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olysaccharides, proteins, and
mucilage: extraction, modification of properties,
and their application in food

M. Geethalaxmi, C. K. Sunil * and N. Venkatachalapathy

Tamarind seeds, a by-product of the tamarind processing industry, are an excellent source of vital fats and

amino acids and they also contain a good amount of carbohydrates and proteins. Apart from their

nutritional importance, tamarind seeds are frequently utilized as hydrocolloids due to their capacity to

interact with water to form networks and change the rheological properties of food systems.

Polysaccharides, proteins, and mucilage are extracted from tamarind seeds using conventional and non-

thermal processing techniques (high-pressure processing, sub-critical water extraction, ultrasound,

electron beam, gamma irradiation, microwave, and enzyme-assisted extraction). Process conditions

significantly contribute to the structural and techno-functional alteration of extracted polysaccharides,

proteins, and mucilage. In a variety of food items, including bakery, dairy, confectionery, frozen desserts,

beverages, meat, seafood, and so forth, the proteins, mucilage, and polysaccharides derived from

tamarind seeds are used as hydrocolloids for stabilizing, thickening, emulsifying, foaming, gelling, and

other purposes. The primary focus of this review is on the various extraction methods of tamarind seed

polysaccharides, mucilage, and proteins as well as their influence on structural, physicochemical, and

techno-functional properties and their application as hydrocolloids in different food products.
Sustainability spotlight

Tamarind seeds, a by-product of the tamarind processing industry, are an excellent source of vital fats and amino acids and they also contain a good amount of
carbohydrates and proteins. Apart from their nutritional importance, tamarind seeds are frequently utilized as hydrocolloids due to their capacity to interact
with water to form networks and change the rheological properties of food systems. The proteins, mucilage, and polysaccharides derived from tamarind seeds
are used as hydrocolloids and have various applications in food. As a food by-product and a source of fats, proteins and carbohydrates, their valorisation can be
explored for the development of different products and application as an ingredient in food. This aligns with the UN SDGs of promoting good health and well-
being as well as responsible consumption and production.
1. Introduction

The word hydrocolloid originates from Greek, where ‘hydro’
implies water, and ‘kola’ implies glue. An alternative name for
hydrocolloids is “food gums”. Hydrocolloids belong to the
broad family of long-chain polymers, such as proteins and
polysaccharides, characterized by their capacity to form gels
and thick, sticky dispersions in water. The hydroxyl groups
present increase the affinity of hydrocolloids for hydrogen
bonding, allowing them to conne water molecules and transfer
them into hydrophilic or water-soluble substances. The result-
ing dispersion between the true solution (particle size less than
1 nm) and suspension (particle size greater than 100 nm)
exhibits colloidal quality. These two qualities give rise to the
al Institute of Food Technology and

avur, Tamil Nadu 613005, India. E-mail:

24, 2, 1670–1685
terms “hydrocolloids” or “hydrophilic colloids”.1 Hydrocolloids
were developed to be utilized in food systems as stabilizers,
thickeners, gelling agents, emulsiers, and other applications.
The main reason for the extensive application of hydrocolloids
is their potential to form networks with water and modify
rheological properties in food systems. In food systems, this
comprises two primary properties, i.e., viscosity or ow behavior
and texture. Hydrocolloids are used as food additives with
specialized functions since modifying these two aspects of the
food system helps to modify the sensory qualities.

Hydrocolloids are categorized into three groups based on the
source of origin: natural, synthetic, and semi-synthetic. Natural
hydrocolloids are water-soluble polymers derived from naturally
occurring sources, such as animals (caseinate, gelatin, protein
obtained from egg white, and whey), plants (plant starch,
pectin, seeds, endosperm gum, trees, tuber, and tree gum
exudates), seaweeds (carrageenans, brown and red seaweeds)
and microbes (gellan gum, xanthan gum, curdlan, dextran, and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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cellulose). By modifying natural hydrocolloids, we obtain semi-
synthetic hydrocolloids, which are further classied into starch
derivatives (phosphorylated starch, hydroxypropylated starch,
and acetylated starch) and cellulose derivatives (carboxy methyl
cellulose, methylcellulose, microcrystalline cellulose, and
hydroxypropyl methyl cellulose). Petroleum-derived materials
are used in the chemical synthesis of hydrocolloids to create
a product that closely resembles naturally occurring
polysaccharides.2

In recent years, compared to hydrocolloids derived from
semi-synthetic and synthetic sources, hydrocolloids from
natural sources have been commonly used in food industries
due to various reasons like safety, health and nutritional
benets, quality attributes, functional properties and stability,
easy availability, cost-effectiveness, environmental safety, and
suitability for chemical and physical modications.2 Hydrocol-
loids can be produced from various non-traditional sources,
such as fruit, barks, leaves, mucilage, and seed extracts or
exudates.3–5 The effective use of biodegradable waste materials
or byproducts from food processing industries helps in
ensuring the maintenance of a clean environment, provides
C: K: Sunil
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a substitute to non-biodegradable materials, increases their
economic value by turning them into value-added products, and
produces commercially viable biomolecules that serve as an
additional means of disposing of and treating waste.2 One such
example is the extraction of mucilage, protein, and poly-
saccharides from tamarind seeds and their subsequent use as
a source of hydrocolloids. The conventional and various novel
extraction techniques for the utilization of tamarind seeds as
hydrocolloids in food are shown in Fig. 1.

Tamarindus indica is the taxonomic name for tamarind,
which is categorized under the Leguminosae or Fabaceae
family.6 It is claimed that Madagascar is the origin of tamarind.
The tamarind tree is more prevalent in Asia, South America, and
Africa, especially in India and Thailand.7 It is also grown in
countries like Malaysia, Myanmar, and Bangladesh. India
stands rst in the world in the production and export of
tamarind. The tamarind fruit, also known as the tamarind pod,
is the mature outer light brown layer. It covers so pulp that is
deep brown or reddish to purple and contains two to ten dark
brown seeds per pod. The attachment of seeds and pulp is
facilitated by a large ber network.7 The ripe tamarind fruit or
pod comprises 30 to 50% of pulp, 11–30% shell ber, and 25 to
40% of seed. The pulp is the most economical and frequently
used portion of the tamarind fruit. The primary composition of
pulp is pectin, reducing sugars, tartaric acid, tannin, cellulose,
and ber. The fresh, ripe tamarind seeds have the following
chemical composition: moisture content (20.15–24.50%), total
solids (65–77%), tartaric acid (15.84–20.16%), and ascorbic acid
(0.68–2%).6 Tamarind seeds are hard and glossy, with shapes
varying from oblique to rhomboidal, slightly attened, and
dicotyledonous with thick cotyledons. Physiochemical proper-
ties of tamarind seeds are shown in Table 1. Tamarind seeds
comprise testa, outer seed coat, which accounts for 20 to 23%
and the kernel, also known as the endosperm, which consti-
tutes 70–75%. The seeds also contain a good amount of proteins
(13 to 20%), carbohydrates (50 to 57%), and fats (4.5 to 16.2%).
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Fig. 1 Extraction techniques for utilization of tamarind seeds as hydrocolloids.
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The ber is mainly found in the seed testa, which constitutes
about 20%, and it also contains 20% of tannins.9

The composition of fatty acids obtained from tamarind seed
kernel oil indicates the presence of fatty acids like oleic acid,
palmitic acid, behenic acid, eicosanoic acid, linoleic acid, and
lignoceric acid. The fatty acids help to prevent and control
various health problems like hypertension and heart and
circulatory system-related diseases; they also act as a remedy for
constipation and dysentery and exhibit antioxidant effects.6 The
quantity of essential amino acids, or necessary amino acids, is
appropriately balanced in tamarind seed protein. Excluding
a decit in a few amino acids, seeds have a good amount of
lysine, leucine, isoleucine, valine, phenylalanine, and methio-
nine.12,13 Tamarind seeds meet the requirement for three of the
eight amino acids which are essential compared to the World
Health Organization's protein content requirements. Addition-
ally, it has been discovered that decorticated tamarind seeds
have a signicant amount of pectin. Rutin, catechin, gallic and
ferulic acid are some of the major phenols and avonoids
present in tamarind seeds, which possess various properties
like antiviral, antimalarial, anticarcinogenic, and antioxidant
properties.15 The current review focuses on analysing various
extraction methods for tamarind seed polysaccharides, muci-
lage, and proteins as well as their inuence on structural,
physicochemical, techno-functional properties; it also explores
their application as hydrocolloids in different food products.
2. Tamarind seed polysaccharides

