the protein. The rest is split
between the germ and the bran. The hardness of corn endo-
sperm is decided solely by the protein zein. The solubility of the
four major protein types in corn is mainly explained by their
solubility in specic solvents.

The solubility of four primary kinds of protein in corn is
principally described by their solubility in specic solvents. Zein
is a member of the prolamin protein family, which is found
exclusively in cereals. John Gorham initially detected it in 1821
by infusing water in Zea, oen recognized as ‘Indian corn’ in the
United States. The endosperm contains almost all of the zein,
while the glutelin is distributed between the endosperm and the
germ. Albumin and globulin are mainly found in the germ part
of the grain corn. Endosperm proteins are mainly found in CGM
while germ proteins are mainly found in CGF among wet-milled
protein co-products.50

2.2.3. Rice protein. Rice (Oryza sativa L.) is a mono-
cotyledonous plant belonging to the grass family, and is an
important food crop with an annual production of about 480
million tons worldwide. Rice is cultivated in more than 100
nations, with countries like China and India alone producing
over half of the global rice. Only the caryopsis is edible, thus the
mature rice grain is stored as rough rice, with the caryopsis
enclosed in a thick siliceous hull that must be treated before
being ingested by humans. Aer loosening the rice husk and
removing impurities, it is separated from the husk. Bran is
composed of the pericarp, seed coat, nucellus, aleurone,
pulverized embryo, and several starch pieces of endosperm and
husk, which are removed by grinding or abrasion processes, or
a combination of both, to make milled rice or white rice ob-
tained from the endosperm.51 Milled rice and regular rice our
have a low protein content (about 7–9%). Rice protein, on the
other hand, is nutritious, hypoallergenic, and particularly
healthy for human consumption. It has been determined that
the alkaline extraction of rice our followed by pH adjustment
to the isoelectric point to precipitate the protein can produce
relatively pure rice protein. Rice proteins are commonly isolated
for food use by enzymatically removing non-protein sections
from sources such as conventional rice our. The protein
content of products from these processes varies between 65 and
472 | Sustainable Food Technol., 2023, 1, 466–483
90%, based on parameters such as variety or cultivar of rice and
degree of milling.52

Rice bran protein concentrate (RBPC) exhibits emulsifying
and foaming properties that make it a promising ingredient for
food proteins. RBPC has been combined with soy as a protein
supplement in cookies, resulting in improved cookie quality
and protein content. The addition of RBPC increased the
protein content of the cookies regardless of the level of substi-
tution.53 Rice is widely acknowledged as a hypoallergenic food
and is typically one of the rst solid foods introduced to infants.
It is also commonly included in elimination diets for both
children and adults undergoing food allergy diagnostic
programs. For children with allergies to cow's milk, formulae
based on rice protein offer a viable alternative. Additionally, rice
protein supplements are gaining popularity in sports nutrition
as a substitute for casein, whey, and soy proteins that are typi-
cally used.54

2.2.4. Oat protein. Avena sativa, commonly known as oats,
is a highly sought cereal grain for human consumption.
Recently, their exceptional health-related benets have sparked
greater interest in their consumption.55 Compared to other
major cereal grains, oat groats have a relatively higher protein
content, ranging from 15 to 20%. Oat proteins consist mainly of
globulins (70–80%), with smaller amounts of albumins (1–
12%), prolamins (4–15%), and glutenin.56

The digestibility of proteins derived from oats is quite high,
ranging from 90.3 to 94.2%, with a biological value of 74.5–
79.6% and a net protein utilization rate of 69.1–72.4. Addi-
tionally, the oat protein efficiency ratio is comparable to that of
casein, ranging from 2.25 to 2.38. When assessing protein
quality, the protein digestibility-corrected amino acid score
(PDCAAS) is a crucial factor. Oat protein has a higher PDCAAS
value than wheat and almond proteins, although it is lower than
that of soy and pea proteins. Furthermore, compared to most
cereals, oat protein has a relatively superior amino acid prole,
with a high content of lysine and threonine, making it more
nutritious than other cereal grains.57

Oat protein isolates exhibit favorable emulsifying activity
and binding properties. Given their amino acid composition,
oat protein isolates have the potential to create value-added
products for the food industry.58

As oat protein is free of gluten, it is safe for individuals with
celiac disease to consume oat protein-based products. However,
solid products such as bakery items, cereal bars, and meat
substitutes, as well as semi-solid products like yogurt, and
liquid products such as milk and beverages made exclusively
from oat our tend to have low protein content due to the low
protein content of oat our overall. To create oat-based prod-
ucts as an alternative to meat substitutes, dairy, and bakery
products that have a similar protein content or texture, addi-
tional protein must be added. Oat protein isolates and
concentrates may provide an additional source of oat protein.57
2.3. Oilseed protein

