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g and its effect on foaming
behavior

M. Kavimughil, Sayantani Dutta, J. A. Moses and C. Anandharamakrishnan *

In the food industry, eggs have been used as a multi-purpose ingredient for numerous applications. With

their unique protein composition eggs exhibit excellent nutritional as well as functional properties.

Among different proteins, egg white protein contributes the most to functional properties of food

products, especially the foaming property. The natural foaming ability of egg proteins provides

distinguished taste, texture, and mouthfeel making it a versatile raw material for the baking industry. With

modified proteins exhibiting different applications as functional ingredients, egg proteins are subject to

different treatments to modify their functional properties, especially foaming properties. Among the

different treatments, ultrasound is a green technology that leaves no residues and has numerous

advantages in terms of operation, sustainability, and energy consumption. The foaming properties of egg

proteins are related to different processing parameters of ultrasound including power, amplitude, time,

and frequency. Although the foaming ability is easily increased, maintaining or improving the foam

stability is a major challenge. In addition, ultrasound assisted with other treatments such as irradiation,

hydrolysis, and glycation that are proven to enhance the foaming properties of egg proteins are also

discussed.
Sustainability spotlight

The phenomenon of foaming holds immense signicance in the food industry. With its emphasis on eggs, this article focuses on the impact of ultrasound
treatment on foaming behavior. Sonication is a green technology and offers numerous advantages in terms of operation, sustainability, and energy
consumption, in addition to superior product quality. In combination with other approaches, commercially scalable systems can be developed, for egg foaming
and other allied applications. As a sustainable food processing approach, the concept aligns with UN SDG 12.
1. Introduction

In food technology, foam formation is encouraged in the
preparation of airy or low-density food products as it plays
a functional role in texture, appearance, and taste of the nal
product. Foam, in general, represents gas bubbles that are
uniformly distributed in a continuous liquid phase. These
bubbles contribute greatly to the volume and density of several
types of food, especially whipped cream, ice cream, bread,
cakes, and mousses.1 They also play a major role in creating
a sensory appeal to beverages such as carbonated water, beer,
sparkling wine,2,3 and coffee4,5 by inuencing their properties
likemouthfeel, the release of avors, and overall taste. However,
foaming could also be undesirable depending on the unit
operation involved, and product requirements. For
manufacturing carbonated beverages or beer, aeration in the
form of bubbles or foams is intentionally incorporated to bring
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about the desirable sensory prole;6–8 whereas, in the case of
controlled fermentation systems, foam development is consid-
ered undesirable related to undesirable microbial growth.9

Since foams in foods have gotten consumer attention, they play
an important role in the quality as well as the lifecycle of the
food product.10

For the food foams to be produced at a larger scale in
a controlled manner, exploring the behavior of different foam-
ing agents, and understanding the foaming mechanism in the
presence of different food ingredients are very important.11 In
addition to foam generation, addressing the challenges of foam
destabilization, and maintaining foam stability during product
development is also equally important, and it has always been
a research interest among food technologists. Through several
reports over the years, the importance of proteins in food foam
is well understood. Proteins by nature have both hydrophilic
and hydrophobic groups in their structure; during foam
formation, the former groups in protein molecules would orient
towards the liquid phase while the latter groups orient towards
the air phase. This way, protein molecules are incredibly useful
in establishing the foam in liquid. In the food industry, natural
Sustainable Food Technol., 2023, 1, 511–527 | 511
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Fig. 1 Liquid foams separated by thin film and formation of plateau
border with the films.25
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proteins such as egg white, soy protein, casein, and whey
protein are some of the main foam stabilizers.12

Over the years, egg protein has been commonly used for the
preparation of a variety of food products owing to its unique
functional and structural properties. Egg white protein (EWP),
in its powder form, not only provides better functional bene-
ts, such as better emulsication,13 foaming, and gelling
properties,14 but also proves advantageous in shelf-life exten-
sion, storage, handling, and transportation compared to fresh
eggs.15 In bakery operations, especially during cake batter
preparation, EWP plays an important role in stabilizing the
foam developed during the beating and mixing of the ingre-
dients.16 EWP is an attractive foaming agent; however, its
properties are dependent on various factors including the
freshness of the egg, protein concentration, pH values of the
egg, and other processing conditions of egg powder
manufacturing.17 The functional properties exhibited by the
proteins are greatly inuenced by their structural properties;
hence, modifying the proteins chemically or enzymatically
would alter their structure, which in turn impacts their
foaming behavior. The foaming characteristics of any protein
depend on various factors including particle size, zeta poten-
tial, and surface hydrophobicity.18 Over the past decade,
numerous studies have investigated modications of egg
protein through different treatments; among them, the effect
of ultrasound on egg protein has been exclusively discussed in
the current review.

Ultrasound treatment is utilized in food processing for
numerous purposes including extraction, purication, and
shelf-life extension. In general, the cavitation created during
ultrasound treatment is the critical phenomenon that is
responsible for effective mass transfer, free radical production,
and other intensifying physical or chemical reactions on food
materials.19 In the case of protein, this sonication results in the
unfolding of protein structures that expose the hydrophobic
groups to the surface further impacting the foaming charac-
teristics of the protein.

There are various physical and chemical methods studied
to modify the functional properties of egg proteins which are
briey discussed in the following sections. Among various
methods, ultrasound technology is a simple yet effective
nonthermal technique that can be used to treat egg white
proteins to enhance their functional properties, especially
foaming properties. Since the ultrasound could be applied to
the egg solution without increasing the solution temperature,
it has better scope in modifying protein and its functional
properties. Also, ultrasound has been reported as a promising
method to control foam in various systems including food,
chemical, and pharmaceuticals.20 Although there are several
studies on ultrasound treatment on egg protein impacting its
foaming behavior, a detailed review of this subject will serve
as a valuable resource. Keeping this in mind, various ultra-
sound factors such as treatment time, power, frequency, and
amplitude that affect the foaming properties of egg proteins
have been discussed in this review. In addition, ultrasound
when combined with other treatments also has exhibited
encouraging ndings which have been discussed in this
512 | Sustainable Food Technol., 2023, 1, 511–527
review. Unless mentioned, an egg in this article refers to
a hen's egg.
2. Formation of foam

Foam is a two-phase colloidal system consisting of a large
proportion of gas by volume dispersed in a liquid or solid or gel in
the form of air bubbles.21,22 When viewed from a structural aspect,
they are large numbers of bubbles packed to form an inter-
connected structure into lms, nodes, or plateau borders.23 Foams
have characteristic properties like low density, and large surface
area as they display both solid and liquid-like properties.24 For
foams to be stabilized, agents like surfactants are usually required,
for egg foaming, the stability is attained natively through its
protein molecules. The stabilizers help in slowing down the foam
aging process. First, the liquid foams under the effect of gravity
would drain rapidly until the liquid volume fraction reaches
a limit. Second, the foams with gas transfer would evolve with
coarsening and would coalesce with rupturing the lms, sepa-
rating the bubbles. In the case of foams with a higher liquid
fraction, more than 50%, a continuous thin lm is encouraged to
stabilize the foams.25 The liquid bubbles ideally are dodecahedral
shaped and equally sized separated by the thin lm. And when
three such thin lms are intersecting, a plateau border is formed,
as in Fig. 1. When the plateau border is smaller, drainage is faster
in the lm between smaller bubbles. The protein molecules,
emulsiers, and surfactants help in reducing drainage by
decreasing the surface tension, thereby stabilizing the foams.26

Due to various factors, e.g. gravity-driven aging process, the
collapse of bubbles is inevitable;27,28 therefore, the formed
foams do not remain stable for a very long time. According to
Wilson,29 three mechanisms namely disproportion, drainage,
and coalescence are the responsible factors that might occur
simultaneously or synergistically controlling foam stabilization.
Among them, the disproportion is the major inuencing factor
that arises with the pressure difference between the bubbles.
The pressure is mathematically expressed as Laplace pressure
(DP) [eqn (1)]:

DP = 2ug/R (1)

where, g and R indicate the surface tension and radius of the
bubbles, respectively.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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The higher pressure inside smaller bubbles tries to diffuse
through the liquid phase into the lower pressure inside large
bubbles resulting in further expansion of large bubbles. This
disproportion of bubble size makes the bubbles coarsen and
destabilize. On the other hand, due to the density difference
between the gas and water phases, under the inuence of
gravity, foam also undergoes water leakage. During this
drainage process, the liquid lm thickness between two bubbles
reduces promoting coalescence between them.11

The nature and type of preparation methods, such as whip-
ping apparatus or gas sparging, would also inuence the
foaming characteristics. Traditionally, foam could be produced
through impellers, rotor–stator mixers, turbulence-creating
baffles, or steam.33 In methods like whipping and mixing,
vigorous agitation of the liquid with gas incorporates air into
the liquid bulk. Due to increased turbulence created at higher
impeller speeds the air trapped in liquid is oen broken into
smaller sizes. Similarly, higher whipping speed resulted in not
just a higher foam-volume fraction but also a higher liquid
fraction in the foam.34 Another common method of foam
formation is the bubbling technique in which a nozzle or
injector is used to introduce air into liquid bulk in the form of
ne bubbles. Bubbling is better than whipping in terms of
achieving better control over the size distribution of bubbles.26

The three major methods to assess air/gas that is incorporated
in foods and beverages are quality parameters correlated with
product appearance, foaming behavior, and gas-phase
properties.6

Some of the important indices used to characterize foaming
properties are foaming ability (FA), also called foaming capacity
(FC), and foaming stability (FS). FA or FC indicates the ability to
incorporate air in the protein solution, which is measured by
foam volume and expressed as foam expansion at 0 min,
mathematically as presented in eqn (2). Meanwhile, FS is the
capacity for the foam to be held as such; this is measured by
liquid drainage rate from the foam or decreasing foam volume
rate, and expressed as a percentage of liquid still present in
foam aer 30 min eqn (3).35–37 Numerous studies have reported
on the improvement of FS without compromising the FA or FC.
Generally, FA is dependent on protein solubility, hydropho-
bicity, and tenderness of solution, while FS is inuenced by
protein concentration, hydration, and molecular interaction.38

FC or FAð%Þ ¼ A� B

A
� 100 (2)

where A and B represent volume aer whipping and volume
aer 4 min of whipping (in mL),35

FCð%Þ ¼ X � Y

X
� 100 (3)

where X and Y are foam volume aer 30 min standing and
volume before 4 min of whipping (in mL).35

Production of foams, in general, is not favored in any single-
component pure liquid because the uid lms tend to rupture
as soon as any mechanical or thermal perturbation occurs.
Therefore, the foams are commonly stabilized using stabilizing
agents like surfactants, proteins, or polymers.24 In surfactant-
© 2023 The Author(s). Published by the Royal Society of Chemistry
stabilized foams, surfactants that are amphiphilic in nature
help in increasing the lm stability at the interface. The surface
tension phenomenon develops with an imbalance of intermo-
lecular attractions at the liquid surface; meanwhile for creating
a liquid–gas interface additional energy is required which
contributes to the surface tension. At this point, surfactants
reduce the surface tension without which the bulk liquid would
be transformed from low surface area into high surface area
foam.25 In protein-stabilized foams, proteins are required to be
soluble in the liquid for foam formation. During protein
adsorption at the liquid–gas interface, the hydrophobic ends
are directed towards the gas phase as the protein molecules lose
their tertiary structure to the secondary structure.39 The protein
adsorption at the interface inuences the foaming behavior of
the system.40 In the case of particle-stabilized foams, the surface
active colloidal particles are used that could get adsorbed
spontaneously at liquid–gas, liquid–liquid interfaces.41 While
surfactants reduce the surface tension of the system, particles
reduce the total surface energy which stabilizes the system.42

Among the different types of foams, protein-stabilized foam
is a common method used in the food industry as protein is
a naturally occurring substance across numerous foods that
encourages foaming. The role of protein in foaming is attrib-
uted to its unique structural properties with the presence of
both hydrophilic and hydrophobic ends. Controlling the
protein molecules' aggregation has played an important role in
controlling the foaming properties of the protein.33 In general,
protein foam characteristics depend on various intrinsic
parameters – size, structure, protein charge, surface hydro-
phobicity, and other process parameters including protein
concentration, and temperature inclusion of additives.26 In
general, during whipping, when air comes in contact with the
protein present in the solution, bubbles are formed at the
surface of the solution, and denaturation of protein begins with
partial unfolding followed by adsorption of air at the interface
of hydrophobic groups of protein molecules. This altered
structure results in either loss of solubility or protein precipi-
tation at the liquid–air interface, which further decreases the
overall surface tension. Partially unfolded proteins associate
together to develop a stable lm around the bubbles which
contributes to the foam stability. On the other hand, excess
unfolded protein molecules also produce highly unstable foams
because of various factors including the presence of excess
protein in solutions, the formation of a small bubble, and the
reduction in bubble elasticity.30–32
3. Factors affecting foaming behavior
of eggs

Egg white, thanks to its fantastic foaming ability, has numerous
applications in food product development. EWPs have been
widely used in the preparation of meringues, cakes, chocolate,
mousse, whipped cream, and other leavened bakery products.34

Egg white can get adsorbed at the air-liquid interface due to its
relatively high surface hydrophobicity. When discussing the
components present in the eggs, there are various factors
Sustainable Food Technol., 2023, 1, 511–527 | 513
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affecting egg production that in turn affects the composition of
eggs. Some of the important factors are briey discussed below:
3.1. Egg production factors

Various source factors control the overall composition and
physical properties of eggs like breed of hen, age of hen, type of
feed ration, breeding environment, season of egg harvesting,
and egg storage period. These factors diversify the number of
proteins, fat, and enzymes present in the egg that inturn
impacts nutritional and functional properties. Here, some of
such important egg production factors discussed that inuence
the foaming properties of eggs.

3.1.1. Season. The freshness of eggs is usually measured
with egg albumin and yolk index as the values are directly
related to the quality of the eggs. Tomar et al. reported that
during summer, albumin and yolk index reaches the lowest
values while during winter the values are the highest.43 The
decrease in freshness found in summer is due to the increase in
internal temperatures for chicken that lead to lower feed
consumption. In addition, with an increase in internal
temperatures the digesting ability for protein, fat, and starch
decrease among the chickens.44 Hence, the effect of seasons on
egg composition could bring variation in functional properties.

3.1.2. Housing condition. Tomar et al. also reported that
under the same seasonal conditions, free-range grown poultry
exhibited higher albumin (11.33%) and yolk index (51.75%)
than cage-grown poultry (5.3% and 40.72%, respectively).43

Yenice et al., reported that backyard poultry has shown the
highest albumin while free-range poultry has shown the lowest
albumin content.45 But Vlčková et al. reported that the type of
housing system (enriched/cage/free range) and hen's age (26, 51
week) did not have a signicant effect on foaming durability
and whipping indices.46 Alamprese et al., also suggested that
although the best foaming properties, foam consistency index,
and overrun were found for cage than barn eggs, the differences
are small and might not have real effects.47 These results indi-
cate that the housing conditions might not produce signi-
cantly different foaming properties.