Plant seed polysaccharides can be broadly categorized into
three groups: non-starch endosperm components (like gal-
actomannans); mucilaginous seed coat constituents; and
endosperm cell wall material (like xyloglucans).16 Tamarind
seed polysaccharides (TSPs) are obtained from the seed
1672 | Sustainable Food Technol., 2024, 2, 1670–1685
endosperm, where xyloglucan is the fundamental constituent of
polysaccharides found in the seeds.17 Xyloglucan is the chief cell
wall component in higher or vascular plants. In tamarind seeds,
it acts as a repository polysaccharide.18 TSP is a high molecular
weight galactoxyloglucan that contains glucose, xylose, and
galactose in the 3 : 2 : 1 ratio. TSP consists of a b-(1-4)-D-glucan
backbone with side chains of b-D-xylopyranose and b-D-gal-
actopyranosyl.19 The unique physiochemical characteristics of
polysaccharides derived from tamarind seeds in liquid solu-
tions include Newtonian ow behavior under practical condi-
tions; gelling and thickening properties aided by alcohol,
polyphenol, and sugar; stability or tolerance against acid, salt,
heat, and mechanical shock; and good water retention
capacity.17 TSP is used more widely in the food industry as
hydrocolloids in various food products and other applications
because of its enhanced stability.19

2.1 Tamarind seed mucilage

Glycosidic linkages, glycoproteins, and bioactives mainly
connect monosaccharides and uronic acids to form a complex,
water-soluble polysaccharide known as mucilage.20 Mucilage,
which constitutes around 72% of the seed content of tamarind,
is primarily made up of polysaccharides but also includes
chemical compounds that have positive effects on health.21

Glucose, galactose, and xylose are the primary polysaccharides
that make up tamarind seed mucilage (TSM), which has
a molecular weight ranging from 700–880 kDa.22–24

In TSM, the dry basis contents of protein, carbohydrates, fat,
and ash are 14.78%, 79.76%, 4.76%, and 0.70%, respectively.24

TSM is an inexpensive food ingredient since it has high
concentrations of several important amino acids, including
valine, phenylalanine, leucine, lysine, methionine, and isoleu-
cine.24 According to Chiang et al. (2021)25 the lipid fraction of
mucilage can hold oil, whereas the protein and dietary ber
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physicochemical composition of tamarind seeds

Composition References

Physical composition
Length (mm) 10.59 8
Breadth (mm) 8.84 9
Seed coat (%) 20–23
Seed kernel (%) 70–75

Proximate composition
Moisture (%) 10.75 10
Carbohydrate (%) 53.66 11
Protein (%) 23.06
Fat (%) 4.30
Fibre (%) 7
Ash (%) 2.6

Amino acid content (g/100 g of protein)
Aspartic acid 12.3 12
Glutamine 16.9
Serine 5.6
Glycine 5.3
Histidine 2.3
Arginine 7.2
Threonine 3.2
Alanine 5.0
Proline 4.6
Tyrosine 4.6
Valine 4.9
Methionine 1.8
Isoleucine 5.0
Leucine 8.5
Phenylalanine 5.1
Lysine 7.6
Cysteine 1.7

Fatty acid content (mg per dry weight)
Palmitic acid 0.54 13
Stearic acid 0.17 10
Oleic acid 1.07
Linoleic acid 1.65
Gamma-linolenic acid 0.014
Arachidic acid 0.064
Eicosadienoic acid 2.12
Eicosenoic acid 3.13
Behenic acid 0.39
Lignoceric acid 0.51

Mineral content (mg/100 g)
Calcium 285.66 11
Magnesium 86.43 14
Potassium 30.53
Sodium 12.63
Phosphorous 165
Copper 18.97
Zinc 3
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fractions exhibit their water affinity and gel-forming capabil-
ities.20 It has physicochemical, thermal, rheological, and func-
tional properties, which make it suitable for use as an
emulsifying agent and wall material in the process of encap-
sulating bioactive lipophilic compounds. The mucilage extrac-
ted from tamarind seeds has drawn a lot of interest and
attention from the scientic community in recent years.22
© 2024 The Author(s). Published by the Royal Society of Chemistry
The extraction techniques are classied into two groups:
conventional and novel methods. The impact of different
extraction methods on the rheological, functional, and struc-
tural characteristics of seeds was investigated. Several proce-
dures, such as dehulling, pulverizing, fat and protein
separation, dehydration, etc., are required for the TSP or xylo-
glucan separation from tamarind seeds. Table 2 summarizes
the effect of different extraction methods on the structural and
functional properties of TSP, while Table 3 outlines their impact
on color properties.
2.2 Conventional methods of TSP extraction

2.2.1 Hot water extraction. The polysaccharides present in
tamarind seeds are water-soluble. Hence, extraction is done
using hot water.36,37 Before the polysaccharides are extracted
from the seeds of tamarind, the detached seeds are cleansed
using water and then dried under the sun or by mechanical
means like a cabinet dryer or hot air oven.37 Various simple
pretreatments like roasting, soaking, boiling, and autoclaving
are done to loosen the seed coat or testa easily and to separate
the endosperm for further processing steps. The endosperm is
crushed with a hammer, pin, or attrition mill aer removing the
seed coat to make tamarind seed kernel powder (TKP). Low
purity was observed when the entire tamarind seed, including
the testa, was utilized to extract polysaccharides.

The polysaccharide extraction involves mixing TKP with
distilled water and then boiling it at 100 °C for a set time (20
min). The mixture is centrifuged (5000 rpm for 20 min) aer
being le overnight. The obtained supernatant is transferred to
methanol/ethanol (95%) and continuously stirred. The nal
solution's pH (5) is adjusted, and the resulting mixture is
centrifuged (5000 rpm for 5 min) before extracting the precipi-
tated xyloglucan. The precipitated xyloglucan is dried (50 °C for
4 h) using a tray dryer and then ground using a simple grinder.18

This approach is limited to extracting polysaccharides outside
cells since it cannot break the material's cell wall. This extrac-
tion method is the most widely utilized because of its simple
procedure, although it requires a signicant amount of time
and energy.26,38

2.2.1.1 Purication. Precipitation is a key factor in poly-
saccharide purication since it helps to remove impurities and
improve bulk stability. Polysaccharide precipitation involves the
intermolecular interaction of alcohols and organic solvents.
The drop in the polysaccharide dielectric constant leads to
alterations in the molecular organization, causing molecules to
cluster and precipitate.26 Crude polysaccharide purication also
involves removing released protein with the Sevage reagent,
which consists of chloroform and n-butanol in a ratio of 4 : 1;
this reagent helps to break down protein. At a specic temper-
ature (25 °C), the polysaccharide is combined with the Sevage
reagent and deionized water, and then the mixture is centri-
fuged (7000 rpm for 15 min) at ambient temperature. The
supernatant is removed, and the process is repeated until the
protein layer disappears. Following centrifugation, the poly-
saccharide is found at the top, followed by the protein, and
nally, aer repeating the process, the protein layer diminishes.
Sustainable Food Technol., 2024, 2, 1670–1685 | 1673
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Ethanol is used to precipitate the gathered polysaccharides,
which are dissolved in an aqueous solution, i.e., water and
dialyzed (MW 3500 dalton) with tap water ow for two days and
deionized water for twelve hours. Then, the lyophilization
procedure is used for TSP production.39