Oilseeds are seeds and fruits that are rich in oils and other
dietary fats. These oilseeds are also a good source of calories
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Amino acid composition of oilseed protein (g/100 g protein)

Oilseed protein

Amino acids

Ref.Ile Leu Lys Met Cys Phe Tyr Thr Trp Val

Flaxseed 0.87 1.18 0.75 0.32 0.32 0.95 0.53 0.72 0.30 1.07 60
Rapeseed 1.25 2.51 2.04 0.47 0.59 1.44 0.99 1.59 0.43 1.55
Chia seed 0.73 1.35 0.98 0.80 0.53 1.10 0.58 0.76 0.79 0.93
Sunower seed 0.92 1.40 0.86 0.53 0.38 1.05 0.57 0.81 0.35 1.11
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and protein. Cold-pressed oil production involves pressing the
oil from the seeds to create a protein- and ber-rich by-product,
cake, which is characterized by an abundant composition of oils
and a high protein content. It also includes balanced amounts
of carbohydrates, lipids, and proteins. By applying the right
technology, oil can be extracted from seeds, which can then be
utilized to make biodiesel. This meal can be improved and can
provide nourishment for people or animals. When the seeds are
rst roasted before the oil is pressed and organic solvents are
used to extract the oil from the seeds, the nished product is
called a post-extraction meal. Meal and oil cake are used as part
of cattle feed.59,60

Efficient oil seed processing can be achieved by developing
and implementing innovative technologies that provide envi-
ronmentally sustainable agricultural and agri-industrial solu-
tions, with applications in the food and pharmaceutical
industries, from the industrial by-products of oilseed process-
ing.59 The protein content of defatted oilseed meal from
dehulled oilseeds is 35–60%, which varies depending on the
seed (Table 2).

Oilseed meals generally contain some anti-nutritional
components such as trypsin inhibitors, oligosaccharides, phy-
tates and tannins, and low protein solubility that may restrict
their food usage. Aqueous processing whether assisted by
enzymes that hydrolyze structural cell wall polysaccharides for
oil extraction can further improve the nutritional and func-
tional properties of proteins.61 Substituting animal proteins
with plant-based proteins can enhance the nutritional benets
of meat products while also aligning with the desires of
numerous scientists, activists, and government agencies who
seek to decrease meat production for ethical and environmental
reasons. Along with legume proteins, oilseed proteins are
employed as alternatives to meat proteins.59

2.3.1. Peanut protein. Peanuts (Arachis hypogaea L.) are
a popular crop in China and around the globe. Since 1993,
China's overall yield of peanuts has been the greatest in the
world. In 2007, China exported 637.4 million kilograms of
peanuts. Most peanuts cultivated in China are employed to
make edible oil. The remaining oilseed meal also known as
defatted peanut our is a high-protein, inexpensive peanut
industry by-product containing 50–55% high-quality protein.
Despite its excellent amino acid prole, defatted peanut our
has been used in a limited number of food applications due to
its poor functional properties. As a result, the development of
new protein-based products, such as peanut protein concen-
trate from defatted peanut our, is becoming more important
as it can provide the food industry with new protein-rich (more
© 2023 The Author(s). Published by the Royal Society of Chemistry
than 70 g protein per 100 g) food ingredients for product
formulation and protein enrichment. Animal protein is more
costly and out of reach for a lot of people in underdeveloped
nations, hence an alternative is desperately needed in many of
them. Peanuts' abundant proteins make it a less expensive
source of protein that is widely available.62 Peanuts (Arachis
hypogeae L.) are also known as earthnut, manilanut, monkey-
nut, and groundnut. They are the fourth most vital supplier of
vegetable cooking oil and the thirdmost extremely crucial
source of vegetable protein in the world. Three outstanding
evaluations on peanut protein and peanut culinary usage were
published about a decade ago.63 Peanut protein concentrate was
separated from fermented and unfermented defatted peanut
our using isoelectric precipitation and physical separation
methods. Spray drying or vacuum drying was used to eliminate
moisture from peanut protein concentrate. The proximate
principles and functional attributes viz. water/oil binding
ability, protein solubility, emulsifying ability, foaming ability,
etc. of the peanut protein concentrate from each drying process
were evaluated. Besides, the defatted peanut our, as well as soy
protein isolate, were used as the control sample.64 Peanuts are
unique among the major oilseed crops in that they can be used
in a variety of food forms. Peanuts may be transformed into
goods using a simple roasting and grinding process. Roasting
and salting are the most popular ways of consuming peanuts
among the world's peanut eaters. Roasted nuts are one of the
common ready-to-eat (RTE) dishes made from peanuts. In
addition, peanuts are also offered in a fresh form as a vegetable,
canned or frozen form, roasted along with the shell, toasted and
salted, and used in over 50% of candies, cakes and other
confectionary items. However, it is also ground in butter for
application in over 100 recipes.63

