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Plant proteins are attracting increased research attention, and themodification of their functional properties

is a key area of current research. Industrial hemp is a new source of protein which can be produced in

a sustainable manner. Hemp protein is rich in essential amino acids such as leucine, lysine, and

phenylalanine, and also comes with good digestibility and various health benefits. Despite its potential,

the scope of its application is limited due to its less-than-desirable technofunctional properties including

solubility, emulsifying, encapsulating and gelling properties. This review provides a snapshot of various

physicochemical and enzymatic methods that are currently used to enhance the aforementioned

properties of plant proteins, particularly focusing on the modification of hemp protein. It compares the

structural characteristics, physicochemical properties that can be positively affected by these methods

and explains the underlying principles. This review highlights the fact that combination of two or more

methods and particularly implementation of protein–polysaccharide complex coacervation and protein–

polyphenol conjugation and peptide–polysaccharide conjugation greatly improve the technofunctional

properties and help broaden the scope of application of hemp protein.
Sustainability spotlight

It is already a challenge to sustain the food supply for a global population of 8.1 billion. With the human population continuously increasing, the demand for
nutritionally balanced food is set to pose an additional challenge. Foods must meet not only the need for calories but also deliver essential physiological and
health requirements. Protein, a vital macronutrient, is experiencing a growing demand. Animal-derived proteins are considered more nutritionally suitable for
human needs; however, their production poses sustainability constraints due to the high input of nutrients, water, energy, and land. Therefore, society is
turning to plant proteins to supplement animal-based ones. Research on new sources of plant proteins is gaining increasing attention. Industrial hemp protein,
a by-product of the hemp oil industry, is receiving greater focus as an alternative protein source. In this context, the manuscript provides a concise review of the
current status of science and technology regarding the extraction, characterization, and application of hemp protein. This review explores advances that can
enhance the techno-functional properties of this protein with a specic focus. Thus, this work contributes to the knowledge base of the UN Sustainable
Development Goals (goal 12).
1 Introduction

Hemp (Cannabis sativa L.) is a dicotyledonous plant of the order
Rosales and the family Cannabaceae, genus Cannabis, similar
to commonly known marijuana.1 Tetrahydrocannabinol (THC)
and cannabidiol (CBD) are two main compounds of hemp.2

THC is a psychoactive compound, whose content needs to be
strictly controlled.3 BD differs from THC in that it has no
psychoactive effects and offers signicant therapeutic benets,
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such as anti-anxiety, arthritis relief, anti-inammatory proper-
ties, and alleviation of neurodegenerative diseases.2,4,5 Unlike
medicinal cannabis or marijuana, industrial hemp contains
a low concentration (less than 0.2–0.3%) of THC and high levels
of CBD, making it suitable as an ingredient of food products.6–8

Hemp was rst discovered in Asia and is one of the oldest
cultivated crops, with a history of cultivation and use in China
dating back 5000 to 6000 years.9–11 In ancient China, hemp was
used as a part of traditional medicinal formulations to treat
diseases, as a functional food, and as a ber source.1,10 Today,
industrial hemp is grown as an agricultural commodity in more
than 30 countries,7 with China and France leading the world as
its producers and exporters.7,12,13 Currently, hemp (medicinal
and industrial) is grown inmost continents especially in Europe
and Asia. This review is conned to industrial hemp and the
term ‘hemp’ hence forth will be used to represent it.

Different parts of hemp are utilized in various industries.
Hemp leaves are commonly used in the production of cigarettes,
Sustainable Food Technol., 2024, 2, 893–907 | 893
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medicine, and cosmetics.7 Hemp stalks are used as rawmaterials
for high-quality paper, textiles, and construction materials.1,7

Industrial hemp seeds are used as ingredient to produce
commonly consumed foods, health foods, beverages, and other
high-value products.7 Hemp seed is gaining increased attention
in terms of research and application due to its high oil (about
30%) and protein (about 25%) contents.8,14–16 Hemp oil has a rich
history of use in China as a medicinal oil.15,17 Currently, hemp oil
is used inmedicinal and food applications due to its high content
of polyunsaturated fatty acids (PUFAs, over 80%), particularly
linoleic (u-6) and a-linolenic (u-3) acids.7,15,16,18–20 The ratio ofu-6
to u-3 in hemp oil is between 2 : 1 to 3 : 1, which is similar to the
optimal value (2.5) found in the Mediterranean and Japanese
diets.7 This ratio is considered benecial for human health as it is
shown to signicantly reduce the risk of heart diseases.21 Hemp
protein, which is the primary byproduct of hemp seed oil
production, has not received due attention and it is less utilized
despite immense potential.

With the growing global demand for high-quality plant
proteins, hemp protein is gaining increased recognition.
Currently, a signicant portion of dietary protein comes from
animal sources. Due to inefficient conversion of feed into
animal proteins and high-water consumption, their production
comes with a high cost and sustainability constraints.22 Plant-
derived proteins, particularly from oilseeds, are more econom-
ical and sustainable options. Sulfur-containing amino acids,
such as cysteine andmethionine, are physiologically important;
however, their content is limited in most plant proteins.
Reports indicate that a deciency in these amino acids can
negatively impact animal growth and development.23 Plant
proteins, such as pea,24 soybean,23,25 almond26 and chickpea
protein27 are particularly decient in these amino acids. Hemp
protein is of interest as it is rich in cysteine and methionine.22

Hemp protein offers a number of benets for its potential
application in food industry. Firstly, the presence of hydro-
phobic, acidic and branched-chain amino acids at high
concentration makes it a valuable source for the production of
peptides with antioxidant and antihypertensive properties.28

Secondly, hemp protein is highly digestible (digestibility = 88–
91%) compared to many plant proteins as shown by in vitro
tests.29,30 Thus, hemp protein could be used to produce new,
hypoallergenic, highly digestible ingredients which would be
suitable to be used in food products.31 Thirdly, hemp protein is
nutritionally rich and provides adequate amount of essential
amino acids as recommended by FAO/WHO for infants and
children.32 Furthermore, hemp protein is free of gluten and
anti-nutritional factors making it suitable for various food
industry applications.30 Similar to other plant proteins, such as
soy protein and pea protein, hemp protein has the potential to
be used in the production of meat analogues, edible lms,
gluten-free dough, and a component of active packaging.33–36