2.2.2 Soxhlet extraction method. The boiling and
condensing mechanism used in the Soxhlet extraction process
involves heating the solvent or dissolving agent to its boiling
point rst, and then allowing the vapor to condense and fall
onto the ground material contained in the thimble.26 The TSP is
extracted under reux using water as a solvent in the conden-
sation system. The dissolving agent temperature (70 °C) and the
extraction time (6 h) are maintained during the extraction
procedure. Water is used as a dissolving or extracting agent for
tamarind polysaccharide extraction. The resulting concentrated
extract is cooled (4 °C) aer being compressed using a cheese-
cloth. The precipitation step (15 min) involves mixing the
extract and alcohol (in a 1 : 2 ratio) and leaving it undisturbed (2
h) for ner precipitation of the polysaccharide, followed by
clarication, ethanol washing, and pressing. The obtained TSP
in the pressed form is dehydrated utilizing a hot air oven (35 to
40 °C) and then pulverized.26,27 In certain instances, tamarind
seed powder is rst rendered fat-free, and the resulting defatted
tamarind seed powder (DTKP) is then used to extract poly-
saccharides using a hot water extraction process followed by
purication, resulting in the production of water-soluble TSP.37
Table 2 Effect of different polysaccharide extraction methods on struct

Method Processing conditions

Conventional method
� Hot water extraction Heating at 100 °C/20 min; 5000 rpm for

20 & 5 min; tray drying at 50 °C/4 h
� Soxhlet extraction Temperature 70 °C for 6 h; hot air oven

drying at 35–40 °C
High pressure
processing

Pressure – 0, 125, 250, 500 MPa; time 5 to
15 min

Subcritical water
extraction

Temperature 100, 125, 150, 175, 200 °C

Microwave assisted
extraction

(1) Power – 850 W; time 120, 150, 180 &
210 s
(2) Power – 850 W; time 120 s; soaking for
2, 3, 4 & 8 h; hot air oven drying at 80 °C/
8 h, 90 °C/2, 4, 6, 8 h and 100 °C/2, 4, 6, 8
h

Enzyme – ultrasound
assisted extraction

Protease concentration 0.48 U mL−1;
amplitude 25%, 50% (0.5, 1 watt cm−3);
time 15 or 30 min

Gamma irradiation
method

Source – cobalt-60 gamma irradiator;
dosage – 0, 5, 10 kGy; dose strength – 11.1
PBq; dose rate – 10 kGy h−1

Electron beam method Beam current – 1 mA; beam power – 570
kW; distance – 50 cm (from source);
thickness – 3 mm

1674 | Sustainable Food Technol., 2024, 2, 1670–1685
2.2.3 Effect of conventional extraction methods on prop-
erties of tamarind seed polysaccharide. The polysaccharide
extracted from tamarind seeds using ethanol and deionized
water as a precipitating agent exhibited a light brown or cream
color; the polysaccharide is soluble in hot water and insoluble
in organic solvents like acetone, benzene, ethanol, and meth-
anol, and it gels in cold water by swelling.33 The light brown or
cream color may be due to polyphenol oxidase enzyme deacti-
vation since it is sensitive to heat during the boiling step.28,29

Reduced viscosity resulted from the temperature increase
because, viscosity is controlled by the forces of attraction
between molecules, which are directly dependent on tempera-
ture, size, shape, composition, and kinetic energy. Fluids
require some energy to reduce intermolecular force, which is
obtained by increasing the system temperature, giving energy to
uid molecules.33 Surface tension declines with an increase in
temperature due to increased molecular kinetic energy with the
temperature rise, leading to decreased intermolecular force
strength.33,40 The percentage of moisture in the derived poly-
saccharide, which is considerably low (range of 7.5%), makes it
suitable for use in hygroscopic formulations. The enhanced
nutritive and textural characteristics were observed due to an
increase in water-holding capacity, which contributes signi-
cantly to the development of functional foods.37 The excellent
swelling index indicates that the isolated TSP has a high water
intake capacity. The different physical and functional properties
ural and functional properties

Structural & functional modications References

Reduced viscosity and surface tension 18

Enhanced WHC, swelling index, free
owability and thermal stability

26 and 27

Enhanced viscosity and WAI 28
Reduced WSI
Reduced viscosity, pasting property,
molecular weight, and WAI

29

Enhanced WSI
Stiffer, tightly packed gel structure 30

Reduced apparent viscosity

Reduced molecular weight and ow
behavior index

31

Enhanced elasticity and consistency
coefficient
Reduced molecular weight, interlinkage
between ber bunches, radical
scavenging and antioxidant capacity

32

Enhanced at sheet like structures
Reduced molecular weight 32
Enhanced radical scavenging ability,
antioxidant capacity

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Impact of various extraction methods on color properties of TSP

Methods Changes in color Reason References

Conventional method � Light brown or cream color Polyphenol oxidase enzyme
deactivation during the boiling step

28, 29 and 33

High pressure processing � Light color Deactivation of polyphenol oxidase
enzyme at a higher pressure level
(>200 MPa)

28 and 34
� Enhanced L*, a*, and b* values

Subcritical water extraction � Dark color Due to Maillard reaction and
caramelization which occur during
high-temperature extraction
(>100 °C)

29 and 35
� Reduced L*, enhanced a* and
b* values

� Light color Due to less exposure to heat
(<100 °C)� Enhanced L*, reduced a* and

b* values
Microwave-assisted extraction � Dark brown color Maillard reaction due to elevated

temperature and time
30

� Reduced L*, enhanced a*and
b* values
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of the obtained polysaccharide powder, such as bulk and tap-
ped density, Hausner's ratio, Carr's index, and repose angle,
disclosed that the powder has excellent free owability. The
reduced difference between the tapped and bulk densities
indicates the powder's superior owability, which depicts fewer
interactions between interparticles.33,41 Particle size and zeta
potential are two highly reliable indicators of the integrity of the
colloidal structure. The system's particle diffusion or scattering
is noticed when the particle size is smaller and the zeta
potential is more signicant, either positively or negatively.
Because of the purifying processes, the polysaccharide
produced from tamarind seeds had a negative zeta value, indi-
cating exceptional stability in the solution.39 Thermal stability
was demonstrated by the extracted polysaccharides, making
them suitable for the creation of edible lms. The differences in
the structural, and functional classes affect the thermal and
chemical sturdiness of the extracted polysaccharides.37,42
2.3 Novel methods of TSP extraction

Conventional extraction techniques have several shortcomings,
such as applying heat to the product, which alters its properties,
prolonged extraction time, more solvent absorption, and low
extraction efficiency. These shortcomings prompted the devel-
opment of novel extraction techniques that produce better
results and more desirable product attributes. The merits and
demerits of conventional and novel extraction methods of TSP
are shown in Table 4.

2.3.1 High-pressure processing method. Hydrostatic pres-
sure processing, or high-pressure processing (HPP), is an eco-
friendly, novel, non-thermal method, and as the name indi-
cates it operates at high or enormous pressure between 100 and
1000 MPa with a temperature less than 50 °C. Intracellular
elements leak out as high-pressure damages cell walls, which
increases mass transfer.26 The TKP is rst defatted at room
temperature using hexane as a solvent.28 The polysaccharide,
i.e., xyloglucan, is extracted at an intermediate pressure (0, 125,
250, and 500 MPa) for about a specic time duration (5 to 15
min). Following the high-pressure processing of the solution,
© 2024 The Author(s). Published by the Royal Society of Chemistry
the conventional methods are applied, such as the use of
protease enzymes to break down proteins, alcohol precipitation,
clarication, dehydration to turn the solution into powder,
pulverization, sieving, and lastly, storage (−18 °C).28

2.3.1.1 Effect of high-pressure processing on TSP properties.
The tamarind polysaccharide powder that was extracted under
high pressure had a light color that showed improvements in
lightness (L*), yellow (b*), and red (a*) color values. This is
because the polyphenol oxidase enzyme was deactivated during
extraction at a higher pressure of more than 200 MPa, which in
turn helped to prevent enzymatic browning.28,34 The viscosity
increases with a rise in pressure; this is because the damaged
plasma membrane leads to the release of xyloglucan along
extended molecular chains from the cell wall of the tamarind
kernel. This increases the solvent's capacity to enter cells,
accelerating the mass transfer rate.28,44,45 The high-pressure
extracted TSP exhibited less viscosity when compared with
conventionally extracted TSP. This could result from xyloglu-
can's molecular mass reduction aer high-pressure treatment.28