2.3.2. Flaxseed protein. Flaxseeds (Linum usitatissimum L.)
are one of the classes of oilseeds that are rich in lignans, lipids,
proteins, ber, carbs, and micronutrients. Flaxseed has gained
a reputation as a food source of high-value functional ingredi-
ents due to its well-known nutritional quotient. These key
elements in axseeds can be made accessible for a variety of
purposes, including nutraceuticals, cosmetics, and the food
sector, using a variety of bioprocessing processes. However,
despite their health-promoting and culinary properties, ax-
seeds contain signicant amounts of phytotoxic chemicals such
as linatin, phytic acid, protease inhibitors, and cyanogenic
glycosides.65 It is a major oilseed crop that contains nutrients
such as oil, protein, dietary ber, and lignans. Flaxseed protein
is an important nutrient, accounting for about 18 to 22% of the
weight of the seed based on the variety as well as origin. It is
Sustainable Food Technol., 2023, 1, 466–483 | 473
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made up of dual protein fractions: one that is salt soluble and
has a high molecular weight, and another that is water soluble
and has a low molecular weight. Amino acids such as aspartate,
leucine, glutamate and arginine are found in abundance in
axseed protein. Flaxseed protein may provide health benets
to malnourished people and people who are allergic to milk
proteins because of its amino acid prole. Allergenic studies of
axseed have been documented for axseed oil, which is
applied as a laxative. There are no documented clinical trials
that have shown axseed protein to cause allergic reactions
when ingested as a portion of a balanced meal.66 Usually, ax-
seeds are of two common types namely brown axseeds and
golden/yellow axseeds. Both types of axseeds have similar
nutritive value and contain an equivalent amount of short-chain
fatty acids. However, there is an exceptional axseed variety
known as solin, a yellow form of ax with a completely distinct
oil composition and low omega-3 fatty acid content. Brown ax
is more commonly used in paints, varnishes, ber, and cow
feed.

Whole axseed, milled type axseed, roasted axseed, and
axseed oil are all commercially available forms of edible ax-
seed. Flaxseed is a multi-component seed consisting of bioac-
tive plant elements such as proteins, oils, dietary bers, soluble
polysaccharides, lignans, phenolic compounds, and micro-
nutrients viz. vitamins (A, C, and E) and minerals depending on
its physicochemical composition.67 Flaxseed oil and whole
seeds are the only parts of axseed that are used in the food
business. Flaxseed protein isolate (FPI) has not been widely
utilized because axseed mucilage interferes with protein
isolation and lacks appropriate extraction procedures. Accord-
ing to studies, the polysaccharides present in axseed husks
interfere with the breakdown of proteins because they swell in
water/aqueous medium. Removal of these mucilage-like poly-
saccharides prior to extraction of protein signicantly improves
protein recovery and purity.

Wanasundara68 utilized polysaccharide degrading enzymes
to reduce mucilage interference in the retrieved protein.
Although breakthroughs in protein extraction and isolation
have been made in the last 20 years, extracting axseed protein
from axseed remains difficult. The high concentration of
water-soluble mucilage in the hull can raise the viscosity of the
mixture and obstruct subsequent protein extraction. A group of
researchers69 devised a continuous and scalable wet technique
for extracting and fractionating mucilage from axseed in 2009.
This technique, however, was time intensive, necessitated
a large quantity of water, and caused low protein recovery.66

2.3.3. Sunower protein. The production and use of
sunower have expanded in various nations in current years
and many studies have been conducted on its processing,
nutritional, and functional aspects, as well as food applications.
Characterization studies of sunower proteins lack detail or use
chemically treated proteins. In a study, ultracentrifugation,
chromatography, gel ltration, and gel electrophoresis tech-
niques were used to fractionate and characterize the sunower
protein produced by separating the albumin-containing frac-
tion in water, the globular fraction in total salt and protein in an
alkaline solution.38 Sunower seeds are planted mainly for their
474 | Sustainable Food Technol., 2023, 1, 466–483
great oil yield (50 percent). Mechanical, thermal, and chemical
treatments are used in the oil extraction process, which may
alter the nutritive value of sunower-based products. In most
cases, oil extraction is done in two processes. The rst process
involves mechanically cracking the kernels (with centrifugal or
pneumatic shellers or abrasion) in order to isolate the oil from
sunower seeds using screw presses or expellers.69 As a result,
a sunower deoiled cake with 15–20% oil is produced. Small
farmers in developed as well as developing nations employ
mechanical extraction techniques. Industrial-scale solvent
extraction boosts oil output and produces a defatted sunower
seed meal byproduct in the second stage. The endosperm cell
wall of sunower seeds is completely disrupted by adding
pressure followed by n-hexane extraction, which facilitates
enzyme activity and thereby increases digestibility.70
3. Protein extraction techniques

In recent times, health, ethical, and/or religious priorities have
increased public attention to the use of plant proteins as
a preferred alternative to animal-based protein products.33

Therefore, the extraction and isolation of plant proteins are very
important to meet the growing demand. However, the plant
protein is strongly trapped in the cell wall of the lament and the
intracellular matrix of the cotyledon, which accounts for its
under-usage. Therefore, there is a need for efficient technologies
capable of disrupting plant cell integrity and assisting in protein
extraction.71 Traditional/conventional (water, salt, solvent,
detergent, alkali) and non-traditional/non-conventional (micro-
wave, pulsed electric eld, enzyme assisted, high pressure,
homogenization, ultrasound) techniques are used for extraction
of proteins from plant sources (Fig. 3) (Table 3).