Hemp protein can be extracted into concentrate (60–70%
protein) and isolate ($90% protein) form.37,38 It is rich in high-
quality storage proteins, including salt-soluble edestin (legu-
min) and water-soluble albumin.39 Edestin and albumin
account for 60–80% and 20–30%, respectively of hemp protein
obtained from defatted hemp seed.32,39–41 Hemp globulin is
894 | Sustainable Food Technol., 2024, 2, 893–907
made up of 11S edestin and 7S globulin, with 11S edestin
making up 80% and 7S globulin accounting for 5% of the hemp
storage protein.32,37 Edestin is a 300 kDa homohexamer equiv-
alent to 11S legume globulin and is composed of two subunits
linked by disulde bonds: an acidic subunit (∼34 kDa) and
a basic subunit (∼18 and 20 kDa).42 The 7S globulin is
composed of a 48 kDa polypeptide.29,32 The water-soluble
albumin component mainly contains a 2S albumin of around
10 kDa and other minor proteins below 35 kDa.40,43 Despite
above-mentioned merits, the functional properties (solubility,
emulsifying properties, foam ability and surface hydropho-
bicity) of hemp protein are not as good as those of commonly
used protein such as pea protein and soy protein which has
limited its application in food industry.32,38,44

Due to above mentioned limitation on functional properties,
recent studies are focused more on improving these properties
in hemp protein concentrate (HPC) and isolate (HPI) by
applying physicochemical and enzymatic methods. Published
literature indicates that application of these methods can
improve the physicochemical properties of hemp proteins to
a certain degree. There is a need of comparing the effectiveness
of these methods in improving above-mentioned functional
properties and identifying the gap in knowledge. Thus, this
review aims to survey the recent advances made on the modi-
cation of structure and function of HPC and HPI and provide
a concise overview of effectiveness of these methods.

2 Modification of plant proteins by
using physicochemical and enzymatic
methods

In light of sustainable development, increased attention is
being paid to apply environmentally friendly and cutting-edge
technologies to alter the structure and properties of proteins.
The methods which do not use harsh chemicals are better
suited for food industry at the same time help protect the
environment (Fig. 1). Nonthermal or mildly thermal methods
such as high-pressure, ultrasound, pulsed electric eld, cold
plasma, irradiation, microwave, supercritical uid extrusion,
tribomechanical activation, complexation with polysaccharides
and polyphenols have been applied to modify the structure and
function of protein molecules.45–50 The physical methods
commonly used to improve the properties of plant proteins
together with their underlying mechanisms are presented in
Fig. 2. Tables 1–3 summarizes the advantages and disadvan-
tages of above-mentioned physical methods.

Ultrasound treatment, heat treatment, complexation with
polysaccharide and/or polyphenol, and enzymatic treatments
are primarily used to modify the structure of plant protein
aiming to improve its functional properties. Important tech-
nological aspects and effectiveness of the methods applied to
modify the plant protein are briey outlined below.

2.1 Ultrasound treatment

Ultrasound is an acoustic wave having a frequency above
hearing limit of human ear (∼20 kHz).51 Ultrasound treatment
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram highlighting physicochemical and enzy-
matic methods used to improve functional properties of plant
proteins.
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is increasingly applied to improve the functional properties of
plant proteins. Ultrasound treatment has shown to improve the
properties of soy protein,52,53 pea protein,54,55 and faba bean
protein.56 This technology comes in two forms: high-frequency
low-intensity ultrasound (HF-LIU; 100 kHz–1 MHz, power <
1 W cm−2) and low-frequency high-intensity ultrasound (LF-
HIU; 16–100 kHz, power 10–1000 W cm−2).57

2.2 Complexing with polysaccharide

The modication of properties of plant proteins by complexing
with polysaccharide is a classical technology. This can be classied
Fig. 2 Schematic diagram presenting the commonly used physical metho
underlying mechanism.

© 2024 The Author(s). Published by the Royal Society of Chemistry
into two methods, namely non-covalent complexation (e.g., elec-
trostatic interaction or complex coacervation) and covalent
complexation (e.g., conjugation through Maillard reaction (Fig. 3)
and enzymatic crosslinking).58–60 Both complex coacervation and
covalent conjugation are commonly used in food research as well
as in industrial application. The non-covalent complexation
(complex coacervation) is preferred in food plant protein-based
formulations where mild thermal treatment is required. This
method involves the interaction between two polymers with
opposite charge to form a complex coacervate.61–63

2.3 Complexing with polyphenols

The improvement of functional properties of plant proteins can
be achieved by complexing themwith polyphenols. This process
is broadly categorized into two types: non-covalent and covalent
bonding. The non-covalent interactions between plant proteins
and polyphenols are reversible and are mainly caused by four
main types of binding interactions (hydrogen bonding, hydro-
phobic interaction, electrostatic interaction, and van der Waals
force).64,65 Non-covalent interactions between polyphenols and
proteins can occur in different pH environments through
hydrophobic interactions and hydrogen bonding (Fig. 4A). Non-
covalent conjugation between polyphenols and plant proteins
has been proven to improve the functional properties of plant
proteins. For example, the solubility and emulsifying properties
of soy protein was improved by interaction with tea polyphenols
through hydrophobic interactions and hydrogen bonding.66

Previous study also reported that interaction between pea
protein and chlorogenic acid can improve its foaming and
emulsifying properties.67 Unlike non-covalent interaction,
covalent bonding is usually permanent and less prone to
degradation by environmental stressors.64,68 Nowadays, the
conjugation of plant proteins and polyphenols is oen carried
out through ultrasound assisted alkali treatment, alkali treat-
ment, and enzymatic hydrolysis (Fig. 4B).64 Among these
methods, alkali treatment is the most commonly used method
ds used to improve the functional properties of plant proteins and their

Sustainable Food Technol., 2024, 2, 893–907 | 895
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Table 1 Physical methods applied to improve the functional properties of plant proteins

Technology Advantages Disadvantages Scalability Protein Functional properties Reference

Ultrasound treatment Safe and
environmentally
friendly

Negatively affect the
physical structure of
proteins and quality of
the nal food products

Industrial scale Black
bean

Solubility, EAI, ESI, FC,
FS, gel properties
(WHC, gel strength)

38, 53, 54, 82
and 90–93

Less nutritional and
sensory harming

May cause protein
denaturation

Pea Solubility, FC, FS, ESI

Simpler and faster Hemp Solubility, EAI, ESI, FC,
FS

Low cost Excessive noise during
use lead to higher cost

Soybean Solubility, EAI, ESI

Heat treatment
(microwave heating,
radio-frequency
heating)