Compared to high-pressure extraction, the conventional
method involves high temperatures, which cause damage to the
tamarind seed kernel's cell membrane, thus releasing a longer
chain of xyloglucan molecules. The other reason is that under
high pressure, the disintegration of the hydrogen bonds
between molecules causes a reduction in viscosity through
xyloglucan chain disintegration.28

The TSP's water absorption index (WAI) increased as the
pressure increased. The increase in WAI is associated with
xyloglucan molecular weight; that is, higher molecular weights
have a greater capacity to absorb water, which causes an
increase in viscosity when dissolved in water. However,
compared with the conventional method, high-pressure
extraction had low WAI. This is because, in the conventional
method, high temperature is used for extraction.28 The water
solubility index (WSI) of high-pressure extracted poly-
saccharides was found to be lower than that of polysaccharides
obtained by the conventional method carried under atmo-
spheric pressure. This could be caused by a reduction in the
Sustainable Food Technol., 2024, 2, 1670–1685 | 1675
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Table 4 Merits and demerits of conventional and novel extraction methods for TSP

Extraction methods Merits Demerits References

Conventional methods � Simple procedure � Low extraction efficiency 26, 38, 28 and 43
� Low cost � More energy and time requirements
� Simple equipment � Low purity

� Absorption of solvent
� Heat-induced changes in the properties of TSP
� Environmental hazards and toxicological impacts

Novel methods � High extraction efficiency � High cost 26, 29, 28, 30 and 43
� Less energy and time requirements � Advanced equipment
� Low temperature � Dark color of extracted TSP

(subcritical water and MAE techniques)
� Ecologically sound
� Eliminates the requirement
for hazardous solvents
� Enhanced purity
� Non-toxic
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surface area available for binding water due to the denser
structure of xyloglucan resulting from high pressure.28,29

2.3.2 Subcritical water extraction method. Subcritical water
stands for the term hot water that is maintained in a liquid state
at temperatures between 100 and 374 °C by applying high
pressure.29,46 Other terms for the subcritical water extraction
method are superheated water extraction or pressurized hot
water extraction. The enhanced mass and heat transfer rate are
achieved by maintaining water under critical pressure and
temperature process conditions.26,47 The rate of solvent ow,
extraction pressure, time, temperature, and ratio of solvent
solution are the factors that impact the extraction process.
Compared to other methods of extraction, subcritical water
extraction is less expensive, ecologically sound, and more effi-
cient since water is employed as a solvent.26 The applications of
subcritical water include hydrolysis, extraction, and trans-
formation of carbohydrates into valuable components.29,48 The
high temperature of water and its subsequent physicochemical
changes, such as increased vapor pressure, enhanced mass
transfer rate, improved diffusion, and reduced surface tension
and viscosity, account for the advantages of subcritical water
extraction.29,49

The DTKP is blended using distilled water, and the solution
is poured into a vessel that is resistant to high pressure, which is
further heated using a thermostat block heater made of
aluminum to attain certain temperatures (100, 125, 150, 175,
and 200 °C). The vessel is detached from the heater and
immediately allowed to cool using ice water to stop further
reaction. The variation in pressure level is decided based on the
correlation between the saturation pressure of water vapor and
treatment temperature. Protease is added to the subcritical
water-treated extract, and the conventional precipitation
procedure is carried out to obtain TSP.29,50

2.3.2.1 Effect of subcritical water extraction on TSP properties.
Subcritical water extraction produced a higher yield than
conventional extraction because the TKP's inner prime cell wall
degenerated due to extreme conditions. The yield of xyloglucan
(TSP) production was greater at 175 °C.29 The subcritical water
1676 | Sustainable Food Technol., 2024, 2, 1670–1685
extracted from xyloglucan showed reduced lightness (L*) and
increased yellowness (b*), and redness (a*) values. This is
caused by the Maillard reaction, which happens during high-
temperature extraction and causes xyloglucan to break down
into reducing sugars and their combination with amino acids.
The other reason for the enhanced dark color of extracted
xyloglucan is caramelization. At 160 °C, the subcritical extrac-
tion process of xyloglucan breaks down the sugar molecules in
it, causing them to become fragmented and caramelized. At low
temperatures (100 °C), an increase in the L* value along with
a decrease in a* and b* values was observed; this is due to less
exposure to heat.29,35 Light-colored xyloglucan components are
more appealing and are used in the food industry. The extrac-
tion method notably altered the pasting properties of the xylo-
glucan component. The disintegration of the xyloglucan
structure and reduced molecular weight under extreme extrac-
tion conditions is the reason behind the decreased holding
strength of subcritical hot water extracted xyloglucan compared
to that obtained from the conventional method. Similarly, the
viscosity of TSP also decreased.29

When compared to the conventional approach, the molec-
ular mass of xyloglucan decreased because of a signicant
hydrolysis process caused by an increase in extraction process
temperature.29,51,52 The WAI of extracted xyloglucan was lower
than that obtained by the conventional method due to the
degradation of the structure of xyloglucan, resulting in weaker
water absorption, even though the increase in WAI with
increasing temperature was noted when subcritical extraction
was tested with various process temperatures. In contrast to
WAI, the WSI of the extracted xyloglucan component was
increased compared to the conventional method; this is also
due to the degeneration of the structure of xyloglucan under
severe process conditions, which enhanced the solubility of
xyloglucan powder in water.29

2.3.3 Microwave-assisted extraction method. The simple
“microwave-assisted extraction” (MAE) technique involves
applying microwave energy to the material at uniform time
intervals between 300 MHz and 300 GHz. When microwave
© 2024 The Author(s). Published by the Royal Society of Chemistry
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energy is applied, it causes disintegration of the cell walls and
liberates the cell's contents, resulting in the detachment of the
solute from the source matrix, solvent dispersion throughout
the matrix, and leaching of the solute into solvent from the
source matrix. Since the MAE produces higher product yields
with less energy, solvent, and time, it is also regarded as a green
approach.26,53,54 The microwave treatment aids in the decorti-
cation of tamarind seeds.30

Tamarind seeds are pretreated with microwave energy in two
ways. The rst approach involves placing the tamarind seed in
a ceramic dish and inside a microwave oven on a glass turntable
plate. Operating parameters such as power (850 W) and time
(120, 150, 180, and 200 s) are predetermined. Aer microwave
heating, the seeds are allowed to cool to room temperature for
a while before decortication. Like the previous procedure, the
second method's operating conditions include power (850 W)
and varying times (60, 90, 120, and 150 s). Following microwave
pretreatment, the tamarind seeds are steeped immediately in
tap water (2, 3, 4, and 8 h) and then dried using a hot air oven
(80 °C/8 h, 90 °C/2, 4, 6, 8 h, and 100 °C/2, 4, 6, 8 h), followed by
decortication. The microwave-pretreated tamarind seeds are
then ground into powder and subjected to defatting. Then,
using the same protocol as the conventional approach, DTKP is
utilized to extract xyloglucan, followed by purication.30

2.3.3.1 Effect of microwave-assisted extraction on TSP prop-
erties. The rst approach (at 180 s) of microwave pretreatment
removed the tamarind seed coat, but the result was an unac-
ceptable dark color. Dark-colored TKP was formed due to the
prolonged microwave pretreatment period, which increased the
a*, and b* values and reduced the L* value. TheMaillard reaction
in tamarind seeds, which results from elevated temperature, is
the process that causes the production of a dark brown powder.30

Similarly, in the second approach, longer heating times (>120 s)
ensured higher decortication percentages, and led to the
production of too-dark powder. The higher rate of decortication is
caused by a gap that was created between the tamarind seed's
outer testa and cotyledons when microwave heating was applied.
This gap allowed easy removal of the seed coat.30,55 The best
results, with a safe moisture level, creamy white powder, and
a high decortication rate, were obtained by applying microwave
pretreatment (120 s), steeping (3 h), and hot air oven drying (100 °
C for 4 h). This is because aer soaking for 3 h, the kernel could
imbibe water to reach equilibrium moisture, or while drying, the
necessary gap between the kernel and testa was established,
making decortication simple. Soaking for more than 3 h did not
show any increase in decortication percentage. Because of the
inuence of the moisture content, there is no variation in the
percentage of decortication when drying time and temperature
are increased beyond 100 °C and 4 h.30

Increased ethanol addition during the precipitation phase of
xyloglucan purication causes a strong interaction among the
xyloglucan and alcohol molecules, and as a consequence
a stiffer, tightly packed gel structure forms with less trapped
protein and water.30,56,57 With an increase in the shear rate, the
apparent viscosity dropped, and the xyloglucan demonstrated
pseudoplastic or shear thinning properties.30 Thivya et al.
(2021)58 observed a xyloglucan yield of 21.75% from tamarind
© 2024 The Author(s). Published by the Royal Society of Chemistry
seeds treated withMAE with process parameters of 400W power
level and 99.43 mL g−1 liquid to solid ratio at 83.33 °C for
14.29 min.