Conventional methods may occasionally cause reduced
extraction yields because of protein degradation. Several vari-
ables, including extraction time, solvents, pH, and temperature
affect the yield of extraction of protein from the source. As
a result, researchers are concentrating increasingly on non-
thermal green methods to improve extraction efficiency and
minimize protein degradation during extraction (Table 3).

While few hazardous chemicals and solvents are used, these
processes have no negative environmental effects, and the
produced proteins are also safe to consume. Utilizing cutting-
edge protein extraction methods can improve protein produc-
tion and its nutritionally and technologically useful character-
istics. But since they are economically viable, many sectors
continue to use traditional approaches. However, due to
economic sustainability, many industries still depend on
conventional methods.72
3.1. Alkaline extraction/isoelectric precipitation technique

The alkaline extraction/isoelectric precipitation technique
seems to be the most popular approach for extracting protein
from plant sources because it is uncomplicated and inexpen-
sive. Alkaline solubilization and subsequent isoelectric precip-
itation is a frequently used technique to recover proteins from
low-value food sources. This technique is efficient, provides
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Methods for extraction of proteins.

Table 3 Different techniques for extraction of plant proteins

Types of plant protein Extraction techniques Benets Ref.

Soy protein �Enzyme assisted extraction �Protease may improve the solubility of soy proteins 111
�Ultrasound-assisted extraction �Improvements in protein extraction yields
�High pressure homogenization �Improved extraction yields from soybean processing

materials
Pea protein �Alkaline extraction or isoelectric

precipitation
�Simple step process 33

�Salt extraction and micellization �Less cost
Rice protein �Alkali extraction �Using alkali solution in rice bran protein extraction,

protein yield increases with increasing pH
112

�Enzymatic extraction
Sunower protein �Ultrasonic-assisted protein extraction �Reduce power consumption, shortened extraction

time and improved protein extractability and
functionality

113

Pumpkin protein �Microwave assisted extraction �Extraction yield 93.95% 114
�Polyethylene glycol (PEG) 200-based
deep eutectic solvent (DES)
concentration

Peanut protein �High pressure assisted extraction �Peanut protein isolate extraction yield of 39.86% as
compared to 16.84% yield in control

115

Mushroom protein �PEF assisted protein extraction �61% increase in comparison to only pressure
extraction

116

Watermelon protein �Ultrasound-assisted extraction method �87% with enhanced functional properties and amino
acid prole

117

© 2023 The Author(s). Published by the Royal Society of Chemistry Sustainable Food Technol., 2023, 1, 466–483 | 475
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maximum recovery, and produces functional, stable proteins
that are lipid-free.73 The alkaline extraction based isoelectric
precipitation technique depends on the dissolution of proteins
in an alkaline medium. Proteins are then precipitated at an
isoelectric point (pH 4.5). Globulin is mainly extracted by this
method because globulin and albumin have different isoelectric
points.74

Previous studies have shown that the yield of isolated
proteins increases with an increase in pH levels to 10.0 and
above. The protein extraction capacity of pigeon pea and
cowpea increased from 35.1 to 58.1% and 36.4 to 53.5%,
respectively, when the extraction pH was adjusted from 8.5 to
12.5.75 In another study, it was observed that pea protein
recovery increased from 49.20% to 57.56% when the alkaline
extraction pH was increased from 8.5 to 9.5. However, the
increase in extraction pH facilitated the formation of protein
aggregates which reduced the percentage of solubility of pea
protein but did not affect the secondary structure of the
protein.76 Nonetheless, during protein extraction, highly alka-
line conditions caused signicant protein denaturation.
Therefore, a balance between increased protein yields and the
degree of denaturation must be taken care of. On the other
hand, the increased temperature and longer extraction times
help proteins to be more easily extracted. However, a rise in
temperature may also bring about precipitation and thermal
denaturation of proteins. Thus, room temperature or much
higher temperatures are advisable for protein extraction.76–78