High efficiency and
energy frugality

Toxic concerns Ongoing from pilot-
scale to industrial-scale

Pea Creaming stability 94–98

Easy to operate Protein denaturation
and decrease in
solubility

Rice
glutelin

Solubility, FC, FS

Hemp Solubility (<80 °C), EAI
Quinoa Solubility, WHC, EAI,

ESI, gel ability
High-pressure
treatment (high
hydrostatic pressure,
dynamic high-pressure
uidization)

Reduction in the
processing times

Enzymatic and
oxidative degradation
of certain food
components

Industrial-scale Kidney
beans

WHC, EAI, ESI, FC 99–105

Ensuring food safety Need low temperature
storage and
distribution

Sweet
potato

Independent of size
and shape of the food

Soybean Gel properties,
rheology properties

Not break covalent
bonds

Solubility, gel
properties

Applied at room
temperature

High installation and
cost

Lentil Solubility, EAI, ESI, FC,
FS

Pulsed electric eld Green, higher
extraction yield, lower
energy consumption
and reduced utilization
of solvents

High investment cost Industrial-scale Pea WHC, OHC, FC, FS 106 and 107
Rice WHC, OHC

Require the
development of
industrial equipment

Gluten WHC, OHC, FC, FS

Extrusion cooking Easy to texturize plant-
based proteins

Require extremely high
temperature which
lead to the
denaturation of protein

Industrial-scale Soy Textural properties 33, 108 and
109Hemp Textural properties

Peanut Textural properties
Pea Textural properties

Negative effect on
solubility

Wheat
gluten

Textural properties

Cold plasma Shorter treatment time Negative effects on the
sensory and nutritional
characteristics of
treated foods

Ongoing from pilot-
scale to industrial-scale

Pea Gel properties 110–113
No thermal damages to
food physical
properties, avors and
nutritive components

Wheat WHC, OHC, gel
properties

Irradiation Short acting time,
strong acting force and
low energy
consumption, no
residues

The dosage needs to be
strictly controlled,
which is easy to cause
irreversible damage

Industrial-scale Soybean Solubility, EAI, ESI,
WHC, OHC, FC, FS

114–117

Sunower Rheology properties
Sesame
seeds

Solubility, EAI, ESI

Complex coacervation Sustainable method Sensitive to
environmental factors
(e.g., temperature,
ionic strength)

Lab-scale Hemp EPS 84 and 85
No chemical agent Pea Solubility
Easy to combine with
polysaccharide
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due to its low cost andmild and simple conditions.69 Regardless
of the method used, covalent modication with polyphenols is
considered an effective way to improve functional properties
(e.g. interfacial, emulsifying, antioxidant, gelling and antibac-
terial properties) of proteins. The conjugation between axseed
protein and phenolic compound signicantly improved its
interfacial, emulsifying and antioxidant properties.70 The
896 | Sustainable Food Technol., 2024, 2, 893–907
gelling properties and antioxidant properties of soy protein
were also improved through the conjugation with tannic acid.71
2.4 Enzymatic treatment

Enzymatic treatments have been widely used to change the
function of plant proteins by changing the protein structure
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Chemical methods applied to improve the functional properties of plant proteins

Technology Advantages Disadvantages Scalability Protein Functional properties Reference

Glycosylation (millard
reaction)

Easy to combine with
polysaccharide

Careful control of the
reaction conditions

Lab-scale Soybean Solubility, FA, FS EAI, ESI,
EPS

118–125

Stable Lead to brown colour
change and easy to form
byproduct

Pea Solubility, EPS
Black bean Solubility, EAI, ESI
Faba bean Solubility, EAI, ESI, FS

Low cost Peanut Solubility, ES (TSI)
pH-shiing More exible structure The change of structure is

limited, and usually needs
to be combined with other
modication methods

Industrial-
scale

Faba
protein

Solubility, FC, FS 56, 96 and
126–129

Pea protein Solubility, EAI, FC,
digestibility

Hemp Solubility, EAI, ES(TSI)
Rapeseed Solubility
Chickpea Solubility, FC, FS

Acylation (acetylation and
succinylation)

Increasing protein
electrostatic repulsion

High consumption of
solvent

Lab-scale Pea Solubility, WHC, OHC,
EC, ES, LGC

130–132

Imparting protein spatial
site resistance

Not sustainable Soybean EAI, ESI, FC, FS

High specicity, efficiency,
safety, and mild reaction
conditions

Need further purication
method

Phycocyanin Solubility, EAI, ESI, FA, FS

Deamidation Specicity, efficiency, and
mild conditions

High cost of enzyme Lab-scale Soybean EAI, ESI 133–135
Pea Solubility

Long reaction time Coconut Solubility, EAI, ESI, FC,
FS

Phosphorylation High improvement in
WHC and OBC

Long process duration Lab-scale Mung bean Solubility, WHC, OHC,
FC, FS, EAI, ESI

136
High energy consumption
Low reaction efficiency

Table 3 Enzymatic methods applied to improve the functional properties of plant proteinsa

Technology Advantages Disadvantages Scalability Protein
Functional
properties Reference

Enzyme hydrolysis and
cross-linking

High selective
modication

High cost of enzyme Ongoing from pilot-scale
to industrial-scale

Faba
bean

Solubility, FC,
OHC, EAI, ESI

137–140

Sustainable method Long reaction time Pea Solubility, FC, FS,
ECLow yield

Mild reaction and avoid
denaturation

May lead to bitterness
formation

Rice
bran

Solubility, EPS

Fermentation Reduction of beany avor With strong pertinence,
the effect of different
proteins varies greatly

Industrial-scale Pea Solubility 141
Improvement of
hydrophilic-lipophilic
balance

a EAI: emulsion activity index; ESI: emulsion stability index; WHC: water holding capacity; OHC: oil holding capacity; FC: foam capacity; FS: foam
stability; EC: emulsion capacity ES: emulsion stability; TSI: EPS: emulsion physical stability; LGC: least gelation concentration.
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particularly breaking down into desirable peptides. Enzymatic
hydrolysis has been used to alter the foaming properties of
soybean protein,72 surface hydrophobicity of sunower
protein,73,74 and emulsifying properties of rapeseed protein.75,76

Enzymatic modication is preferred over many other methods
as it can be carried out in mild process conditions in terms of
temperature and pH.77 Enzymatic hydrolysis is extensively used
to tailor the function of some proteins to meet specic needs.
Generally, enzymatic hydrolysis has shown to improve the
solubility of plant proteins (e.g., pea protein,78 faba bean
protein79); however, its impact on other functional properties
such as emulsifying and foaming properties, depends on the
© 2024 The Author(s). Published by the Royal Society of Chemistry
type of protein and degree of hydrolysis. Enzymatic hydrolysis
of protein also improved the foaming capacity and emulsifying
activity of proteins;78,80 however, the resulting foams and
emulsions usually less stable.80,81
2.5 The case of hemp protein

The application of LF-HIU (at 37–109 W cm−2 for 5–24 min) on
HPI has shown to improve its solubility in water, emulsion
activity index (EAI), emulsion stability index (ESI), foam capacity
(FC) and foam stability (FS).82 Liu et al. (2022)38 investigated the
impact of application of different power levels (200 W/400 W/
Sustainable Food Technol., 2024, 2, 893–907 | 897
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Fig. 3 Schematic diagram illustrating the mechanism of early stage (glycosylation) of Maillard reaction between protein and polysaccharide.