3.1.3. Hen's age. When eggs collected from hens, aged
from 24 to 71 weeks, were studied, the results showed that foam
overrun of thin albumin decreased with the increase in hens'
age when stored at 4 °C for 14 days. While for foam stability,
both thin and thick albumin showed an increase in values with
hen age. They suggested that there is an ovomucin increase in
both thick and thin albumin which might increase the protein
available for adsorption at the surface.48 Silversides and Budgell
reported that the whipping volume for whole albumin increased
slightly with the hen's age when tested for three different vari-
eties of chicken.49 With changes in albumin content in eggs
obtained from different aged hens, the foaming properties are
expected to differ with the hen's age.50

3.1.4. Storage time. During storage of eggs, due to solvent
loss in albumin there is a sharp decline in albumin weight
irrespective of the storage temperature.51 In addition, the
percentages of a-helix and b-sheet structures of ovalbumin
decrease while percentages of b-turn and coil increase during
514 | Sustainable Food Technol., 2023, 1, 511–527
storage. This inuence the functional properties of the eggs that
both emulsifying and foaming properties of OVA dropped in
a study during the storge at 22 °C & 65% RH. The FA declined
sharply from 35% to 4% while FS decreased from 17 to 13%
within 50 days. This was due to the aggregation of protein
molecules that led to a lesser explosion of hydrophobic amino
acids.52 Alleoni and Antunes reported a positive correlation
between s-ovalbumin content and liquid drainage volume.
During storage, as the s-ovalbumin increased, the amount of
albumin drainage increased, thus decreasing the FS drastically
for egg white foam.53 Hence, it could be concluded that storage
time has a major inuence on the foaming properties of egg
proteins. The differences in composition across chicken eggs
are predictable due to various reasons like growing conditions,
feed material, and temperature of the region.
3.2. Egg proteins

A whole egg is made up of egg white-58%, egg yolk-31%, and
eggshell-11% by volume. The major component of egg white
contains 88% of water, 10.5% protein, 0.5% carbohydrate, 0.8%
ash, and 0.2% lipids while egg yolk contains 50% of water, 31 to
35% of lipids, 15 to 17% of proteins. Egg white, thanks to its
fantastic foaming ability, has numerous applications in food
product development. EWPs have been widely used in the prep-
aration of meringues, cakes, chocolate, mousse, whipped cream,
and other leavened bakery products.34 The proteins present in
egg white contains essential amino acids, and possess high
bioavailability which makes them a unique food processing
ingredient with numerous functional benets.54 Among different
EWPs, ovalbumin, and ovostatin were found responsible for the
excellent foaming capacity for egg white while ovomucoid and
lysozyme were found closely related to foaming stability.55 The
EWPs are briey discussed belowwith respect to foam formation.
EWP, in most of the literature, is freshly prepared from locally
bought fresh eggs, unless mentioned.

3.2.1. Ovalbumin (OVA). Among 140 proteins that are
identied in chicken egg white, ovalbumin (OVA), the major
protein with an isoelectric point (pI) of 4.5 contributes 54% of
total protein and is the only protein that has free sulydryl (SH)
groups which are largely responsible for the surface–active
properties of EWPs. Egg white can get adsorbed at the air–liquid
interface due to its relatively high surface hydrophobicity, hence
it is the dominating protein responsible for foaming.56 Food
products prepared to utilize the foamability of eggs are mostly
attributed to the ability of albumin protein to encapsulate and
hold air within food products.27 The susceptible nature of OVA
to surface denaturation and interfacial coagulation are factors
responsible for the foaming properties of EWP.57 Jin et al., re-
ported that OVA under alkaline conditions showed improved
structural stretching and polarity that acts as a driving force to
unfold at the interface. The real-time dynamic structural anal-
ysis also revealed that it took just 50 ns for OVA to reorient over
the air–water interface.58 Overall, it can be concluded that the
presence of OVA plays a crucial role in foam formation.

3.2.2. Ovatransferrin (OVT). The second most available
protein in eggs is ovotransferrin (OVT), which is the most heat-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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sensitive protein and contributes 13% of total proteins. The
OVT has very little to no foaming properties by itself although,
its interaction with lysozyme encouraged excellent foam.53

Recently, Li et al., showed that OVT has a higher penetration
and rearranging rate at the air–water interface at a specic pH
such that it produced a highly elastic as well as stable interfacial
membrane.59 Similarly, Hu et al., suggested that the molecular
exibility of OVT allowed structural expansion that enhanced
natural interactions between hydrophobic groups for improved
foam stability.60 Therefore, these results indicate that OVT helps
more in foam stabilization than foam formation.

3.2.3. Ovomucoid. Ovomucoid constitutes 11% of total
EWPs. It is a glycoprotein and contributes to a large proportion
of the total carbohydrates of eggs. Ovomucoid in itself cannot
produce foam but could be combined with other proteins,61

including ovomucoid and lysozyme which resulted in excellent
foaming stability.55

3.2.4. Ovomucin. Ovomucin, contributing around 3% to
total EWP, is particularly important in affecting the egg white
viscosity, and it exists as a structured biopolymer network cross-
linked with disulde (SS) bridges. Ovomucin solution also
cannot produce foam itself and would require other proteins.
Instead, Nakamura and Sato suggest that it acts as a foam
stabilizer than a foam generator.62 However the interaction
between the lysozyme and ovomucin complex is also reported to
be responsible for higher foaming stability in egg white.39,40

3.2.5. Lysozyme. Lysozyme contributes to around 3.5% of
total chicken EWP, which has gained signicant attention
recently regarding foam formation. Lysozyme which was earlier
reported to have poor foaming properties than other egg
proteins,35–37 has been recently proven useful and essential for
better foaming properties of EWP, and the absence of lysozyme
would only yield larger and sparser foams due to the absence of
electrostatic interaction.38 The positively charged lysozyme
plays an important role in foam formation and stabilization.
The peptide bonds between lysozyme and ovomucin stretch out
to the interface during whipping and produce a protective
membrane that decreases drainage as well as coalescence of the
foams thereby enhancing the foam stability.57

Understanding that the interaction among proteins plays
a signicant role, Jin et al. reported that the OVA when mixed
with lysozyme in the ratio of 3 : 7 yielded maximum FC,
whereas, mixing in the ratio of 5 : 5 yielded maximum FS.125

Similarly, Wang et al. also indicated that presence of ovomucin
in EWP could play a potential role in EW-thermal gel (heat-
induced gel) formation and that through sonication the ovo-
mucin content can be increased in EW-thermal gel structure.126

Due to the versatile nature of EW-thermal gel, the applications
of such gels are being explored in developing functional foods,
food packaging, and biopharmaceuticals.43

Meanwhile, from an industrial point of view, the presence of
egg yolk (EY) is considered contamination in EWP systems as
they interfere with the functional benets of EWP and can cause
rancidity issues during storage. Although major attention is
given to separating the EY components in industries, there is
always an interest among scientists in understanding the
functional properties of mixed systems. EY, which in general
© 2023 The Author(s). Published by the Royal Society of Chemistry
does not produce foam, was mixed in different proportions with
EW to explore its effect on the foaming characteristics.44 With
the addition of whole EY fractions (0–30 wt%) in EW, the FC
decreased, while FS increased positively compared with EWP
alone. On the other hand, the addition of 0–1 wt% EY in EWP
solution was evaluated for foaming properties and its effect on
nal product (batters and cakes) quality.45 Interestingly, these
results indicated that even little addition (0.1%) of EY could
impart a negative effect on the foaming prole as well as nal
product quality. This was because of the increased competition
for the air–water interface between EW and EY. Aer the EWP
reached the maximum tolerant EY concentration, both the FA
and FS values decreased with the further addition of EY. In
general, higher solubility of protein is considered as the basis
for improved foaming and emulsifying properties of the same,
therefore, increased solubility of protein is encouraged to
enhance the FA of any foaming compound. The next section
discusses the techniques and additives used to enhance the FA
of egg protein.
4. Different techniques and additives
influencing egg foaming behavior

Egg white proteins under different structural conformations
exhibit different functional properties. The degree of unfolding,
and level of aggregation affect the digestibility, emulsifying
property, foaming property, or gelling property. The control
over the aggregation of EWPs can have a direct inuence on its
functionality.63 In addition, allergenicity to OVA among
consumers is a concern that prevents utilizing the high-
bioavailable protein resource. Various physical and chemical
treatments modify the protein structures such that they help in
the inclusion of the ingredient.64 Different thermal and non-
thermal processing technologies have been shown to decrease
the allergenicity of egg proteins.65 With the numerous applica-
tions of modied EWPs, numerous treatments have been
proposed by scientists.

Physical methods involve thermal-heating or non-thermal
treatments like high-pressure processing, ultrasound, irradia-
tion, and pulsed electric eld which might target one or more
than one of the changes including the unfolding of protein
structures, partial denaturation, breakage of disulphide
bonds.36,66 Chemical methods include Maillard glycosylation,
ion modication, enzyme addition, and polysaccharides addi-
tion.67 Discussing the effect of different treatments on all the
functional properties EWPs is out of the scope of this article,
hence discussion is written to emphasize the effects on egg
foaming.