According to a study carried out by Tanger et al.,74 the precipi-
tation step mainly affects the protein composition of pea
protein. In a recent research on hemp protein isolate it was
found that the composition of protein subunits and structural
properties of proteins are greatly affected by the technique used
for extraction. Alkaline extraction of hemp protein isolate
resulted in a greater percentage of b-sheets (54.46%) as
compared to the salt extraction method (52.65%). In contrast,
the salt-extracted hemp protein isolate showed better func-
tionality as compared to the alkaline-extracted protein. Besides,
the salt extraction of hemp protein is benecial in the context of
solubility, heat stability, and emulsion activity.79
3.2. Ultrasound-assisted extraction (UAE)

The ultrasound waves applied to improve the extraction effi-
ciency are mainly in the range of 20 to 1000 kHz. Ultrasound
waves are muscle waves that travel by the target matrix through
compression and are rare. The propagation/transmission of
these waves leads to negative pressure in the solvent, and when
the higher intensity sound wave pressure propagates through
the solvent, the formation of microscopic pores or bubbles
arises. When these spaces/voids or bubbles are packed with gas
or water vapor, bubble growth and contraction occur until they
collapse, causing cavitation.78,80 It has recently been acknowl-
edged that UAE is an environment-friendly, clean, and signi-
cantly novel technology in the food science area. It can be used
either as a pretreatment method beforemore traditional ones or
merged with other innovative methods such as microwave-
assisted techniques, vacuum-based techniques, or enzymatic
476 | Sustainable Food Technol., 2023, 1, 466–483
extraction methods. The main goals of ultrasonic protein
extraction are to minimize extraction time, energy costs, and
solvent consumption, produce more homogeneous mixtures,
increase energy transfer rates, reduce temperature gradients,
provide selective extraction, reduce device size, and enable
faster response and better process control. UAE is commonly
used in this context to extract proteins from plant and animal
sources, increasing extraction yield by approximately 20%
compared to traditional methods. Additionally, studies have
observed the inuence of the UAE on the technological func-
tional aspects of isolated proteins. Hydrogen bonds and
hydrophobic interactions across proteins are impacted by
ultrasound cavitation. As a result, the techno-functional char-
acteristics are improved.81 Nevertheless, depending on the plant
source, longer and stronger sonication strength may result in
lower protein yields.10

However, if ultrasound is applied to support protein extrac-
tion, there are certain disadvantages such as its ability to
change the structure of the protein, cause denaturation of
protein and affect the protein's functional effect (reduced
emulsication as well as foaming), particularly in the context of
high power and prolonging the sonication time. Alternatively,
amino acids can be modied with sulydryl and phenolic
residues to develop new covalent bonds between proteins.82,83 A
recent study found that sonication pretreatment did not
signicantly increase the hydrolysis of defatted wheat germ
protein. Changes in protein structure were recorded aer
sonication pretreatment, demonstrating that ultrasonication
degrades proteins and affects the exposure of hydrophobic
amino acid residues in proteins.78

Despite protein extraction, some studies showed that high-
intensity ultrasound technology successfully reduced the aller-
genic potential of soy protein isolates by 18.9%. Usually, the
allergenic potential of the soy protein can be minimized by
using procedures that modify the structure of allergens, causing
them to become less accessible to antibody receptors.84 Ultra-
sound can induce modications in the physical and chemical
properties of proteins, including changes in their secondary
and tertiary structure, particle size, solubility, hydrophobicity,
emulsifying and foaming properties, water absorption capacity
(WAC), oil absorption capacity (OAC), viscosity, and gelation. An
improvement in the solubility of vegetable proteins may present
promising opportunities for the food industry as this can
positively affect other functional properties. Soy protein is the
most widely studied regarding ultrasound extraction, while
there is a lack of research on the use of ultrasound for extracting
proteins from other vegetable sources. Additionally, possible
negative effects of ultrasound extraction on the quality of
extracted proteins must be investigated to ensure their suit-
ability as raw materials or food ingredients.81
3.3. Enzyme-assisted extraction (EAE)

EAE is a reliable method for economically recuperating good
quality plant-based proteins and increasing protein extraction
yield. In this process, a rigid plant cell wall behaves as
a hindrance to the cell's protein extraction. Essentially, EAE
© 2023 The Author(s). Published by the Royal Society of Chemistry
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focuses on disrupting cell wall integrity by the enzymatic
breaking of components of the cellular wall (hemicellulose,
cellulose, and pectin).85 It provides different enzymes such as
protease for the extraction to boost the yield of proteins
extracted andminimize protein degradation. Protease increases
the yield of protein by separating protein from the poly-
saccharidal membrane matrix. Cell wall disruption facilitates
the release of cellular proteins. Aer releasing these proteins,
proteases break down high molecular weight proteins into
smaller, more soluble fractions, creating favorable extraction
conditions. Additionally, proteases work at an optimal pH to
avoid protein denaturation. A typical dose of 1–5% g of protease
or ml enzyme per g substrate dose is considered optimal for the
extraction process. Furthermore, the use of enzymes can also
prevent the formation of complexes between released proteins
and various cellular substances such as carbohydrates and
phytic acid under precise physiological conditions.86