Fig. 4 Schematic diagram illustrating the conjugation between protein and polyphenol. (A) Non-covalent interaction; (B) covalent binding.
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600 W) and treatment time (6 min/12 min/24 min) on the
technofunctional properties of HPI and optimized these two
parameters (400 W/12 min). Schematic diagram on the
approach followed in this part of the work is given in Fig. 5.
Ultrasound can be used to alter the structure of proteins
through cavitation and high shear forces. It ultimately affects
the functional properties including emulsifying and foaming
properties, and surface hydrophobicity of proteins.83

The application of complex coacervation principle on HPI-
gum Arabic complex coacervates were produced and charac-
terized.84 Recent study also provide insight into complex coac-
ervation process between commonly available food
polysaccharides (gum Arabic, sodium alginate, pectin) and
hemp protein, particularly the optimum complex coacervation
conditions and nature of resulting HPI-polysaccharide complex
coacervates, which help broaden the application of HPI as
emulsiers and encapsulating shell materials.85,86 A schematic
diagram on the approach followed in this part of the work is
given in Fig. 6.

Liu et al. (2023)36 investigated the conjugation process of HPI
with polyphenols (gallic acid and catechin) applying
898 | Sustainable Food Technol., 2024, 2, 893–907
ultrasound-assisted alkaline method and simple alkaline
method. The authors showed that this process can affect the
structure and improve the emulsifying, antioxidant and anti-
bacterial properties of HPI.

Various aspects of modication of structure–function of HPI
by enzymatic hydrolysis are studied and reported.15,16,31,87,88 In
addition, there is also research on the application of the
conjugation of hemp peptides with polysaccharides in the eld
of edible lms.89 The active lms produced using hemp peptide-
carboxymethyl chitosan showed great potential to extend the
shelf life of a common perishable fruit (blue berries).89
3 Effect of modification on the
structure of plant proteins

The changes in physicochemical properties brought about by
the above-mentioned physicochemical and enzymatic hydro-
lysis methods are closely related to the changes in the molecular
structure of plant proteins. The effects of these modication
methods on the structure of plant proteins are briey reviewed
below.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Schematic diagram illustrating the mechanism and effect of ultrasound treatment on hemp protein.
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3.1 Primary, secondary, tertiary structure and
microstructure

The primary structure of a protein refers to the sequence of
amino acids that make up its peptide chain. One of the most
common methods of modifying the primary structure of
a protein is through enzymatic hydrolysis. It has been shown
that the enzymatic treatment led to a decrease in molecular
weight in pea protein.78 With the increase of the hydrolysis
degree (DH), the bands with lower molecular weight (17 kDa,
20–22 kDa,∼40 kDa,∼18 and∼50 kDa) gradually appeared and
the bands with higher molecular weight (∼60 kDa,∼75 kDa and
∼100 kDa) disappeared due to the cleavage of protein chain.78

Similar results were observed in faba bean protein.79 The
alteration of secondary structure of a protein directly impacts its
functional properties.36,142 The tertiary structure of plant
proteins can be determined by intrinsic uorescence spectros-
copy because the amino acid residues in the protein are sensi-
tive to the polarity of the microenvironment.143 It has been
reported that ultrasound treatment and pH-shiing can alter
the tertiary structure of plant protein (e.g., pea protein,91 black
bean protein144). Themicrostructure of a protein is oen used to
indicate alterations in its physical structure, including changes
in its compactness, formation of aggregates, and changes in
particle size. Scanning electron microscopy (SEM) is commonly
used to obtain images of protein's microstructure. Ultrasound
treatment has been found to alter the microstructure of many
plant proteins (e.g., soy protein,53 black bean protein144).
3.2 The case of hemp protein

With regards to HPI, several enzymes have been used for this
purpose including alcalase, avourzyme, neutrase, protamex,
pepsin, and trypsin, in order to break down the two subunits of
edestin (45 kDa acidic subunit and 20 kDa basic subunit).15,16,31

The basic subunits are found to be more resistant to hydrolysis
compared to the acidic subunits, possibly due to differences in
their susceptibility.15,16 Among various enzymes, pepsinwas found
to be the most effective for hydrolyzing of HPI, as indicated by the
release rate of soluble peptides reaching as high as 48.5%.15,16

The proportion of the secondary structural features (a-helix,
b-sheet and random coil) of HPI can be altered by methods such
as pH-shiing, heat treatment, ultrasound treatment, and
conjugation with polyphenol. A change in the pH value can have
© 2024 The Author(s). Published by the Royal Society of Chemistry
a signicant effect on the secondary structure of HPI. It was
reported that when the pH of hemp protein solution was
decreased to 3.0, the proportion of a-helix decreased and that of
b-sheet increased. Conversely, when its pH increased to 7.0, the
proportion of a-helix increased and that of b-sheet
decreased.145,146 Heat treatment usually leads to a substantial
increase in the proportion of b-sheet.31 On the other hand, HPI
that was subjected to ultrasound treatment (37–109 W cm−2, 5–
24 min) resulted into a decrease of a-helix, an increase of b-
sheet, and g-random contents due to the disruption of
hydrogen bonds.53,147 These changes in secondary structure of
HPI indicate the increased exposure of protein's hydrophobic
region due to shearing force associated with ultrasound.148 The
conjugation of protein with polyphenols (gallic acid and cate-
chin) also affects the secondary structure of protein. It leads to
an increase of g-random by disrupting intramolecular interac-
tions brought about by the conjugation process.36

Previous studies have shown that ultrasound treatment (37–
109 W cm−2, 5–24 min) can affect the tertiary structure of HPI,
leading to a higher degree of unfolding and exposure of hydro-
phobic groups.38,147 The combination of heat treatment (20–60 °
C) and pH shiing (adjusting pH to 12.0 for a short time and then
reverting to 7.0) was also found to cause a signicant impact on
the tertiary structure of HPI due to the loss of compact struc-
ture.96 Acetylation and succinylation also found to greatly impact
on the tertiary structure of plant protein (e.g., oat protein,149 soy
protein150). Both acetylation and succinylation have a signicant
effect on the tertiary structure of HPI and leads to unfolding of
protein molecules and exposure of hydrophobic regions.151