2.3.4 Enzyme and ultrasound- assisted extraction method.
As an alternative to conventional methods of extraction,
enzyme-assisted extraction has acquired signicant promi-
nence by removing the need for hazardous solvents and
consuming less time.26,43 The extraction mechanism involves
two steps: the cell wall disintegration and the liberation of
intracellular components of the cell. Under appropriate condi-
tions (temperature, pH, and time), the enzyme's active site is
glued to the cell wall, changing its shape and forming stronger
attachments that break bonds and release the required
components from the cell.26,59 The protease enzyme accom-
plishes the breakdown of specic amino acid polypeptide
bonds.31,60 In TKP, protein matrices connect to the exterior of
polysaccharide granules to build a network of proteins and
polysaccharides through hydrogen bonding. With the addition
of the protease enzyme, small-sized protein particles are formed
due to the breakdown of the amino acids in the polypeptide
chain. These particles then escape from the protein–poly-
saccharide network, while other proteins that cannot escape
remain linked to the TSP. Because protein particles are smaller
and the protein–polysaccharide combination is less well-
dispersed in suspension, there is less precipitation and
a greater partition of the polysaccharide from the protein.31

The ultrasound-assisted technique is extensively used in
applications like extraction, emulsication, and sterilization
processes in food industries.31,61,62 The fundamental mecha-
nism of ultrasonic extraction is acoustic cavitation, in which
bubbles develop under pressure conditions and collide. In
ultrasound-assisted extraction, dispersion or diffusion is the
rst phase, followed by cell wall breakdown and washing of the
constituents of the cell aer cell disruption. By breaking down
the cell wall, the mass transfer rate is accelerated, dispersion of
solid materials is enhanced, and contents inside the cell are
released into the solvent. To minimize the size of particles
contained in the compounds, this method uses less energy and
solvent.26,53 By decreasing the molecular mass of proteins, high-
power ultrasonic treatment increases the extraction of proteins
and thus increases their solubility.31,62,63 The protease enzyme
breakdown in combination with ultrasound extraction resulted
in the separation of protein from TKP and enhanced the effec-
tiveness of polysaccharide extraction and purity of the obtained
extract.31,63

Protease enzyme digestion is the initial step of TSP extrac-
tion. To decrease cluster formation and improve DTKP disper-
sion, ethanol (95%) is mixed with DTKP and then distilled
water. A magnetic stirrer-equipped water bath maintains the
temperature (37 °C). The addition of the protease enzyme (0.16,
0.48, and 0.80 units per mL) to the slurry for a certain reaction
period (1, 3, and 5 h) is followed by enzyme digestion; the ob-
tained suspension is centrifuged (1500×g for 10 min), and the
supernatant is collected, and then the precipitate is mixed with
ethanol (95% for 5 min), ltered under vacuum conditions and
then dried.31
Sustainable Food Technol., 2024, 2, 1670–1685 | 1677
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The second method of TSP extraction combined high-power
ultrasound with protease digestion, using an ultrasonic stan-
dard probe (12-inch) and administering ultrasonography in three
separate sequences: before, during, and following protease
enzyme digestion. As the enzyme digestion procedure specied,
the DTKP slurry temperature (37 °C) and protease concentration
(0.48 units per mL) are maintained. The sonicator probe
amplitude [25%, 50% (0.5, 1 watt cm−3)] is set for a certain
duration (15 or 30 min), with every 5 seconds of “on” and “off”
periods. Subsequently, the suspension separation is followed by
drying and siing.31

2.3.4.1 Effect of enzyme and ultrasound-assisted extraction on
TSP properties. The increase in protease enzyme concentration
and digestion time were linked to increased extracted poly-
saccharide purity and yield, and decreased protein content. A
small amount of protein is still present in the extracted TSP which
is due to protease's incapacity to hydrolyze amino acids and
protein enclosed inside the polysaccharide granules, hence inac-
cessible to the protease. The prolonged exposure of the poly-
saccharide in solution caused swelling and dissolution of the
polysaccharide, which decreased the yield of the polysaccharide.31

The polysaccharide purity is enhanced in the second approach,
which combines enzyme digestion and ultrasound treatment, by
prolonging the ultrasound treatment's duration (15 to 30 min)
and raising its amplitude (25 to 50%). The combination treatment
resulted in an increased polysaccharide yield (95.86%) with
a purity >90% and a decrease in protein content (<2.06%) when
the sonication amplitude level was maintained at 50% with
a protease enzyme concentration of 0.48 UmL−1 for a duration of
15 min. This results from cavitation caused by ultrasonic treat-
ment, which weakens the bond between the protein matrix and
polysaccharide granules.31 When sonication treatment was
combined with enzyme digestion, the extracted TSP's molecular
weight was lower compared to when enzyme digestion was used
alone. This is because high-intensity ultrasonic treatment
decreases the molecular size and breaks down the D-glucan
backbone's b-(1-4) linkage. This is caused by increasing the time
and amplitude level of the sonication treatment.31,64 An increased
intertwining of the polymer mixture in the extracted TSP solution
demonstrated viscoelastic behavior. The point of storage shear
modulus (G0) and loss shear modulus (G00) cross-over below 0.3 Hz
was lowered by the increased protease concentration (0–0.80 U
mL−1) and treatment duration (up to 5 h), indicating an elevated
intertwining of the polymer solution caused by improved protein
elimination. The solution's elasticity improved as a result of the
reduction in protein concentration. The consistency coefficient
(K) increased along with an increase in protease enzyme
concentration, power, sonication, and enzyme digestion time.
Conversely, a drop in the ow behavior index was observed. This
is due to the enhanced purity of the extracted polysaccharides.31

2.3.5 Electron beam and gamma irradiation method.
Molecular weight signicantly inuences the functional prop-
erties of TSP. Polysaccharides with a low molecular weight are
more advantageous than those with a high molecular weight.
Ionizing radiation, with an electron accelerator and cobalt-60 as
the source, can shorten the chain length of macromolecular
polysaccharides. The crude TKP was exposed to gamma
1678 | Sustainable Food Technol., 2024, 2, 1670–1685
radiation (0, 5, and 10 kGy) using a cobalt-60 gamma irradiator
that had a dosage rate of 10 kGy h−1 and a source strength of
11.1 PBq. For irradiation with electron beams, TKP is exposed to
beam power (570 kW), beam current (1 mA) and energy (10MeV)
using the electron accelerator ELV4. Irradiation is carried out on
TKP with a thickness of 3 mm in the presence of air and at
a distance of 50 cm from the beam source. The polysaccharide
in tamarind seeds is extracted using a traditional deionized
water approach. The solution is then heated (20 min), allowed
to stand overnight, and then centrifuged (5000 rpm for 2 min).
Aer adding double the amount of ethanol to the supernatant
and mixing it continuously, the felt is pressed in the center.
Aer washing the precipitate under vacuum, ethanol, diethyl,
and petroleum ether are used to dry it at a temperature of 50–
60 °C before it is ground into powder.32