The addition of hydrocolloids to EWP alters its foaming
properties as they form complexes with the protein molecules.22

Reportedly, the addition of xanthan gum or carrageenan
exhibited poor processability or poor stability, while the
combination of the two hydrocolloids yielded stable foams with
unique functional properties. In addition, different complex/
compounds such as caffeic acid,68 basil seed gum,69,70

catechin-chlorogenic acid,71 gum–arabic complex,72,73 xantham
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gum,74 and pre-heated CaCl2 (ref. 75) have also been reported to
increase either the hydrophobic interactions or hydrogen
bonding that helped in improving the foaming prole of the
complex system. Similarly, EWP modied with soy peptides
enhanced the FC while the addition of sucrose to the modied
proteins increased the FS.76 The modied EWP when incorpo-
rated into the cake yielded the best quality and maximum
volume. Moreover, synergetic effects of more than one treat-
ment, like hydrolysis along with glycosylation,77 and hydrolysis
combined with phosphorylation,78 have also been reported to
inuence the foaming properties of OVA. Recently, Jia et al.79

reported a positive inuence of Lactobacillus fermentation on
the foaming prole of EWP, especially OVA, ovomucin, and
ovomucoid. They observed that during fermentation, disulde
bonds of protein molecules were broken along with the
expansion of the air–water interface which helped in improving
overall surface–active properties. However, the chemical treat-
ments can leave a chemical residue that might lead to adverse
effects and reactions in egg white.80

Recently, different types of enzymes such as lipase, phos-
pholipase, and protease were used to treat liquid OVA during
the preparation of meringue's batter, and the results indicated
that lipase-treated liquid egg exhibited better stability, batter
yield, functionality, and overall acceptability for meringue
compared to the other enzymes.81 In another study, a mixture
containing EWP and EY was enzymatically treated separately
with lipase and phospholipase to compare their effect on
foaming properties;17 where phospholipase was found to be
more effective than lipase in improving the foaming prole of
EWP, and it was also indicated that the presence of EY plasma
could be the major reason for poor foamability of the EWP-EY
mixture. Although the enzymatic treatment has been studied
to improve the foaming properties of EWPs, the time taken for
the treatment is high and might result in producing bitter
peptides.80

During the heating of EW with high temperatures (30 to 60 °
C) for 10 min both the FC and FS were enhanced, with
maximum enhancement at 50 °C; however, the FA and FS values
dropped when the temperature was increased further.82 With
a temperature increase from 25° to 50 °C, the surface hydro-
phobicity increased with a decrease in interfacial tension
improving foaming properties. But beyond 50 °C, the protein
molecules aggregated and decreased the available hydrophobic
groups from interface exposure. Also, higher temperatures may
lead to increased protein denaturation, and decreased protein
solubility that reduces the foaming activity.83 Hence controlling
the temperature-sensitive proteins from denaturation is chal-
lenging in conventional heating methods.

On the other hand, the non-thermal technologies had better
control over the increasing rate of temperature and helped in
avoiding excessive denaturation in EWPs. During supercritical
carbon dioxide treatment of 9 MPa & 45 °C on EWPs, Ding et al.,
found that the FA increased by 107% aer 60 min of processing
time, while FS was maintained for 75 min of processing time.80

The treatment allowed the protein molecules to rearrange and
spread easily at the air-gas interface increasing the foaming
516 | Sustainable Food Technol., 2023, 1, 511–527
capacity but the treatment also destroyed the a-helical struc-
tures of protein and particle size became uneven.

Pulsed electric eld at 25–30 kV cm−1 when subjected to
EWP solution for 600–800 ms produced insoluble aggregates
resulting in protein solubility loss.84–86 The loss in protein
solubility creates turbidity and is undesirable for foam forma-
tion. High-pressure processing of EWPs resulted in protein
molecules aggregation for a shorter period of processing time.87

The aggregates led to changes in color and viscosity to the
protein solution which are not suitable for foam formation.88,89

Ozonation, a non-thermal technique, is another approach to
improving the interfacial properties of protein solutions.
Ozone, owing to its high oxidative potential, has been studied
for altering the protein structures in enzymes90 and whey
protein isolate.91 In the case of ultraviolet radiation, radiation
(UV-C) of 24Wm−2 induced lower level protein unfolding in egg
white solution than pasteurized solution (56 °C).92 Among all
the EWP, lysozyme was found to be the most sensitive to UV
radiation while OVA was photostable to the radiation. Kuan
et al., reported that UV-treated EWP had better emulsifying and
foaming properties as the treatment allowed cross-linking of
proteins.93 But the susceptibility of EWP to the UV light caused
breakage of SS bonds that could lead to fragmentation or
aggregation.

Ding et al.94 compared different physical treatments
including supercritical carbon dioxide extraction, ultrasound,
heat, and high-pressure homogenization on EWP.94 The
authors reported that FC values increased in different
treatments-for supercritical carbon dioxide extraction at 9 MPa
it increased by 3.6 fold, for ultrasound treatment at 360 W it
increased by 3.22 fold, for heating to 45 °C it increased by 3.51,
and for homogenization at 600 bar, it increased by 2.9 fold with
respect to control-untreated EWP was found respectively. But
in case of FS, all the treatments exhibited lower values in
a similar range than the control that supercritical carbon
dioxide, ultrasound, and homogenization were suggested to be
effective methods for improving the foaming properties of
EWP. The ndings indicated that ultrasound treatment
produced more stable and uniform-sized bubbles than other
non-thermal treatments. But it is interesting to note that the
zeta potential values indicated that for all the treatments, the
values decreased whereas for ultrasound alone there was no
change in values as the power increased from 120 W to 480 W.
It was suggested that the ultrasound treatment has the
potential to alter the hydrophobic bond and free sulydryl
groups without changing the electrostatic repulsion between
the protein molecules. With lower operational costs and
simpler equipment, ultrasound can be preferred over other
treatments for enhancing the foaming prole of EWPs. In
addition, it is a green technology that involves minimal to no
impact of hazardous chemicals or emissions,95 leaves no
residue, and does not require sophisticated equipment for
operation. With all these advantages, the application of ultra-
sound for EWPs and its impact on foaming behavior will be
summarized in detail in the following sections. Although there
are many ultrasound studies on EWPs being reported at this
© 2023 The Author(s). Published by the Royal Society of Chemistry
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point, there is no review that is available covering its effect on
the foaming behavior of the egg proteins.
5. Effect of ultrasound treatment on
egg foaming

The ultrasound technology uses high energy mechanical waves
at 20–100 kHz that create generation and collapse of bubbles or
cavities. These cavities bring vibrations to the protein structures
which inturn affect the foaming properties.96 These vibrations
are capable of changing the aggregation of substances by
dispersion or emulsication that might modify the diffusion
rate, crystallization rate, or solubility.97 Ultrasound has been
studied to enhance FC for other proteins such as whey
protein,98,99 soybean protein isolate.100,101

Due to the temperature-sensitive nature of the protein,
ultrasound has been studied extensively at various power and
amplitude levels to understand the effect of the treatment on
the foaming behavior of whole eggs and EW. The application of
ultrasound impacting protein characteristics has been useful in
different applications, such as reducing the turbidity of whey
protein suspensions while developing food with specic func-
tional properties.102 Usually aer sonication, protein molecules
get evenly dispersed increasing the exposure area for foam
formation. When high-intensity ultrasound, in the range of 20–
100 kHz, was introduced to protein solutions, the protein
unfolding enhanced the foaming without changes in peptide
proles.96 In another study, high-intensity (>20 kHz) ultrasound
treatment of EWP exhibited disruption in the covalent bonds
(peptide and SS bonds) and lysozyme-ovomucin electrostatic
complex, resulting in degradation of the brillar network of
ovomucin, which reduced particle size and increased both the
solubility and exibility for EWPs. These small particles then
diffused and got adsorbed at the interface of the EWP solution
improving the foamability.36 Thus, depending on the nature of
protein and ultrasound parameters, the impact of the treatment
on protein structure would vary.103During a study of the effect of
ultrasound on the egg–sugar mixture used for the preparation
of sponge cake dough, Myroshnyk97 observed that the treatment
had a positive inuence on FC, FS, and foam dispersion of the
egg–sugar mixture. In addition, it was also found that the
ultrasound treatment reduced the whipping duration of the
egg–sugar mixture by almost two folds which allowed simulta-
neous whipping of all components, thereby reducing labor
intensity.