Complexation with polyphenol is a commonly used method to
alter the tertiary structure of plant protein (e.g., pea protein,67 rice
protein152). Conjugation with polyphenols (gallic acid and cate-
chin) was found to affect the tertiary structure of HPI due to
disruption of internal interactions caused by the conjugation
process.36 Alkaline and ultrasound-assisted alkaline conjugation
between HPI and polyphenols can cause greater exposure of
tryptophan residues in a polar environment, which indicates the
unfolding of the protein molecule.36

The microstructure of a protein is oen used to indicate
alterations in its physical structure, including changes in its
compactness, formation of aggregates, and changes in particle
size. Scanning electron microscopy (SEM) is commonly used to
obtain images of protein's microstructure. Ultrasound
Sustainable Food Technol., 2024, 2, 893–907 | 899
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Fig. 6 Schematic diagram illustrating the formation of complex coacervate between protein and polysaccharide. (A) Mechanism; (B) different
formation method.
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treatment has been found to alter the microstructure of many
plant proteins (e.g., soy protein,53 black bean protein144). Simi-
larly, ultrasound treatment (400–600W power level for 6–24min
900 | Sustainable Food Technol., 2024, 2, 893–907
exposure) has also found to disrupt the compact structure of
HPI and form smaller aggregates.38 This change in micro-
structure of protein caused by ultrasound is attributed to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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cavitation and high shearing forces generated by it.38 High-
pressure homogenize also lead to a signicantly change of
microstructure of HPI, which decreased the aggregation.105 This
may related to the mechanical force formed by high-pressure
homogenize to break the large aggregation.105

4 Effect of modification on the
physicochemical properties of plant
proteins

The change in physicochemical structure of plant proteins by
the modication processes described above inevitably leads to
the changes in physicochemical properties. The major changes
in physicochemical properties are briey presented below.

4.1 Free sulydryl content (–SH group content)

The measurement of –SH group content is commonly used to
assess the level of protein unfolding and the formation of
conjugates. Ultrasound treatment and phenolic conjugation
have shown to impact on the –SH group content of a number of
plant proteins (e.g., soy protein,153 zein154).

4.2 Free amino group

Free amino acid content is oen used to evaluate changes in
a protein's internal structure and to ascertain the degree of
formation of conjugates. Published literature shows that both
ultrasound treatment and conjugation with polyphenols have
a signicant impact on the free amino groups of plant proteins
(e.g., axseed protein,70 soy protein153,155).

4.3 Particle size

Particle size is an important property that inuences the func-
tional properties of plant proteins. Previous research has shown
that ultrasound treatment, high-pressure homogenization and
conjugation with polyphenols could affect the particle size of
plant proteins.64,105,156

4.4 Surface hydrophobicity

Surface hydrophobicity is an important functional property of
plant proteins. It indicates the number of hydrophobic groups
exposed to the hydrophilic medium due to alteration in tertiary
structure. The surface hydrophobicity of plant proteins can be
affected by ultrasound treatment,53,144 heat treatment,157,158, pH-
shiing,129,159 high-pressure homogenize,105 enzymatic hydro-
lysis,160,161 and conjugation with polyphenols.162,163

4.5 Thermal properties

An observed change of thermal behavior of a protein indicates
that it has undergone some degree of change of structure
(denaturation). Thermal stability refers to a protein's ability to
resist aggregation when it is exposed to heat. Research has
demonstrated that ultrasound treatment and acylation (acety-
lation and succinylation) can enhance the thermal stability of
plant proteins.151,164
© 2024 The Author(s). Published by the Royal Society of Chemistry
4.6 The case of hemp protein

Taking hemp protein as an example, it has been observed that
ultrasound treatment and polyphenol conjugation have an
impact on the –SH group content of HPI. Ultrasound treatment
(37 W cm−2, 8 min) signicantly increased the –SH group
content (1.6-fold), which is related to the shearing force of
ultrasound causing the exposure of –SH groups from the inte-
rior. This may also be due to the increased surface area and
reduced particle size brought about by the ultrasound treat-
ment.147 The amount of –SH group content was found to
decrease signicantly aer conjugation with polyphenols.36

This is most likely due to the –SH group of HPI conjugating with
the hydroxyl groups of polyphenols.36

For hemp protein, conjugation of polyphenols with HPI was
shown to a lower its free amino groups' content. The covalent
bonding reaction between free amino acid groups of protein
and the hydroxyl groups of polyphenols is considered to be
responsible for this outcome.36 In addition, it was also found
that the amount of free amino groups in the HPI-polyphenol
conjugates produced through ultrasound-assisted alkaline
treatment is signicantly higher than in alkaline-induced
conjugation, which was attributed to unfolding of the protein
molecule and exposure of free amino groups due to forces of
ultrasound.36

In the case of HPI, ultrasound treatment (with intensities
ranging from 37 to 109 W cm−2 and durations of 5 to 24 min)
resulted in a signicant reduction of particle size due to frag-
mentation caused by the high shearing force.38 High-pressure
homogenize (90 MPa) reduced the particle size of HPI signi-
cantly (83%).105 Similarly, the particle size of both alkali-
induced and ultrasound-assisted alkaline-induced HPI-
polyphenol conjugates was reduced.36

In the case of HPI, ultrasound treatment (400 W, 12 min)
resulted in a signicant improvement of surface hydrophobicity
as its value increased by more than 2-fold. This was due to the
cavitation and high shear forces associated with ultrasound,
which resulted in unfolding of HPI and exposure of its hydro-
phobic regions.38 Heat treatment (20–60 °C) combined with pH
shiing showed only a small improvement (1.0–1.2-fold) in
surface hydrophobicity.96 High-pressure homogenize (90 MPa)
may lead to the decrease of surface hydrophobicity due to the
higher content of hydrophilic groups.105 The effect of enzymatic
hydrolysis on surface hydrophobicity is reported to vary
depending on the type of enzyme and treatment time. Hydro-
lysis of hemp protein with most enzymes showed an increase of
surface hydrophobicity aer 2 hours of treatment.15 However,
further hydrolysis of hemp protein aer 4 hours did not
increase its surface hydrophobicity.15 Conjugation of hemp
protein with polyphenols (gallic acid and catechin) decreased
its surface hydrophobicity indicating to a reduced exposure of
the hydrophobic groups.36 It is important to realize that an
increase as well as decrease of hydrophobicity can affect the
functional properties of HPI. Thus, it is important to identify
the desirable range of surface hydrophobicity values.