2.3.5.1 Effect of electron beam and gamma irradiation on TSP
properties. In comparison with traditional approaches, the
extraction yield was greater. There was little variation in the
extraction yield when utilizing gamma and electron beam irra-
diation treatments at absorbed doses (5 and 10 kGy). The
degeneration of TSP with high molecular weight is responsible
for the enhanced dry weight or mass of the extracted poly-
saccharide and the conversion of polysaccharides from an
insoluble to a soluble form.32,65 Gamma-irradiation reduced the
molecular mass of tamarind seeds at doses of 5 and 10 kGy
compared to the non-irradiated control sample. Compared to
gamma irradiation, the molecular mass of the sample treated
with an electron beam decreased signicantly at absorbed doses
(5 kGy and 10 kGy), respectively. This is due to the impact of
radiolysis on starch, b-glucan, where depolymerization of the
polysaccharides takes place. The sample that was exposed to
gamma radiation had the morphology of enhanced structures,
such as at sheets, and decreased interlinkage between ber
bunches. Extremely tiny particles are produced in samples
treated with electron beams due to complete bril structural
breakdown. Because electron beam irradiation has a higher
radical concentration than gamma irradiation, the degenera-
tion patterns of the samples exposed to both types of radiation
exhibited a minor variation at similar absorption doses.32

Compared to high molecular weight TSP, low molecular weight
TSP exhibited stronger superoxide radical scavenging efficacy.
This is caused by the impact of a greater or more intensied
intramolecular hydrogen bond found in high molecular mass
TSP with a compact structure, which diminishes the ability to
scavenge radicals by limiting hydroxyl group exposure and
weakening hydroxyl group activities.32,66 Hence, TSP exposed to
electron beam radiation has a greater capacity for radical
scavenging than sample exposed to gamma radiation. Because
of its lower molecular weight, enhanced hydrogen intermolec-
ular bonding, and superoxide radical scavenging ability, the
TSP treated with an electron beam exhibited a greater antioxi-
dant capacity than the gamma-irradiated sample.32,67,68
2.4 Extraction of TSM

Distilled water is combined with powdered tamarind seeds in
a weight ratio of 1 : 10. Distilled water is added again at a weight
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Effect of the mucilage extraction method on structural and functional properties

Method Processing conditions
Structural
& functional modications References

Conventional method Temperature – 80 °C; time – 60 min;
centrifugation – 524 g for 8 min;
spray drying: Inlet temperature –
135 � 5 °C, outlet temperature
– 80 � 5 °C, feed rate
– 40 mL min−1, air pressure – 4 bar

Enhanced solubility, WHC, OHC,
swelling index, EA, FA, FC,
thermostability, coefficient of
consistency

24

Reduced ES, surface tension,
viscosity
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ratio (of : 40 while the solution mixture is continuously stirred
for a specied duration of time (10 min) using a hotplate stirrer.
The solution is heated at a temperature of 80 °C for a duration
of 60 min. The mixture is centrifuged (524×g for 8 min) aer
being le undisturbed (20 °C for 24 h) to release the mucilage.
The supernatant obtained aer centrifugation is the fraction of
mucilage, which is then carefully decanted and stored (at 4 °C)
for further processing steps and analysis. The TSM extracted is
then subjected to spray drying with operating conditions like an
inlet temperature of 135 ± 5 °C, a feed rate of 40 mLmin−1, and
an outlet temperature of 80 ± 5 °C, with an injection of pres-
surized air at 4 bar. The high water activity and carbohydrate
content of mucilage cause it to be exceedingly unstable; at room
temperature. Therefore, preserving the active components and
drying the mucilage is imperative to turn it into a powder. Spray
drying is preferred since it preserves the sensory qualities of
mucilage, such as avor, color, and nutrients.24

2.4.1 Effect of extraction on TSM properties. Functional
characteristics such as solubility affect hydrocolloid's capacity
to disperse. Increased solubility was the outcome of the
temperature increase. Heat reduces clustering in mucilage
dispersions, which in turn promotes water movement toward
the granule's center.23,69 Water-holding capacity (WHC) is an
important component of texture, yield, strength, and sensory
attributes. The increase in WHC was correlated with the
temperature increase. This is because a change in temperature
causes molecules to move more efficiently, facilitating water
absorption and increasing the sample's capacity to hold water.
The oil holding capacity (OHC) increases with temperature
because of increased nonpolar chain accessibility caused by
improved molecular movability, which causes the oil to adhere
to its hydrocarbon units. Furthermore, it also results from
increased pore size caused by a temperature increase, which
allows more fat to be enveloped.23,69

The swelling index of TSM increased as temperature and pH
increased. The granules with weak binding forces have a higher
capability for swelling. Temperature increases cause the muci-
lage molecules' connectivity to weaken, which in turn causes the
mucilage chains to expand and trap more water molecules. The
electrostatic repulsion caused by the functional groups resulted
in an ample space accessible for the reservation of the water
molecules which resulted in an increase in the swelling index in
response to a pH increase.23,70 An increased TSM spray dried
powder to oil volume ratio led to improved emulsifying ability
© 2024 The Author(s). Published by the Royal Society of Chemistry
(EA) and reduced emulsion stability (ES). This is caused by the
rise in mucilage content and then a subsequent rise in the
number of chains in a branching arrangement in the area where
oil molecules are absorbed, which lowers surface tension.23,71

Mucilage's structure was exible, which reduced surface
tension and improved foaming ability. The weight-to-volume
dispersion ratio was increased, which improved foaming
capacity (FC) as well as foam stability (FS). This is because more
mucilage was present, which caused the mucilage to travel to
the interface and create viscoelastic lms, which enhanced
foam development.23,72

Thermogravimetric (TGA) and differential scanning calo-
rimetry (DSC) measurements of TSM's thermal properties, such
as thermal stability and transitions during the heating process,
revealed that the extracted mucilage is exceptionally thermo-
stable, serving as a helpful component in applications of food
such as suspension stabilization, emulsions, and micro
encapsulations.23 Shear thinning non-Newtonian ow behavior
with a ow behavior index (n) n < 1 was demonstrated by the
TSM dispersions. Pseudoplasticity and dispersion viscosity are
directly correlated with solution concentration and inversely
correlated with solution temperature. Increased pseudoplas-
ticity, with higher viscosity at lower shear rates that decreases
with increasing shear, and a decreased n value resulted from
increased TSM content.24,73 Because of the decrease in inter-
molecular and molecular mobility resulting from energy dissi-
pation, an increase in temperature corresponds to a reduction
in pseudoplasticity and an increase in the n value. Conse-
quently, less energy is needed for ow and hydrodynamic
domain intervention.24 As TSM concentration increased, its
coefficient of consistency (k) also increased. This is a result of
TSM's superior ability to increase intermolecular interactions
and bind water. The temperature rise caused the value of k to
fall, indicating a decrease in viscosity.24,74 The effect of the
mucilage extraction method on structural and functional
properties is summarised in Table 5.