The ultrasound treatment of 20 kHz for 2–20 min on EWP
created a partial unfolding of protein molecules and also dis-
rupted the ovomucin brillar network. This is due to the
disturbances of covalent bonds and ovomucin–lysozyme
complex upon cavitation. The degraded ovomucin tends to
move towards the interface and could get adsorbed increasing
the solubility, surface hydrophobicity, and overall foaming
capacity. At the same time, since ovomucin which helps in foam
stabilization gets degraded, the FS value declines with a reduc-
tion in viscosity.35,104 Sometimes, as the diminution force
increases the degradation of ovomucin network also increases,
© 2023 The Author(s). Published by the Royal Society of Chemistry
which produces smaller brils.105,106 There are also studies that
reported the aggregation of protein molecules when subjected
to ultrasound treatment which resulted in particle size increase
and decrease in solubility. These effects are undesirable for
foam formation in EWP solution.107,108

Xiong et al.,109 suggested that under sonication, formation of
molten globule-like OVA structures are formed which reduce
the barrier electrostatic energy required for adsorption thus
favoring enhanced solubility and foamability. The shelled eggs
when given ultrasound treatment helped in sealing the pores
preventing carbon dioxide loss.110 Thus, the treated eggs during
storage maintained pH and viscosity than untreated eggs.
Overall, it is important to consider the different factors that can
affect the foaming properties of EWPs when subjected to
ultrasound treatment. In the following section, different factors
of EWPs that are responsible for foam formation, as well as
different ultrasound treatment parameters affecting foaming
properties, are discussed.
6. Impact of ultrasound on different
factors associated with protein

Apart from the nature and type of eggs, some of the factors
including processing temperature, viscosity, particle size, zeta
potential, and surface hydrophobicity of the egg solution can
inuence the foaming behavior of the solution. The following
section discusses the effect of factors on the foaming ability and
foaming stability of EWPs solutions.
6.1. Particle size

The particle size of the protein could be directly linked with the
foaming properties. During ultrasound treatment, the cavita-
tion force is responsible for breaking the structures of protein
molecules into small assemblies of protein particles with OVA
and/or lysozyme.78,79 Researchers indicated that ultrasonic-
induced cavitation results in high levels of hydrodynamic
shear and turbulence within the protein molecules. This
disrupts hydrophobic and electrostatic interactions, and even
among the hydrogen bonding which is responsible for main-
taining the protein aggregates. A 20 kHz frequency and 95%
amplitude of sonication were reported to decrease the particle
size of EWP from 8.2 nm to 5.8 nm. However, aer a week of
storage, the size of treated EWP was found to be increased with
reorganization and aggregation of protein molecules because of
the re-established non-covalent interactions.79,80 Likewise, Yu
et al.127 found that the ultrasonic treatment decreased the
particle size of liquid EW from 259.43 ± 38.5 nm to 115.83 ±

5.79 nm, and reported the reason as decrease in the particle size
of OVA and lysozyme. However, because of the formation of
soluble aggregates, the particle size of OVT was found to
increase aer the ultrasound treatment.82

Treatment of high-intensity ultrasound (20 kHz) on EWP
exhibited a two-step linear correlation between FC, FS, and
particle size. FC and FS values increased for a decreasing
particle size range of ∼370–260 nm, although no signicant
difference was observed for a particle size range of 260–68 nm
Sustainable Food Technol., 2023, 1, 511–527 | 517
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Fig. 2 Change in solubility, foam capacity (FC), and foam stability (FS)
during sonication of egg white, as a function of average particle size.104
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suggesting particle size played a critical role in foaming prop-
erties (Fig. 2).104 In another study, the ultrasound treatment of
0.6 kW on egg–sugar whipping established identical small-sized
bubbles closely located to each other, which protected the
bubbles from coalescence thus increasing the FS than the
untreated samples.74 Overall, the ultrasound treatment on egg
proteins reduces the particle size of the proteins, although the
effect is not signicant over a smaller range of particles, which
has a positive effect on both FC and FS values.

In general, the particle size of protein molecules is reduced
aer ultrasound treatment which is easily migrated to the air–
water interface such that the hydrophobic groups are allowed to
expose for foam formation.

6.2. Zeta potential

Zeta potential refers to the electrokinetic potential of a solu-
tion near a solid–liquid interface.84 A direct linear correlation
was observed between FC, FS and zeta potential aer sonica-
tion of EWP for different periods (Fig. 3). With increasing time
of treatment, the zeta potential (negatively charged because of
Fig. 3 Linear correlation of foam capacity (FC) and foam stability (FS)
and zeta potential of egg white after ultrasound treatment.104

518 | Sustainable Food Technol., 2023, 1, 511–527
amino acids' presence) values increased indicating the reten-
tion of electrokinetic potential and stability of EWP
throughout the ultrasound treatment. The increasing zeta
potential represented the inter-particle electrostatic repul-
sions that disrupted available protein agglomerates, which
prevented further agglomeration. These factors helped main-
tain the stability of EWP solutions during sonication;104 when
ultrasound treatment was applied to shelled whole eggs, it
decreased the absolute zeta potential of EWP which was
reportedly responsible for lowering the FS aer treatment.85 In
another study, sonication of EW at 40 kHz, 300 W for 60 min,
increased the FC by 25% while FS was decreased, which was
attributed to the changes in the zeta potential of EW solution
aer treatment.86

When low-density lipoprotein (LDL) obtained from EW was
treated with 200 W of sonication for 10 min, the absolute zeta
potential of both E-LDL and U-LDL were increased by 184.57%
and 119.56%, respectively, and surface hydrophobicity was
increased up to 10.81% owing to the protein unfolding.87

During sonication, physical alterations of the protein struc-
tures exposed the hydrophilic groups that increased the FC of
the protein system. Overall, the ultrasound treatment, as
a result of protein molecules unfolding, increases the zeta
potential of the egg protein-based solutions, which has
a linear relation with the foaming capacity and foaming
ability.
6.3. Surface hydrophobicity and presence of free sulydryl
groups

Surface hydrophobicity can be estimated from the initial slope
value obtained from the plot of uorescence intensity as the
function of protein concentration. The effect of surface hydro-
phobicity on FA is contradictory. Though reports have proved
that increase in surface hydrophobicity results in enhanced FA
[84], Townsend and Nakai128 found that surface hydrophobicity
has no signicant effect on the FA of different untreated
proteins. Moreover, the effect of ultrasound on surface hydro-
phobicity exhibited dissimilar results in different experiments.
When EWP was treated with 180W of ultrasound for 25min, the
free sulydryl content increased along with hydrophobicity
that resulted in easier adsorption of protein at the air–water
interface, and thus 2.3 fold increase in FA was obtained in cold-
stored eggs compared to untreated cold stored eggs.85 Similarly,
O'Sullivan et al.129 also reported an increase in hydrophobicity
in EWP aer ultrasound treatment of 20 kHz, 95% amplitude.
On the other side, during a high-intensity (0–360 W) ultrasound
treatment of EW solution, Sheng et al.130 proved that the free
sulydryl groups associated with ovomucin decreased, which
was attributed to the reduction in the FS value. Meanwhile,
there are also reports explaining that the increase in hydro-
phobicity aer high-intensity ultrasound treatment has little
effect on the foaming behavior of EW solutions.89 When solu-
tion made from frozen EWP was treated with high-intensity
ultrasound of 20 kHz and 60% amplitude for 6 min, the FC
increased more than fresh eggs. The FC value became twice for
the 21 day stored frozen EWP aer the ultrasound treatment
© 2023 The Author(s). Published by the Royal Society of Chemistry
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which was majorly due to the increase in surface hydropho-
bicity.111 Therefore, the effect of ultrasound treatment on the
surface hydrophobicity of proteins, and its effect on foaming
behavior depend on the treatment parameters, and more
detailed research is warranted.
6.4. Viscosity

The viscosity of the solution is another factor that is expected
to signicantly inuence the FS of egg protein solutions.
Delahaije et al.131 reported poor FS, in terms of foam half-life
(t1/2), for lower concentration (0.1–0.5 g L−1) of OVA (in phos-
phate buffer, pH 7). With an increase in OVA concentration
from 5 to 10 g L−1, there was an increase in FS until
a maximum point. However, higher concentrations (>5–10 g
L−1) of OVA decreased the FS value. The study reported the
positive effect of lower concentration on FS was due to the
increase in the interfacial coverage during foaming, while the
effect of higher concentration on FS was not fully understood.
For the same concentration of OVA, with the increase in
temperature, the t1/2 of OVA foams decreased indicating poor
FS (Fig. 4A). Similarly, t4/5, which represents the time taken for
80% volume degradation of foam, showed that irrespective of
the temperature, high OVA concentration (>5–10 g L−1) yielded
very poor stability (Fig. 4B).