In the case of HPI, ultrasound treatment increased the
denaturation temperature as it caused a breakdown of
Sustainable Food Technol., 2024, 2, 893–907 | 901
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intermolecular bonds of the proteins and induced changes in
their structure.147 Acylation process was reported to increase the
denaturation temperature of hemp protein only marginally.151

The above-mentioned improvement in thermal stability is
attributed to the increased net charge on the surface of protein
by acylation.151

5 Effect of modification on the
techno-functional properties of plant
protein: the case of hemp protein

A modication of hemp protein in its molecular and micro-
structural level alters its functional properties. These changes
are briey presented below.

5.1 Protein solubility

Solubility is an important functional property of proteins which
impacts the extent to which they can be utilized.8,165 Studies
have shown that the solubility of HPI is lower than that of other
common plant proteins such as soybean and pea proteins.32,38

Low solubility of HPI, perhaps, is one of the reasons of its low
utilization as an ingredient in food products, thus, needing to
nd ways to improve it. Solubility of proteins is inuenced by
their native structure and processing induced denaturation and
aggregation.38,165,166 Processes that enhance the interaction
between water and a protein are generally conducive to improve
solubility.38 The processes that favor the formation of insoluble
aggregates reduce protein's solubility. As mentioned above,
various methods are applied to improve the solubility of HPI,
including pH adjustment, heat treatment, pH-shiing, high-
pressure homogenize, ultrasound treatment, enzymatic hydro-
lysis, acylation, and conjugation with polyphenols.

The solubility of proteins including HPI displays a classic U-
shaped curve as a function of pH, with the lowest solubility
occurring at its isoelectric point (ISP). It is reported that the ISP
of hemp protein varies between pH 4.3–6.0 depending on the
variety and the method of extraction used.32,41,85,146 The solu-
bility of HPI at its ISP is around 10–15% due to the formation of
insoluble aggregates, whereas at pH 9.0, its solubility reaches
75–90%, indicating that it is an alkali-soluble protein.41,146

Ultrasound treatment (20 kHz, 400 W, 12 minutes) was found to
signicantly improve the solubility of HPI (3.7-fold at pH = 7.0)
due to cavitation-induced rupture of hydrogen and hydrophobic
bonds, increased exposure of hydrophilic groups, and reduction
in particle size.38 Heat treatment of HPI at 20–80 °C (at pH= 7.0)
showed only a small improvement (around 1.25-fold) in its
solubility.96 However, heat treatment of hemp protein at 80–
100 °C for 10 min was found to decrease its solubility due to the
formation of insoluble aggregates.16,44 Interestingly,
a combining pH-shiing (adjustment of pH to 12.0 for up to
60 min then lowering back to 7.0) and heat treatment (up to 80 °
C) was found to increase its solubility quite substantially (4.8-
fold) due to the increase of repulsive electrostatic forces.96 High-
pressure homogenize treatment lead to the increasing solubility
(201%) of HPI due to the soluble protein aggregation.105 A
limited enzymatic hydrolysis of HPI with trypsin (2.3–6.7%) was
902 | Sustainable Food Technol., 2024, 2, 893–907
also found to signicantly improve (2.8 fold, at pH 7.0) its
solubility by releasing soluble peptides and increasing exposure
of ionizable side groups.16 Acetylation and succinylation are
found to improve solubility of hemp protein across a broad pH
range (2.0–10.0).151 At pH 7.0, succinylation and acetylation
resulted in a 3.3- and 2.2-fold increase in solubility, respec-
tively.151 The improvement in solubility brought about by suc-
cinylation is due to the unfolding of protein molecules which
was reported to be due to the replacement of short-range
ammonium-carboxyl groups of protein with succinate carboxyl
groups leading to an increase in electrostatic repulsion.151 For
acetylation, the improvement in solubility is due to the
unfolding of protein molecules and a reduction in protein–
protein interaction and an increase in protein–water interac-
tion.151 Conjugating HPI with polyphenols through alkaline and
ultrasound-assisted alkaline treatment methods has also been
found to signicantly improve (about 2-fold) solubility by
decreasing surface hydrophobicity and particle size.36 Thus,
a combination of pH-shiing and heat treatment can be
considered as a rational approach to improve the solubility of
HPI.

The methods used to improve the solubility of proteins
including hemp protein should be carefully considered. If
ultrasound treatment is chosen, it is important to be mindful of
the power and duration of the treatment as overly intense
power–time combination can reduce the solubility.38,82 In the
case of acetylation, it is important to control the anhydride level
as levels higher than 0.2 g g−1 can decrease solubility instead of
increasing.151
5.2 Emulsifying properties

Emulsions are essential part of many food products including
milk, beverage, ice cream, butter, and sausage.167 Protein acts as
the natural ingredient in food emulsions due to its amphiphilic
nature and ability to form interfacial lms at oil–water inter-
face.168 The emulsifying properties of proteins are determined
by the interfacial properties, functional properties (e.g., solu-
bility) and molecular structure (e.g. exibility, rigidity).169

Surface hydrophobicity affects the ability of proteins to adsorb
at the oil–water interface, and solubility affects the rate with
which protein molecules can migrate to the oil–water inter-
face.36,38 HPI has weaker emulsifying properties compared to
common plant proteins.32,38 Therefore, it is essential to improve
its emulsifying properties to broaden its application in food
industry. Emulsifying properties are commonly measured by
using two parameters: emulsifying activity (EAI) and emulsi-
fying stability (ESI). The physical stability of emulsion depends
on factors such as storage time, temperature, and ionic
strength.