3. Tamarind seed protein

The amount of protein in tamarind seed kernels varies from
18.4% to 26.9%. Additionally, they are an abundant source of
critical amino acids, including lysine, isoleucine, leucine,
phenylalanine, valine, aspartic acid, and glutamic acid. The
protein-digestibility index of tamarind seed kernel protein, as
determined in vitro, was 71.3.60 The effect of different protein
Sustainable Food Technol., 2024, 2, 1670–1685 | 1679
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Table 6 Effect of different protein isolation methods on structural and functional properties

Method Processing conditions
Structural & functional
modications References

Conventional method (1) Solvent extraction: vacuum
drying (70 cm vacuum) under room
temperature (29 � 2 °C)

Enhanced FC, EC
(raw/defatted TKP)

60

(2) Micellization process: pH – 10;
centrifugation – 6000 rpm for
15 min; precipitation (ammonium
sulfate); centrifugation – 8000 rpm
for 15 min

Reduced FC, EC (roasted TKP) 60 and 75

Reduced WAC
(defatted & roasted TKP meal)

Ultrasound modication Frequency – 25 kHz; probe diameter
– 6mm; power−100 & 200W; time –
15 & 30 min

Enhanced solubility, WHC, OHC,
FC, FS, ES, EC

76

Reduced particle density
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isolation methods on structural and functional properties is
summarised in Table 6.
3.1 Conventional extraction method of protein concentrates
and meal from TKP

The rst method involves defatting TKP with hexane as
a solvent to produce kernel meal, aer or before roasting. The
resulting tamarind kernel meal is ground to produce protein
concentrates in powder form aer being vacuum-dried (70 cm
vacuum) for solvent removal at room temperature (29 ± 2 °C).
The disadvantage of this extraction technique is that protein
precipitation occurs at the isoelectric pH point (pH 4–5), which
leads to the development of a gel and impedes the ltration
process.60 The second extraction technique uses sodium chlo-
ride to initiate a micellization process. In this process, DTKP
was combined with sodium chloride (1 M), the pH was adjusted
(10), the mixture was stirred (30 min), then centrifuged
(6000 rpm for 15 min), and then extracted twice. The superna-
tant's pH is adjusted using HCl (1 N) (4–6). Aer adding
ammonium sulfate in solid form till the saturation point, the
suspension is centrifuged (8000 rpm for 20 min) until the
production of protein in precipitated form. This precipitation
process is repeated to obtain the appropriate amount of TKP
protein. Cellophane bags are used as the dialysis membrane
against deionized water (for 48 h) at a temperature of 2 to 4 °C
during the dialysis step of the precipitated protein purication
process. The deionized water (9 L) used for the dialysis process,
is replaced every 8 h. Protein concentrates are obtained by
freeze-drying the contents of the cellophane bag and storing it
in the refrigerator.60,75

3.1.1 Effect of conventional extraction methods on the
properties of tamarind seed protein. Protein recovery from
DTKP, both raw and roasted, was determined to be 33.3% and
38.3%, respectively. Because of the development of protein–
carbohydrate or protein-complex during the roasting process,
the protein extraction yield for the roasted sample is lower than
that for the raw sample.60 Protein concentrations had higher FC
aer defatting, and lower FC aer roasting samples. The foams
1680 | Sustainable Food Technol., 2024, 2, 1670–1685
remained steady for both protein concentrates and defatted
meal from the tamarind kernel, and there was a gradual drop in
the foam volume.60 Aer roasting, protein denaturation during
heating causes the emulsion capacity (EC) to decrease. Because
of differences in the process used to prepare the protein frac-
tion, the EC value for the defatted meals was found to be greater
than that of the concentrates.60 Protein concentrates showed
a higher water absorption capacity (WAC) than meals, while
defatted meals produced from roasted seeds had a lower WAC.
This is because, in comparison to meals, protein isolates have
a higher protein content and more exposed hydrophilic groups.
A linear correlation was found between the protein's hydro-
philic group and WAC values.60,77
3.2 Novel method of extraction

Most proteins lack the necessary techno-functional properties
in their native state to be utilized in various food applications.
The functional qualities can be improved by modifying them
physically or chemically or treating them with enzymes. The
disadvantages of these approaches include the high expense of
enzymatic treatment, allergic reactions, nutritional imbalances,
and numerous other adverse effects on health from using
chemicals for modication. Additionally, the protein's func-
tionality can be changed by performing various physical oper-
ations like freezing, extrusion, heating, and others.76,78 Novel
isolation technique's merits include being time- and energy-
efficient, non-toxic, and environmentally safe; as a result, they
might be utilized as an alternative to traditional protein modi-
cation techniques. The food industry utilizes ultrasonic tech-
nology, one of the many innovative technologies, for
modication and has several uses.76

3.2.1 Ultrasonication for the extraction of the tamarind
seed protein isolate. For component extraction, the ultrasonic
technology uses sound waves with a frequency range beyond 16
kHz, which are inaudible to the human ear. Any sample sub-
jected to ultrasonic waves generates substantial energy, which
both agitates and compresses the particles in the medium. The
hydrodynamic volume and aggregation size are decreased in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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proteins that have been ultrasonically treated. The primary
cause of the decrease in protein size is cavitation, followed by
hydrodynamic shear pressures.76

The protein was initially extracted from TKP using the
standard extraction technique, which involves isoelectric point
precipitation followed by centrifugation, precipitation, drying,
and grinding of the precipitate. The isolated protein was
modied using an ultrasound probe with a diameter of 6 mm at
a frequency a 25 kHz. Aer mixing the protein isolate powder
with the deionized water, various power level (100, 200 W) and
time (15 and 30 min) combinations were applied during the
sonication process. Aer sonicating the protein isolate, it is
separated from the solution using centrifugation (7800×g for 15
min), followed by precipitation. The isolated protein is dena-
tured by drying the precipitate (40 °C for 24 h).76

3.2.1.1 Effect of ultrasonication on the properties of tamarind
seed protein. The increase in ultrasonic treatment strength and
duration improved the solubility of the protein isolate from
tamarind seeds. The increase is caused by a greater number of
bubbles cavitating during sonication, which aids in protein
unfolding due to a signicant rise in temperature and pressure
locally close to the bursting bubbles and subsequent peptide
bond breaking during hydrolysis.76,79 To unravel the protein and
Fig. 2 Functions of tamarind seeds as hydrocolloids in food application

© 2024 The Author(s). Published by the Royal Society of Chemistry
expose its carboxylic or amino groups, prolonging the sonica-
tion period is more crucial than increasing power. Proteins with
weaker hydrogen bonds are broken down by sonication, modi-
fying the protein's structure and increasing its solubility.
Furthermore, reducing the size of protein aggregates with
ultrasonic treatment results in greater water–protein interac-
tion and increased solubility.76,80 Because of sonication-induced
protein unfolding and subsequent protein structural rear-
rangement, the tamarind seed protein isolate particle density
was slightly lower for the treated sample.76 When treatment
duration and intensity were increased, the WHC was raised for
the ultrasound-modied sample. This is because ultrasound
treatment causes the hydrophilic groups in the polypeptide
chain to unfold, exposing them. The balance of hydrophobic–
hydrophilic groups in amino acid composition of protein
molecules, in addition to, the interaction of lipids, carbohy-
drates, tannins–protein association, and numerous other
criteria such as shape, size, steric factors, and conformational
properties, also have a substantial impact on the WHC of
protein isolates.76,81

Ultrasound treatment increased the OHC because it caused
structural changes in the polypeptide chains due to rupturing of
cavitation bubbles near protein molecules during sonication.
s.

Sustainable Food Technol., 2024, 2, 1670–1685 | 1681
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This exposed hydrophobic chains, which are non-polar and
present on the side of amino acids, increasing the attachment
of oil molecules to protein.76,82 The FC and FS both improved
with ultrasound treatment. The unwinding of the polypeptide
chain and native protein denaturation are the causes of the
increase in FC. The isolate's hydrophobicity and protein solu-
bility were related to its FC and FS.76,83 As the intensity and
duration of ultrasonic treatment increased, both EC and ES also
increased correspondingly. This is caused by several factors,
including changes in the protein's second-order structure and
the combined effects of chemical, mechanical, and thermal
shock caused by sonication treatment.76,84,85 The primary cause
is the abruptly high temperature and pressure produced by
sonication, which altered the basic structure of the protein
molecules. Additionally, the ability to emulsify is attributed to
the protein's solubility and hydrophobicity. The ultrasonic
treatment unaffected the main structure and molecular weight
of proteins.76
Table 7 The application of tamarind seeds as hydrocolloids

Tamarind seed
fractions Function

Tamarind seed
mucilage

Flavor retention, enhance mouthfeel,
emulsion stabilizer
Gel former, thickener

Encapsulating agent (coating material)
Tamarind seed protein Foaming, gelling, emulsifying agents,

fortication
Tamarind seeds
polysaccharide (TSP)