Protease works at ideal pH to prevent protein denaturation.
For many extraction techniques, a typical concentration of 1–
5% g or mL of enzyme per g protease substrate is optimal.
Under specic physiological conditions, these enzymes can also
prevent the formation of complexes between the produced
proteins and various cell-based components such as carbohy-
drates and phytates.10,75 Furthermore, the combination of EAE
with mechanical treatments such as ultrasound and microwave
improves yield as well as the quality of protein extracts.
Commercially available protein concentrates usually consist of
proteins liqueed in an aqueous environment. Hence, water is
the preferred solvent to improve extraction yield in enzyme-
assisted aqueous protein extraction.10
3.4. Microwave-assisted extraction (MAE)

Microwave-assisted extraction (MAE) is the other non-
conventional/green method of protein extraction.10 Generally, it
is the most commonly utilized technique for solid-liquid-based
extraction in microwave treatment because of its effectiveness,
practicality, and affordability. Less requirement of solvent and
minimum extraction time are the major advantages of this
technology. The process produces a lot of thermal energy, which
degrades heat-labile bioactive chemicals and renders them
ineffective for extracting proteins. To effectively extract the plant
proteins, another option is to use short microwave pulses or to
optimize the microwave's input characteristics.10,77

Microwaves are typically non-ionizing electromagnetic radi-
ation with frequencies in the range of 300 MHz to 300 GHz.
Microwaves heat the sample through the interaction of dipole
rotation and ionic conduction, breaking the hydrogen bonds
present in the cell walls of the plant matrix. This reaction
increases cell wall porosity and facilitates solvent penetration
into the cell, allowing the effective release of intracellular plant
constituents into the solvent system.7,87

MAE has numerous benets over conventional thermal
protein extraction methods, such as uniform ow of heat, faster
extraction rate, reduced solvent consumption, and shorter
extraction time.88 Minimal time of extraction and low solvent
requirements are the main advantages of the microwave
© 2023 The Author(s). Published by the Royal Society of Chemistry
method. The continued use of microwaves with different
physical or biochemical methods can enhance the efficiency of
protein extraction. Based on the scientic literature, researchers
recommend using microwaves to extract proteins from biolog-
ical samples with hard structures that are difficult to digest by
enzymes and ultrasound.10 A study done by Choi et al.89 showed
an around 58% upsurge in protein yield from soybean using
microwave heating at a frequency, temperature, time, and water
to solid ratio of 2450 MHz, 60.1 °C, 30 min and 12.6 mL g−1,
respectively in comparison to the hot water extraction process.
Furthermore, Phongthai et al.77 reported 1.54-fold greater
protein yield bymicrowave extraction at a power of 1000W, time
of 90 s, and solid-to-liquid ratio of 0.89 g rice bran/10 mL of
distilled water as compared to the alkaline extraction process.
The possible benets of using microwave-assisted extraction
(MAE) to extract soymilk from soybeans have been explored.
Compared to traditional extraction methods, MAE resulted in
a signicant increase (p < 0.05) in both the extraction yield
(24%) and protein content (44.4%) of the soymilk. In addition,
the protein characteristics of the extracted soymilk, such as
protein solubility and digestibility, also exhibited signicant
improvement (p < 0.05) over traditional methods.90
3.5. Pulsed electric eld (PEF)-assisted extraction

Pulsed electric eld processing (PEF) is a completely new tech-
nique that does not use heat to extract proteins from plant
membranes. This new protein extraction technique involves
exposing the plant material to a number of intense pulses of
electric elds between 10 and 80 kV cm−1 for short periods of
time from a few microseconds to several milliseconds. During
this process, a vegetative matrix is received between the two
electrodes, and a transmembrane voltage is generated across the
cell membrane, which depends on the electric eld strength, the
radius of the cell, and the position of themembrane compared to
the direction vector of the electric eld.91

Basically, PEF is used for the preservation of food, inactivation
of microbes and enzymes, chemical reaction enhancement, and
protein extraction from cellular membranes. Utilizing rapeseed
biomass such as stems to extract proteins as well as polyphenols
making use of a hydraulic press magnied the yield of protein
from the extracted juice aer PEF pretreatment in comparison to
the untreated sample.92 On a comparative note, this approach is
less effective than other non-traditional ways of producing
higher protein yields. More proteins are recovered during PEF
extraction at low temperatures, longer pulse durations, and
stronger electric elds. To extract proteins in their natural
condition, it is further necessary to modify the PEF input vari-
ables. In comparison to traditional thermal treatments, it is
a promising method since the quality of the protein is mostly
unaffected both during processing and storage time.10
4. Application of vegetable proteins
in the food sector