Various methods are developed to improve the emulsifying
properties of HPI, including ultrasound treatment, heat treat-
ment, pH-shiing, acylation (acetylation and succinylation),
and complexing with polysaccharides and polyphenols. It is
reported that the ultrasound treatment at suitable power level
and exposure time can signicantly improve both EAI and ESI.
The improvements in these parameters are brought about by
© 2024 The Author(s). Published by the Royal Society of Chemistry
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the improved solubility, controlled unfolding, and an increase
in the surface hydrophobicity. When molecular structure of
protein becomes more exible, it enhances the protein's ability
to adsorb at the oil–water interface.38,82 Heat treatment by itself
can only minimally affect EAI; however, when combined with
pH shiing, it can signicantly improve EAI as well as emulsion
stability due to increased unfolding of structure and subse-
quent exposure of hydrophobic amino acid side chains.96

Acylation (acetylation and succinylation) can bring about
substantial increase in EAI. Acetylation can signicantly
increase the EAI.151 It was reported that at 70% succinylation,
a 4.5-fold increase of EAI was achieved in HPI. However, at the
same degree of acetylation of HPI only yielded 1.8-fold increase
in EAI.151 The authors attributed this improvement to controlled
unfolding of protein structure and partial exposure of hydro-
phobic region. Complexing with polysaccharides can improve
the ability of HPI to stabilize emulsions.85,168 Similarly, conju-
gation of HPI with polyphenols (such as gallic acid) also resul-
ted in substantial increased in EAI and ESI.36 This improvement
was brought about by the increased negative charge density,
smaller particle size and higher surface hydrophobicity.36

Therefore, two of the rationale ways to improve both EAI and
ESI of hemp protein are to complex it with polysaccharides and
conjugate with polyphenols aer preliminarily subjecting it to
ultrasound treatment. As mentioned previously, both the ionic
complex coacervation and covalent conjugation processes
require optimization.

5.3 Water and oil holding capacities

The ability of proteins to retain water is known as water holding
capacity (WHC). It is an important property to consider when
producing protein-based gels. A suitably controlled WHC
contributes to the quality of food by preventing water loss,
preserving freshness, providing a moist mouthfeel, and
ensuring ideal texture.170,171 The oil holding capacity (OHC) of
a protein indicates to its ability to absorb/retain oil or lipid.8

Currently, there is a paucity of study aiming to determine the
effect of various treatments on theWHC and OHC of HPI. It has,
nevertheless, shown that ultrasound treatment could improve
these properties only marginally.82

5.4 Gelling properties

The ability of plant proteins to form gel is important for prod-
ucts such as tofu, plant-based meat and dairy substitutes.172,173

Additionally, protein-based gels can also be used to encapsulate
unstable compounds such as vitamin E and b-carotene, to
enhance their stability.174–176 Gelation of proteins can be ach-
ieved by using heating-cooling, acid and salt treatment, cross-
linking agents (such as transglutaminase, polysaccharides,
and polyphenols) and microbial fermentation.177–181 The gelling
properties of proteins are inuenced by changes in their phys-
icochemical properties and functional properties, such as
particle size, molecular structure, surface hydrophobicity and
state of intermolecular interactions.182 In principle, any method
capable of enhancing interaction between protein molecules
can improve the gelling properties. The gelling properties of
© 2024 The Author(s). Published by the Royal Society of Chemistry
HPI are known to be inferior compared to many common plant
proteins. For example, the least gelation concentration of HPI is
around 22% which is substantially higher than that of many
other plant proteins.145 A number of processes can be applied to
improve the gel characteristics of HPI including ultrasound and
salt treatments and mixing with other proteins. Ultrasound
treatment is reported to signicantly improve gelling capacity
by reducing the minimum gelling concentration from 22% to
18%, primarily increasing its solubility and structural exi-
bility.82 For heat-induced gel, changes in NaCl concentration of
the HPI dispersions had a greater impact on the rheological
properties and microstructure.183 It is reported that salt treat-
ment led to a ner gel network structure due to a charge-
shielding effect.183 Studies have found that the gel properties
of HPI can be signicantly improved by mixing it with other
proteins, for example, egg and lentil proteins.184,185 Improve-
ments in gelling properties of HPI can broaden its application.
5.5 Foaming capacity and stability

The ability of a protein to form foam (foaming capacity, FC) and
its ability to maintain the foam (foam stability, FS) are impor-
tant for production of various protein containing foods. FS is
a key quality indicator for certain food products such as ice
cream.186 In general, the FC of a protein can be enhanced by
reducing surface tension. Proteins which are difficult to dena-
ture at the air–water interface tend to have a poor FC.187 The FC
and FS of a protein depend on various factors such as the speed
and amount proteins adsorbed at the air–water interface, speed
and extent of change of conformation, and orientation and
rearrangement at the interface.156,188 The formation of cohesive
viscoelastic lm at the air–water interface through protein–
protein interactions is important for formation and stability of
protein foams.72 Other factors such as concentration, solubility,
and surface hydrophobicity also inuence protein's foaming
ability.169 Currently, there is a dearth of study on the impact of
processing methods on the foaming properties of HPI. The
application of ultrasound has shown to improve both FC and FS
of HPI which is attributed to the partial denaturation and the
exposure of hydrophobic regions.82
6 Conclusion

A number of processing methods are studied and applied to
improve the functional properties of plant proteins including
hemp protein with varying degree of success. The most studied
methods include ultrasound treatment, heat treatment, pH
shiing, acylation, enzymatic hydrolysis, complex coacervation
with polysaccharides, and conjugation with polyphenols. Of
these methods, ultrasound treatment appears to be the most
effective physical method that can be applied to improve the
technofunctional properties of HPI. The pH shiing and heat
treatment also appear to improve the technofunctional prop-
erties of HPI, particularly its solubility. Acylation also appears to
improve the solubility and emulsifying properties. Enzymatic
hydrolysis appears to improve the solubility of hemp proteins at
the same time it can negatively affect emulsifying and foaming
Sustainable Food Technol., 2024, 2, 893–907 | 903
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ability, and water and oil holding capacity. Formation of
complex coacervate of HPI with polysaccharides are shown to
improve the physical stability of emulsions. Conjugation of HPI
with polyphenols also reported to signicantly improve the
solubility, emulsifying ability, and physical stability of emul-
sion. However, research on improving the functional properties
of HPI is still not mainstream and appears to be focused on
limited to selective properties and appears to lack comprehen-
siveness. This review indicates that there is need for further
research and theoretical support for the application of protein–
polysaccharide complex coacervation and protein–polyphenol
conjugation methods for improving the functional properties of
hemp protein as they have greater potential. The research and
innovation of HPI-polysaccharide complex coacervates and HPI-
polyphenol conjugates and hemp peptide–polysaccharide
conjugates in food products needs to be prioritized to broaden
the application of these ingredients into commercially
produced food products.
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41 M. HadnaCev, T. Dapčević-HadnaCev, A. Lazaridou,
T. Moschakis, A. M. Michaelidou, S. Popović and
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G. C. Bressan, É. N. R. Vieira, J. S. d. R. Coimbra and
E. B. de Oliveira, Colloids Surf., A, 2020, 603, 125156.