Thickening agents
Texture improver

Viscosity stabilizer
Gelling agent
Emulsion stabilizer

Starch substitute

Anti-retrograding agent, dough improver,
volume enhancer, stabilizer
Retard starch gelatinization, improve
volume
Reduce gluten deterioration (during
freezing), uneven porosity
Hardness reducer and volume enhancer
Water retainer
Retard ice recrystallization
Cryoprotectant

TSP + xanthan gum Crystallization inhibitor (sugar, ice),
provides overrun, stabilizer
Texture adjustment, shape retention,
gelling property

TSP + k-carrageenan Emulsion stabilizer

TSP + locust bean gum Shape retainer, helps in meltdown
TSP + gelatin Oleogels

Tamarind seed powder Film forming agent
Coating material
Dehydrating agent
Stabilizer

1682 | Sustainable Food Technol., 2024, 2, 1670–1685
4. Tamarind seed application as
hydrocolloids in food

The use of TSP, mucilage, and protein as hydrocolloids in food
is associated with their ability to function as stabilizers, thick-
ening agents, gelling agents, emulsiers, water retainers, lm-
forming agents, and starch modiers. Fig. 2 shows different
applications of tamarind seeds as hydrocolloids in food. The
various applications of tamarind seed as a hydrocolloid are
summarized in Table 7. The TSM as a hydrocolloid, is used in
applications like inhibition of crystallization and formation of
edible lms, avor retention, stabilizing emulsions, and in
encapsulation techniques as a coating material for avors and
nutrients.23,99 The sesame seed oil is microencapsulated by
utilizing mucilage from tamarind seeds as a coating material.87

The modied tamarind seed protein improves functional
qualities like foaming, viscosity, and the previously mentioned
Application References

Fat replacers, dairy products 23

Jams, jellies, marmalade, mayonnaise,
sauces

86

Flavors, nutrients (sesame oil) 87
Jelly, biscuit, bread 55, 60 and 76

Sauces for meat products (cutlets) 17
Milk, cocoa and fruit beverages, starch,
gluten-free bread
Batter mixes: jam, jelly, puddings
Japanese desserts
Ice-cream, salad dressings, mayonnaise,
low fat dressings
Bakery products, our paste, noodles,
stew
Bread 17, 88, 89, 90

and 91
Bread 19 and 91

Bread dough, steamed bread 91 and 92

Sponge cakes 17 and 93
Seaweed preserve products (in Japan) 17
Ice cream mixes, frozen desserts 94
Frozen surimi gels 95
Frozen desserts 17

Dressing applications 96

Instant coffee, butter, skim milk, glucose
and fructose syrup

55

Ice cream
Confectionery products, ground meat
products, shortenings

97

Fish, pineapple 55
Casings of sausage, fried food products
Powdered foods
Mango sauce 98 and 86

© 2024 The Author(s). Published by the Royal Society of Chemistry
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qualities like gelation and emulsication.76 Bread, jelly, and
fortied biscuits are made with protein isolates from raw or
roasted TKP.55,60

Thickening is accomplished by TSP, or xyloglucan, which
decreases stickiness, ows easily, and gives the product a body
aer tasting. When strong stability and viscosity are required in
sauces for meat items like cutlets, it is utilized as a thickening
ingredient. In low-fat milk, chocolate, and fruit-based bever-
ages, TSP contributes to the improved texture and body of the
product. It stabilizes the tiny particles that are suspended in
fruit pulp-based drinks. In batter mixtures, the TSP is employed
to stabilize viscosity. Over a wide pH range, the concentrated
TSP and sugar solution combine to produce an elastic gel. This
gel is free from water release, heat-stable, and unaffected by
freezing and thawing, making it an excellent substitute for
pectin in fruit products like jam and jelly.17 Traditional Japa-
nese delicacies like kudzu mochi and yokan require gelling
agents, which are largely produced using TSP.

Furthermore, TSP is commonly utilized in Japanese
puddings, jellies, and preserves known as tsukudani, which are
formed from seaweed and help in quenching water release.17 By
providing mechanical and thermal stability, the TSP
strengthens the starch's texture. The stabilizing properties of
polysaccharides are primarily caused by changes in viscosity or
gelation within the continuous aqueous phase.100 In products
like ice cream, salad dressings, andmayonnaise, the TSP is used
as a stabilizer of emulsions. TSP is used in place of or in addi-
tion to starch in various baked goods, our paste, noodles,
custard cream, and stews.17

In bakery products like bread, it is used to prevent starch
retrogradation and enhance the performance of dough and its
preservation.17,101 It also acts as a bread volume improver and
enhances storage properties. The water-soluble TSP fractions
and their hydrolysates improve the stability, and quality of
bread's dough. The smaller gas bubble distribution also
improves the appearance of bread.17,88,89 By inhibiting the aging
of gelatinized starch, hydrolyzed TSP preserves gelatinization
and contributes to the reduction of hardness and increase in
volume in sponge cakes. TSP enhances rice-based gluten-free
bread's volume, appearance, texture, and storage qualities.17,93

TSP also helps in the inhibition of recrystallization of ice cream
mixes94 and also acts as a cryoprotectant in frozen surimi gels.95

When used in dressing applications, TSP and xanthan gum
work together to modify texture, maintain shape, and exhibit
high viscosity due to their gel-like, thermoreversible proper-
ties.96 The TSP is an emulsion stabilizer in no-fat or low-fat
dressings and mayonnaise.17 In frozen desserts, the TSP
serves as a stabilizing agent and, over extended storage time,
helps to prevent the crystallization of sugar, inhibit the growth
of ice crystals, and also provide overrun to the product. The
WHC of TSP, which in freezing mixtures retains extra unbound
water surrounding ice crystals, is the cause of the prevention of
ice crystal formation. The sugar-TSP gel's freezing and thawing
operations create a stronger, more elastic, and more rigid gel-
like compound.17 Aer a freeze–thaw process, the TSP in gels
reduces syneresis. The food items including glucose, fructose
syrup, butter, skim milk, and instant coffee use TSP and k-
© 2024 The Author(s). Published by the Royal Society of Chemistry
carrageenan as emulsion stabilizers. Locust bean gum and TSP
work together to assist ice cream in maintaining its shape and
melting more quickly when stored at room temperature.55

Tamarind seed powder can be utilized as an essential oil
emulsifying agent and as a dehydrating agent when producing
powdered goods. Low-calorie candies, dry cakes, gum, frozen
dairy desserts, cookie mixes, energy bars, baked products, gel-
lled desserts, as well as spoonable sauces can all be made
with the oligosaccharide derived from tamarind seeds. The TKP
is also used to coat and create lms for products like sausage
casings, fried food, and pineapple, which helps in preserving
these products.55 In mango sauce, tamarind seed powder acts as
a stabilizer and also improves the viscosity of the product.86,98
5. Conclusion

The ndings from the studies above suggest that tamarind
seeds have potential as hydrocolloids for utilization in various
foods. Hydrocolloids are employed in food items to enhance
texture, mouthfeel, gelling, thickening, stabilizing, foaming,
emulsifying, and other properties. The hydrocolloid derived
from tamarind seeds, a by-product of the tamarind processing
industry, is inexpensive, comes from a natural source, and
reduces waste by being employed in food products. To achieve
the desired effects on the product, it is essential to comprehend
the rheological, structural, functional, and nutritional benets
of hydrocolloids along with specic parameters of the product.
Eco-friendly, non-thermal approaches and conventional
processes extract the polysaccharide, protein, and mucilage
from tamarind seeds. Based on the outcomes of these extraction
methods on the physicochemical, functional, and structural
characteristics, tamarind seeds are utilized as hydrocolloids in
various food products, including dairy, confectionery, bakery,
frozen desserts, beverages, meat, and seafood. Apart from the
non-thermal techniques discussed in this review, other tech-
niques like radiofrequency wave (RF) assisted extraction,
supercritical carbon dioxide extraction, and pulsed electric eld
(PEF) extraction can also be investigated, and their conse-
quences on structural and techno-functional alterations can be
scrutinized.
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5 S. V. Medina-López, C. M. Zuluaga-Domı́nguez,
J. P. Fernández-Trujillo and M. S. Hernández-Gómez,
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