Arzeni et al. reported that the high-intensity ultrasound
treatment of 20 kHz, 20% amplitude at 4.27 W on EW solution
decreased the apparent viscosity (by 13%), which in turn
negatively affected foaming properties.108 In another study,
ultrasound treatment during sponge cake preparation
increased the viscosity of the egg–sugar mixture inuencing the
ductility of lms that allowed more volume in the air phase in
the system. Although the lm thickness was observed to
decrease, the lm strength was found to increase, which was
evident through higher FS values aer the ultrasound treat-
ment. In addition, in the nal product, the porosity was 7.5%
higher for the ultrasound-treated mixture compared to the
untreated one, which helped in enhancing the overall sensory-
to-quality of the nal product.74 Therefore, according to the
Fig. 4 Relation between foam half-life time (t1/2) and various param-
eters like concentration (A), temperature (C), viscosity (D) at different
temperatures 15 °C ( ), 25 °C ( ), 45 °C ( ), 60 °C ( ). Plot between
(t4/5) and concentration (B) of OVA solutions.131

© 2023 The Author(s). Published by the Royal Society of Chemistry
nature of the egg solution, the ultrasound treatment can either
increase or decrease the viscosity of the solution. If the treat-
ment induces protein aggregation, then the viscosity increases
otherwise the viscosity is expected to decrease for the EWPs
solution aer sonication.

6.5. Temperature

For the formation of foam, the temperature is considered to
be an important parameter as it inuences the stabilization
and denaturation of the protein molecules. A study reported
enhanced FA for OVA when the temperature was increased,
but the effect was countered with a reduction in FS.90 For
different concentrations (>0.5 g L−1) of OVA, t1/2 of foam was
found to decrease rapidly with an increase in temperature
(>40 °C), which represents the poor stabilization of foam with
higher temperatures (Fig. 4C). Thermal processing, such as
pasteurization and spray drying exhibited enhanced (35%) FC
of EW owing to high zeta potential and surface hydropho-
bicity in spray dried EW.91 During the thermal treatment of
EW peptides at 90 °C for 30 min followed by ultrasonication
of 800 W at 20 kHz and 30% amplitude for 15 min, the
peptides exhibited enhanced emulsion stability along with
enhanced ionic, thermal and storage stabilities.92 As a result
of this combined treatment of heating and sonication, the
hydrophobic group distribution over the protein surface was
improved and the surface tension was reduced to enhance the
surface activity of the peptides present in the EW solution. All
these parameters greatly inuenced the foaming properties.
In another study, when heat aggregation kinetics was plotted
for EW solutions treated with high-intensity ultrasound
(200 W power), the Arrhenius equation-tted plot expressed
that the treated solutions exhibited lower aggregation rate
dependency on temperature than control (untreated sample)
over 85 to 70 °C, and the activation energy Ea was found much
higher than that of the control (Fig. 5).108

During ultrasound treatment of shelled eggs at 180 W for
25 min and subsequent cold storage at 4 °C, the foaming
properties of EW were maintained even aer 60 days of storage.
Fig. 5 Aggregation kinetics for EW solutions before (blue line) and
after (orange line) high intensity ultrasound treatment heated to 70, 75,
80, and 85 °C for different times.108
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FA was recorded maximum (99.13%) at 60 days of cold storage,
which was around 2.3-fold increased than the untreated EW
(29.75%); although FS was decreased aer the treatment.85

Overall, the temperature factor is critical for FS, as the FA is
generally enhanced with increasing temperatures for egg solu-
tions but the temperature control is essential in maintaining
the degree of denaturation of proteins. Because the denatured
protein molecules can result in aggregation of molecules which
is not suitable for foam formation.

6.6. Oxidation

The degree of oxidation the EWP undergoes also plays an
important role in altering protein structure thus foaming
behavior. Oxidation induced by 2,2- azobis (2-amidinopropane)
dihydrochloride (AAPH) showed improved FA (from 85.6% to
91.4%) and FS (from 80.6% to 85.3%) of EWP, even at a low
concentration (0.2 mM) of AAPH. With excessive oxidation,
from higher AAPH concentrations of 5 and 25 mmol L−1, the FA
values increased but it degraded the FS values of the protein
solution. During oxidation, the protein structure was found to
be modied with an increase in its surface hydrophobicity,
encouraging better FA and FS values although excessive oxida-
tion allowed the proteins to get aggregated, which did not help
in improving FS.93 The oxidation treatment (AAPH at 0.2 mM)
on EWPS induces interchange between sulydryl and disulde
network. This enhances the surface hydrophobicity thereby
improving the FC values. Although excessive oxidation (5 and 25
mM) increased FC values, the FS values dropped for the EWP
solution.112

7. Effect of ultrasound parameters on
egg foaming

During sonication, various process parameters inuence the
treatment effect on a sample that in turn impacts the functional
Table 1 Overview of ultrasound parameters and their effect on foaming

S. No. Ultrasound factor Sample Condition

1. Frequency EWP Single frequency-20 to 40 kHz

Dual frequency- 20/28 and 20/40 kH

2. Power Egg yolk 0 to 300 W

270 W

EWP 120 to 360 W
3. Amplitude OVA 0, 60, 90%

Egg white 20% to 40%
4. Time EWP-OVA 15 min

Egg white 30, 45, 60 min

a EWP-egg white protein, OVA-ovalbumin, FC-foaming capacity, FS-foami

520 | Sustainable Food Technol., 2023, 1, 511–527
properties of egg proteins. The summary of the sonication
factors inuencing foaming properties is described in Table 1.
7.1. Frequency

Ultrasound in the range of 20–4520 kHz was experimented with
for foam fractionation in bulk aqueous solutions.113 The results
indicated that only 20 kHz ultrasound produced ner foams
with enhanced separation of dissolved surface-active species
from bulk aqueous solutions; it also helped in removing around
125–320% surfactants and bioactive agents from the experi-
mented bulk solution. Thus in most of the sonication studies,
20 kHz was used to modify the EWPs solution. Further, Lei
et al.114 found that exposure to high-frequency ultrasound of 60
kHz for more than 4 min altered the structure of OVT by
exposing the hydrophobic groups, and generated 50% more
reactive sulphydryl groups in 5% of OVT which is not suitable
for processing and food applications.

Recently, high-power single and dual frequency type ultra-
sound was experimented with to study its effect on the functional
properties of EWP.115 An increase in both FC and FS of EWP was
observed by the sonication treatment at single (40 kHz)
frequency, and 20/28 and 20/40 kHz dual frequency (Fig. 6). In
addition, in this study, the FC was reported to be dependent on
ultrasound frequency, time, and temperature unlike FS, which
was not signicantly dependent on the mentioned parameters.
During treatment of the proteins for 10 to 60 min, initially, an
increase in FC was observed owing to the protein unfolding but
later it decreased owing to the thermally induced protein aggre-
gation. With a greater decrease in particle size than the control,
the 20/40 dual frequency treated EWP could hold more water
molecules in their gel structure aer treatment. With all these
positive results, the authors suggested that this high-power
continuous dual frequency ultrasound exhibiting sonochemical
effect could be the green technology for improving the various
functional and physicochemical properties of EWP.
propertiesa

Effect on foaming properties Ref.

FC did not increase with frequency. FS
also did not increase with frequency

Jun et al., (2020)132

z FC did not change at dual freq.
conditions. FS values were signicantly
higher at 20/48 kHz frequency.

Jun et al., (2020)132

FC increased with power. FS decreased
with power.

Xie et al., (2020)117

Increased zeta potential and decreased
sulydryl groups.