127 O. Kahraman, G. E. Petersen and C. Fields, Foods, 2022, 11,
587.

128 Y. Li, Y. Cheng, Z. Zhang, Y. Wang, B. K. Mintah,
M. Dabbour, H. Jiang, R. He and H. Ma, Ultrason.
Sonochem., 2020, 69, 105240.

129 Y. Wang, S. Wang, R. Li, Y. Wang, Q. Xiang, K. Li and Y. Bai,
Food Hydrocolloids, 2022, 124, 107351.

130 Y. Shen and Y. Li, Food Hydrocolloids, 2021, 117, 106686.
131 Z. Lian, S. Yang, S. Dai, X. Tong, P. Liao, L. Cheng, W. Qi,

Y. Wang, H. Wang and L. Jiang, J. Sci. Food Agric., 2022,
102, 6454–6463.

132 Y. Li, Z. Zhang and A. Abbaspourrad, Food Hydrocolloids,
2022, 133, 107994.

133 Y. Jiang, Z. Wang, Z. He, M. Zeng, F. Qin and J. Chen, LWT,
2022, 154, 112328.

134 L. Fang, H. Xiang, D. Sun-Waterhouse, C. Cui and J. Lin, J.
Agric. Food Chem., 2020, 68, 1691–1697.

135 S. Meenmanee, A. Rattananukrom, S. Thaiphanit and
I. Suppavorasatit, LWT, 2022, 153, 112493.

136 M. Hadidi, S. Jafarzadeh and A. Ibarz, LWT, 2021, 151,
112119.

137 E. Eckert, J. Han, K. Swallow, Z. Tian, M. Jarpa-Parra and
L. Chen, Cereal Chem., 2019, 96, 725–741.
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Nutr., 2022, 77, 577–583.

148 W. Sun, F. Zhou, D.-W. Sun and M. Zhao, Food Bioprocess
Technol., 2013, 6, 1703–1712.

149 C.-B. Zhao, H. Zhang, X.-Y. Xu, Y. Cao, M.-Z. Zheng, J.-S. Liu
and F. Wu, Process Biochem., 2017, 57, 117–123.

150 M. He, L. Li, C. Wu, L. Zheng, L. Jiang, Y. Huang, F. Teng
and Y. Li, J. Food Sci., 2021, 86, 1737–1750.

151 S.-W. Yin, C.-H. Tang, Q.-B. Wen and X.-Q. Yang, Int. J. Food
Sci. Technol., 2009, 44, 2653–2661.

152 X. Jia, M. Zhao, N. Xia, J. Teng, C. Jia, B. Wei, L. Huang and
D. Chen, J. Cereal Sci., 2019, 89, 102818.

153 S. Yan, F. Xie, S. Zhang, L. Jiang, B. Qi and Y. Li, Colloids
Surf., A, 2021, 609, 125641.

154 G. Ren, J. Shi, S. Huang, C. Liu, F. Ni, Y. He, X. Luo, T. Li,
Y. Song, M. Huang and H. Xie, Food Chem., 2022, 374,
131612.

155 M. Geng, X. Feng, H. Yang, X. Wu, L. Li, Y. Li and F. Teng,
Ultrason. Sonochem., 2022, 90, 106172.

156 M. M. Rahman and B. P. Lamsal, Compr. Rev. Food Sci. Food
Saf., 2021, 20, 1457–1480.

157 Z. Wang, Y. Li, L. Jiang, B. Qi and L. Zhou, J. Chem., 2014,
2014, 475389.

158 J.-M. Wang, N. Xia, X.-Q. Yang, S.-W. Yin, J.-R. Qi, X.-T. He,
D.-B. Yuan and L.-J. Wang, J. Agric. Food Chem., 2012, 60,
3302–3310.

159 S. Jiang, J. Ding, J. Andrade, T. M. Rababah, A. Almajwal,
M. M. Abulmeaty and H. Feng, Ultrason. Sonochem., 2017,
38, 835–842.

160 B. P. Lamsal, S. Jung and L. A. Johnson, LWT–Food Sci.
Technol., 2007, 40, 1215–1223.

161 G. Zhao, Y. Liu, M. Zhao, J. Ren and B. Yang, Food Chem.,
2011, 127, 1438–1443.

162 X. Pi, J. Liu, Y. Sun, Q. Ban, J. Cheng and M. Guo, Food
Chem., 2023, 405, 134820.
© 2024 The Author(s). Published by the Royal Society of Chemistry
163 W. He, K. He, X. Liu, L. Ye, X. Lin, L. Ma, P. Yang and X. Wu,
Food Chem., 2023, 415, 135733.

164 Y. Wan, J. Liu and S. Guo, Food Chem., 2018, 245, 542–550.
165 S. M. T. Gharibzahedi and B. Smith, Trends Food Sci.

Technol., 2020, 98, 107–116.
166 L. Huang, X. Ding, Y. Li and H. Ma, Food Chem., 2019, 279,

114–119.
167 L. Zhou, J. Zhang, L. Xing and W. Zhang, Trends Food Sci.

Technol., 2021, 110, 493–512.
168 R. S. H. Lam and M. T. Nickerson, Food Chem., 2013, 141,

975–984.
169 L. Amagliani, J. O'Regan, A. L. Kelly and J. A. O'Mahony,

Trends Food Sci. Technol., 2017, 64, 1–12.
170 Q. Wang and Y. L. Xiong, Compr. Rev. Food Sci. Food Saf.,

2019, 18, 936–952.
171 S. M. T. Gharibzahedi, S. Roohinejad, S. George, F. J. Barba,

R. Greiner, G. V. Barbosa-Cánovas and K. Mallikarjunan,
Trends Food Sci. Technol., 2018, 75, 194–205.

172 Y. Ren, L. Huang, Y. Zhang, H. Li, D. Zhao and J. Cao, Lancet
Respir. Med., 2022, 10(4), 378–391.

173 A. Pua, V. C. Y. Tang, R. M. V. Goh, J. Sun, B. Lassabliere
and S. Q. Liu, Foods, 2022, 11, 875.

174 Y. Shao and C.-H. Tang, Food Res. Int., 2016, 79, 64–72.
175 A. Gomes and P. J. d. A. J. M. Sobral, Molecules, 2021, 27(1),

60.
176 Z. L. Wan, J. Guo and X. Q. Yang, Food Funct., 2015, 6, 2876–

2889.
177 X. Yang, Y. Ren, H. Liu, C. Huo and L. Li, Int. J. Biol.

Macromol., 2021, 185, 462–470.
178 Y. Wan, Y. Li and S. Guo, Food Hydrocolloids, 2021, 113,

106525.
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