Proteins including texture proteins, concentrates, isolates, or
hydrolysates are a group of food ingredients with many
Sustainable Food Technol., 2023, 1, 466–483 | 477
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applications in the food industry, especially those of plant
origin.81 The variety of plant protein sources provides the food
industry with a wide variety of proteins to choose from to ach-
ieve desired structural, organoleptic, and nutritional properties.
Plant proteins have been used for a variety of reasons, including
providing the specic essential properties and structural basis
to the products to which they are added, in addition to their
apparent nutritional value in food products. Proteins are oen
expected to offer physical stability and attractive usability
properties such as desired texture, consistency or viscosity when
it comes to desirable properties provided to food systems.6

Microbial transglutaminase is used to texture and modify
vegetable proteins for food applications. For several years now,
microbial transglutaminase (MTG) isolated from Streptomyces
mobaraensis has been marketed. MTG induces intramolecular
and intermolecular cross-links between glutamine-carboxyl
amide groups and lysine-amino groups in proteins. MTG is
mainly used to improve soness, stability, and water-binding
capacity due to its remarkable ability to improve many func-
tional aspects of proteins. MTG's use of plant-based protein
meals, including tofu, noodles, bread and pies, remains limited
to the raw ingredients of soybeans and wheat. This review aims
to demonstrate the true potential of MTG in plant protein food
processing to open new doors for the application of MTG. New
plant protein sources suitable for cross-linking with MTG have
received special attention.93

There is a combination of existing and alternative technol-
ogies to promote oilseed and pulse proteins in food applica-
tions. The constant growth of the world's population leads to an
increase in the total demand for protein, which is mainly met by
plant sources. Existing and new wet and dry fractionation
methods will have to be integrated to better value the vegetable
protein fractions of legumes and oilseeds to meet these global
nutritional needs. The intrinsic properties of soy protein,
coupled with ongoing R&D efforts since the mid-20th century,
have contributed to the worldwide success of soy protein
isolates.

Accordingly, soybean protein can be used to develop protein
isolates. Besides, a variety of legumes and oilseed meal, such as
rapeseed, have been recognized as a novel food protein.
Legumes like mung bean seeds contain approximately 20.97–
31.32% protein, while soybeans and kidney beans have protein
contents of 18–22% and 20–30%, respectively.38 The effective
functional and thermal mungbean peptide properties can be
applied to enhance functionality in food processing applica-
tions. For instance, the emulsifying properties of proteins help
stabilize emulsions, beverages, or foams to extend the shelf life
of foods.94 In addition to the high level of protein content, the
antioxidant activity of kidney bean hydrolysate was observed to
be greater than that of ascorbic acid, which is used commer-
cially in the food sector. The digestate was able to inhibit
oxidant development in yogurt at a usage rate of 3 g L−1 for the
period of storage at ambient room temperature for 3 days.95

Agribusinesses and universities need to merge their skills to
improve the supply of plant-based protein. However to explore
the possibilities of usage of legumes and oil-based proteins,
innovative and determined R&D projects must be initiated,
478 | Sustainable Food Technol., 2023, 1, 466–483
especially (i) the development of oil extraction processes that
preserve the natural structure of proteins; (ii) development of
new protein extraction processes from the laboratory to the
industrial pilot scale; (iii) production of plant protein isolates
with foaming, emulsifying or gelling functions equivalent to
those of animals; and (iv) generation of highly digestible
hydrolyzed proteins. It is also essential to initiate research
programs to innovate in the wet and dry fractions of plants or to
design in vitro models to analyze the digestibility and allerge-
nicity of proteins.96

For more than 25 years, membrane technology has been an
important tool in food processing. The food industry accounts
for a signicant portion of the global lm industry's revenue.
The dairy industry (whey protein concentration, milk protein
standardization, etc.) is the most common application of
membrane operation, followed by beverages (wine, beer, fruit
juices, etc.) from eggs. Among the many industrial-scale appli-
cations, several major separation methods represent the latest
breakthroughs in food processing. Microltration or ultral-
tration of fruit, vegetable and sugary juices can simplify ows,
make the process cleaner and increase the quality of the nal
product. Vegetable proteins can be converted into beverages by
enzymatic hydrolysis and selective ultraltration. The matura-
tion and fermentation tank bottom recovery has been used
industrially in the beer industry. Microltration membranes
have made signicant progress in raw beer clarication over the
past decade, which is the biggest challenge in technology.
Cascade microltration (pore diameter 0.2 mm) is an electro-
lytic method used in the wine industry to ensure clarity,
microbiological stability and tartar. Bacterial removal and
globule fat fractionation frommilk using microltration for the
production of drinking milk and cheese milk have been
described in the dairy sector.97