Geng et al., (2021)118

FC increased with power Ding et al., (2022)94

FC increased with amplitude. No
signicant changes in FS

Xiong et al., (2016)109

Decrease in foam overrun Arzeni et al., (2012)108

FC and FS reached the maximum at
15 min but both values decreased beyond
15 min

Stefanović et al., (2017)104

FC did not have signicant effect. FS
decreased.

Nagy et al., (2021)116

ng stability.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of ultrasound frequency on foaming properties of egg
white proteins; FC and FS represent foam capacity and foam stability,
respectively.115
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7.2. Power

The power of sonication reportedly has a signicant role in the
foaming properties of EW.116 In general, the sonication power
inuences the foaming properties by creating more cavitation
that increases in absolute zeta potential value and sulydryl
values. EY protein treated by ultrasound exhibited an increase
of FA with increasing sonication power from 0 to 300 W, while
FS values decreased for the same.117 As observed from Fig. 7A,
the maximum FA of 125% was observed for 300 W power, which
was 2.1 times higher than the control (without sonication)
which had an FA of only 60%. At the same time, FS of EY protein
was found to be maximum (78.3%) in control and minimum
(51%) at 300 W sonication, which contributed almost 34.9% of
reduction (Fig. 7B).

In another experiment, EY was subjected to a high-intensity
ultrasound of 270 W power, and the results demonstrated
evidence of depolymerization of EY granules that reduced the
average particle size from 289.4 to 181.4 nm. Further, the
sonication decreased the free sulydryl group and increased
the absolute zeta potential inuencing FA and FS.118 Similarly,
for the EWP solution, the FC values aer sonication were found
to be increasing with increasing power from 120 to 360 W and
reached a maximum from 96.5% to 260%.94 In another study,
with an increase in power from 180 to 300 W, the FC of EW
increased owing to the increased homogenizing effect and
Fig. 7 Effect of increasing power values of high-intensity ultrasound
on egg yolk; FC (indicated as foaming ability in (A)) and FS (B) represent
foam capacity and foam stability, respectively.117

© 2023 The Author(s). Published by the Royal Society of Chemistry
exposure of the hydrophobic groups of the protein molecules.94

Although in this study, frequency, and duration of treatment
did not signicantly inuence the foaming properties of EW
solution. However, at the power level beyond 360 W, the FC
value was found to decline, which indicated that high power of
ultrasound is not recommended for enhancing the FC values of
EW.94 Therefore, with increasing power values, FA is found to
increase while FS is not.
7.3. Amplitude

Amplitude is an important parameter for ultrasound treatment
as it inuences the cavitation produced during sonication.
Upon subjecting OVA to a 20 kHz ultrasound at varying ampli-
tude levels of 0, 60, and 90% for 20 and 40min, FA of the protein
was found to increase with increasing amplitude, whereas, no
signicant difference was found in FS among all treatments.
With this high-intensity sonication treatment, the surface
hydrophobicity increased with the unfolding of tertiary struc-
ture and a decrease in net surface charge, which helped in the
improvement of overall emulsifying and foaming properties.109

Sonication of EW at 20% of amplitude (maximum net power of
750 W) in a high-intensity probe ultrasound system operated at
the frequency of 20 kHz for 20 min resulted in decreased
foaming overrun (from 205% to 127%) with an increase in
amplitude.108 From the plot of foam drainage kinetics, it was
understood that the foam drainage rate constant for treated
solutions increased about 10 folds, while drainage t1/2
decreased up to 10 times in comparison with untreated EW
solution. The increased foam drainage rate constant indicates
the poor foam stabilization of egg solutions with increased
amplitude.
7.4. Time

For every process, the treatment duration plays an important
role in product quality. Reportedly, there is a positive corre-
lation between the exposure time of ultrasound and FS and FC
values of EWP. Even 2 min of sonication treatment of 20 kHz
and 40% amplitude increased FC up to 1.5 times of the
control; although, beyond that, no rapid increase was
observed.104 During the treatment, 15 min of sonication dis-
played a maximum FC of 60.6%, and FS of 193.3% whereas the
control had FC of 47% and FS of 25%. Until 15 min of treat-
ment, the particle size of OVA decreased, but later, with time,
the size was found to increase, possibly owing to the aggre-
gation of protein molecules which is responsible for the drop
in FC values. From Fig. 8 it can be understood that increasing
treatment time plays a more signicant role for FS compared
to FC of EWP solutions.

In contrast to the above ndings, in different research, FS
values decreased while no effect of time on FA was observed
with increased sonication time from 30, 45, and 60 min for EW
at 20/40 kHz, 180/300 W power.116 It was suggested that in the
post-ultrasound treatment, the reduction in the potential
difference between the dispersed medium and dispersed phase
was responsible for foam structure collapse.
Sustainable Food Technol., 2023, 1, 511–527 | 521
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Fig. 8 Effect of ultrasound treatment time on foam capacity and foam
stability of egg white, where UPEW-2 to UPEW-20 indicates ultra-
sound treatment of egg white for 2, 5, 10, 15 and 20 min,
respectively.104
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8. Ultrasound-assisted treatments
influencing foaming properties of egg
white proteins
8.1. Ultrasound-assisted irradiation

Ultrasound as a pretreatment method has also been examined
to enhance the foaming properties of proteins. When liquid
EW was treated with ultrasound (300 W) for 6 min along with
33 kGy of irradiation dose, the FA increased up to 92.6%
owing to the decrease in particle size of proteins (OVA and
lysozyme) and increase in protein solubility.81 It was reported
that post-treatment, the amount of a-helix and b-sheet in
proteins such as OVA, OVT and lysozyme were found to be
decreased. The ordered polypeptide chain structure was
broken into secondary structures which would impact foam-
ing properties.
8.2. Ultrasound-assisted hydrolysis

Hydrolysis of protein in general refers to a chemical reaction
involving the splitting of protein molecules into amino acids in
the presence of enzymes. When ultrasound was applied as
a pretreatment before hydrolysis of EWP, it was found that the
hydrolysis rate was increased by 139.8% than the control
(hydrolyzed without ultrasound treatment). Aer optimal
ultrasound treatment of 21.3 W and 40 kHz frequency for
15 min at 25 °C, EWP was hydrolyzed with alcalase and neutrase
under a two-stage enzymatic process to produce better volu-
minous foam.96 Treating the liquid whole egg with ultrasound
at 605 W cm−2 for 30 min at 35 °C decreased the FC and FS to
19.45% and 3.74%, respectively; whereas, ultrasound along with
lysosome hydrolysis increased the values of FC and FS to
21.14% and 9.3%, respectively.119 Despite that, the ultrasound
and lysosome treatment inactivated S. typhimurium and the
inactivation efficiency increased with ultrasound power and
522 | Sustainable Food Technol., 2023, 1, 511–527
time. Therefore, sonication could be a useful pretreatment for
hydrolysis in improving the rate of hydrolysis and microbial
inactivation.

8.3. Ultrasound-assisted freezing

In a study, two types of freeze drying, conventional freeze drying
(CFD) and pulsed spouted magnetic freeze drying (PSMFD) were
compared to produce fresh and desalted duck EW powder with
prior ultrasound treatment.95 The method of freeze drying
indeed affected the FA or FC and FS of EW. For fresh duck EW,
FA was found to be higher in CFD than PSMFD, whereas FS was
higher in PSMFD than CFD. Under PSMFD, FS value increased
aer ultrasound pre-treatment due to the increase in surface
charge and surface hydrophobicity of proteins, while FA
remained to be unaffected aer treatment.