Cereal proteins are utilized for a number of reasons in the
food industry. Wheat is a commonly consumed cereal grain that
contains gluten protein which is used for its excellent visco-
elastic activity.46 Additional wheat proteins are less commonly
utilized as a base for making meat substitutes. Rice is also
utilized for enhancing the rmness of meat-based foods such as
sausages while increasing consumer acceptance.98 Some pseu-
docereals are also rich sources of proteins. Amaranth, a pseu-
docereal containing high protein content of 14%, is effectively
applied as a binder in the formulation of sausages. Quinoa is
another pseudocereal utilized inmeat-based foods.99 It contains
about 8% protein; quinoa is highly nutritious and contains all
nine essential amino acids. Quinoa is used in meat-based foods
for improving their water retention properties and decreasing
toughness, which had a positive impact on the organoleptic
attributes of meat-based foods.100

With the advanced research, several oilseeds are utilized as
a protein source in the food sector. Both the seeds and meal of
the oilseed contain good amounts of protein with balanced
content of essential and sulfur-containing amino acids. Usually,
the oil plants that are utilized as sources of protein include
soybeans, axseed, pumpkin seeds, chia seeds, milk thistle,
hemp seed, sesame, cottonseed, nigella seeds, safflower seeds,
evening primrose etc.101 Additionally, the proteins obtained
© 2023 The Author(s). Published by the Royal Society of Chemistry
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from oilseeds add to the functional attributes when combined
with specic foods. This relates to the viscosity, whipping
ability, emulsifying ability, and water–oil binding ability.
Among the oilseed proteins, soybean protein has high emulsi-
fying ability. The emulsifying ability of protein obtained from
thermally treated oilseed equals and is sometimes considered
superior to that of animal-based proteins.102,103
5. Challenges of vegetable proteins in
the food sector

The food industry is increasingly searching for plant protein
ingredients that are acceptable to consumers and can replace
animal-derived proteins.104 Plant-based protein is commonly
acknowledged to have lower nutritional value compared to
animal protein. This is due to differences in their amino acid
composition, digestibility, and capacity to convey essential
nutrients like calcium and iron. Furthermore, animal proteins'
technological attributes, like its ability to gel, emulsify, and
foam, which contributes to the texture and sensory qualities of
food, are generally deemed to be better than those of plant-
based protein.105 The factors that impact the digestibility of
protein can be divided into twomain groups: exogenous factors,
such as the presence of antinutritional factors, and endogenous
factors, including cross-linking, hydrophobicity, and changes in
protein secondary structure. Heat treatments can help reduce
the content of certain compounds that are heat labile, thus
improving the nutritional value of plant protein.106

The plant protein eld faces two signicant obstacles: nding
sources with nutritional value comparable to animal-based
proteins and developing innovative food processing methods
to improve the nutritional quality of conventional plant protein
sources. The ultimate goal is to create tasty, nutritious, healthy,
affordable, and convenient alternative protein products that
appeal to consumers in terms of cultural and sensory attributes
such as appearance, taste, texture, and avor.106 Plant proteins
are oen limited in their use in food products due to their
restricted physicochemical properties. For instance, their low
solubility makes it challenging to include them in beverages, and
their tendency to be compacted, aggregated, and inexible
restricts their ability to stabilize interfaces.105 To improve the
functionality of plant proteins, various methods can be used,
including enzymatic modication and physical food processing
technologies like extrusion, high-pressure processing, and high-
power ultrasound treatment. By controlling the hydrolysis
conditions, limited hydrolysis of proteins can be achieved using
protease enzymes, which catalyze the hydrolytic break at peptide
linkages and produce smaller peptide units that are more water-
soluble and have increased amphiphilicity. Commercially,
extrusion technology is used to create brous structures from soy
proteins, gluten, and mixtures of plant proteins. During the
extrusion process, the alignment of protein molecules allows
them to form thin laments or microbrils that combine to
create a macroscopic brous structure. When the brous strands
are hydrated, they give a laminated, eshy appearance that
resembles the texture of meat.107
© 2023 The Author(s). Published by the Royal Society of Chemistry
6. Conclusion

Plant proteins are an economical and versatile alternative to
animal proteins because of their eco-friendly nature. Nowadays,
leguminous, cereal and oilseed proteins are utilized as a source
of plant-based proteins. Plant protein-based food products rich
in plant protein help in body and tissue development for those
who follow a vegetarian dietary regime. In addition, due to the
growing consumer awareness of the shortcomings of animal
proteins, today's research is engrossed in the cost-effective
utilization of plant proteins so that they can be better applied.
For effective use of plant proteins, energy-efficient protein
extraction techniques are required. Scientists today are aiming
at non-thermal green technologies (microwave, ultrasound,
pulsed electric eld, enzyme assisted etc.) to improve extraction
efficiency and reduce proteolysis during extraction. These novel
techniques have no detrimental impact on the ecological
system and the resulting proteins are safe for human use with
only small quantities of toxic chemicals and solvents being
used. Moreover, not only are food products being developed by
using plant proteins, but edible and biodegradable packaging
materials are also being developed using protein.
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