8.4. Ultrasound-assisted glycation

Glycation, a unique process utilizing the Maillard reaction,
allows conjugation of the amino group of protein and the
carbonyl group of sugar molecules through covalent bonding
such that both the exposure of the hydrophobic part of protein
molecules and unfolding are increased resulting in faster
adsorption at the air/water interface.96 In various studies, the
Maillard reaction is proven to enhance some of the functional
properties of proteins like emulsifying capacity, foaming ability,
gelling ability and solubility.97 In addition, glycation products
are found to exhibit good antioxidant properties.98,99 The
changes during glycation, apart from imparting distinct avor
to the product, also enhance the foaming prole of the protein
system.100,101 The application of ultrasound in decreasing the
processing time of Maillard reactions was reported, in which
the protein–sugar conjugates displayed better properties like
solubility, FC and FS.102–105

In general, saccharides play an important role in the
formation and stabilization of egg foams. Recently, Sun et al.
established the relationship between saccharides and rheolog-
ical, interfacial, and foaming characteristics of EW solution. It
was observed that higher maltodextrin (3%) increased both the
FC and FS values because of increased surface hydrophobicity,
and reduced surface tension.133 Recently, ultrasound-pretreated
OVT indicated highly exible and looser tertiary structure that
showed improved biological activity against E. coli and S.
aureus.107 Ultrasound-assisted glycation of OVA with xylose
enhanced the FA and FS with increasing sonication time
compared to native OVA molecules (Fig. 8).108 At 50 min of
treatment time, sonicated and glycated treatment possessed the
highest FA, which was around 2.5 folds higher than that of
native OVA. The sonication treatment resulted in increased
exible and loose protein formation while the glycation
provided additional hydrophilic groups for protein molecules to
interact, which increased the surface hydrophobicity overall,
enhancing both the FA and FS%. In comparison with untreated
OVA, both sonicated and sonication-assisted glycated OVA
expressed superior foaming characteristics.

Researchers have identied the correlation between the
degree of glycation with xylose and the functional properties of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Effect of different treatments on foaming activity (a) and
foaming stability (b) of OVA molecules including ultrasound (U-OVA),
glycation with xylose (G-OVA), and combined sonicated and glycated
OVA (U-G-OVA).121

Review Sustainable Food Technology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/2
3/

20
24

 5
:1

7:
57

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
OVA protein that were inuenced during the glycation treat-
ment.109 It was reported that most of the surface properties
including emulsifying properties and foaming properties are
strongly correlated with the degree of glycation. For OVA, FA
was positively correlated with the degree of glycation whereas
FS was negatively related. This indicated that xylose-OVA
conjugates had undergone unfolding and conformational
changes that allowed the conjugates to get adsorbed quickly at
the oil–water/air–water interface elevating the FA of OVA.
Meanwhile, aer sonication was introduced along with glyca-
tion, the combined treatment produced higher FA and FS than
individual glycated and sonicated OVA molecules. This is
owing to the generation of ultrasound cavitation that
enhanced the mobility and hydrophobic groups (Fig. 9).
Sonication made protein molecules more susceptible to
conjugation and increased the probability of collision of
interactive groups that improved the degree of glycation
simultaneously. Importantly, the sonicated and glycated OVA
did not signicantly differ in its digestibility value under
simulated gastric and intestinal conditions compared to
native OVA.110 Likewise, the effect of short-chain xylooligo-
saccharides (XOS) glycosylation with EWP resulted in
enhanced foaming properties for the conjugate than that of
EWP alone.111 The increase in sugar content was positively
correlated with foaming properties of EWP; for the addition of
5% XOS up to 1 and 1.2-fold, and for 10% addition 1.5 and 1.7-
Fig. 9 Effect of ultrasound-assisted glycation treatment on foaming
ability (FA) (A), foaming stability (FS) (B), and foam bubbles (C) of
ovalbumin (OVA) after different treatments.120

© 2023 The Author(s). Published by the Royal Society of Chemistry
fold increment of FA and FS were observed, respectively , refer
to Fig. 10.
8.5. Ultrasound-assisted glycation

It is known that aer sonication, the structure of protein
molecules gets unfolded and altered. A few studies have re-
ported the aspect of phenolic interaction with these destructed
protein molecules, especially the effect of sonication on protein-
phenolic binding was investigated for emodin-micellar
casein,112 sh myobrillar protein-gallic acid,113 and b-lacto-
globulin, and dietary phenolics.114 Aer pretreating EW with
ultrasound at 28% power for 25 min and incubating with epi-
gallocatechin gallate (EGCG, 240 mmol g−1) at pH 7.0 for 2 h, the
foaming properties were found to be altered. The FS was
enhanced up to 95.10% than that without pretreatment. This
was reasoned with the increased absolute zeta potential of the
ultrasound effect that more protein got unfolded to become
accessible for phenolic interaction.115 It is interesting to nd
that the application of ultrasound as pre-treatment has a posi-
tive effect not only on foaming ability but also helps in
achieving better foam stability.
9. Adverse effects of ultrasound on
egg foams

The ultrasound treatment involves the continuous generation
and collapse of cavitation inside the egg solution. This cavita-
tion would impart a deteriorating effect on protein structures as
there would be an increase in temperature and pressure. With
such effects, the protein structures are distorted thereby losing
the functional benets of the protein molecules.38 Even though
ultrasound has proven to be effective for increasing foaming
capacity, foam stabilization is still a challenge, with increased
foaming ability the foams developed tend to collapse early. The
ultrasound treatment at higher processing conditions leads to
protein aggregation which reduced the protein solubility and
prevents the hydrophobic groups from coming in contact with
the air–water interface.122 The aggregation of protein increases
the viscosity and turbidity of the solution which is not favorable
for any of the functional benets occurring in the case of whole
eggs too.123 Meanwhile, ultrasound has also been used as
a defoaming and degassing agent in the fermentation and
seafood processing industries.124
Sustainable Food Technol., 2023, 1, 511–527 | 523
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10. Commercial perspectives of
ultrasound application on EWPs

According to the literature, it is clear that the application of
ultrasound has a critical effect on foaming properties, especially
the ability to produce foam. In food industries, particularly in
the baking industry, the foam structure is crucial in deter-
mining the texture, taste, avor, and overall quality of baked
goods. In that case, ultrasound treatment which leaves no
residues, and green technology with simple equipment can help
in achieving desirable foaming for doughs and batters when
given as a pretreatment. Also, the sonication for shelled eggs
has proven benecial as they help in the sealing of pores pre-
venting unwanted carbon dioxide loss and thinning of eggs.
Similarly, ultrasound treatment for frozen EWP powder yielded
better foaming results than fresh EWPs, this was true even for
21 days of stored frozen EWPs. These results bring more scope
to egg processing industries as EWP powder is much more
convenient for storage and transport than fresh whole eggs. In
eggs, storage has always been a critical factor in modifying the
functional properties but ultrasound treatment could be
provided either before storage or to the stored eggs to enhance
the foaming properties. When ultrasound could be used to
induce foaming properties in frozen EWP powders, the multi-
benet ingredient could widen its application in the food
industry with strong promotion and application value. It is also
noteworthy to mention about ultrasound-assisted treatments
that it has minimal deteriorating effects with enhanced foam-
ing characteristics.
11. Conclusion

The eggs are largely being explored in the bakery industry for
their excellent native foamability. Many factors inuence foam
formation and foam stability. Due to the poor stabilization of
native EWP, there are a lot of studies exploring the recovery of
the foam stability by adding either ingredient or introducing
some treatments that alter the protein structure which in turn
inuences the foaming prole. Irrespective of the type of
treatment given, the nature of the egg solution, whether it
contains only EWPs or only EY or mixed proportions, would play
a critical role in controlling the foaming characteristics of the
solution. Among various treatments, ultrasound has been an
area of interest among researchers as it can introduce changes
at the structural level without destroying the peptide bonds. The
sonication-induced cavitation results in protein unfolding that
allows more contact area for hydrophobic groups at the air–
water interface. Overall, the power of ultrasound treatment
inuences the foaming ability, whereas treatment duration and
frequency have signicant roles in foam stability. Recently,
ultrasound is successfully being applied as a pretreatment for
various techniques including glycation, hydrolysis, or irradia-
tion, which has exhibited synergistic effects. From the review, it
can be understood that foaming ability is directly inuenced by
various ultrasound parameters like power, frequency, and
amplitude. However, attaining desirable foam stability is also
524 | Sustainable Food Technol., 2023, 1, 511–527
critical; ultrasound-assisted treatments have proven enhanced
foam stability along with foaming ability. This introduces new
scope in exploring various treatments to achieve a desirable
foaming prole for egg-based solutions. Applications of ultra-
sound at various levels of egg processing, from shelled eggs to
stored eggs to frozen egg protein powder, are possible and will
have potential benets at each level. By introducing ultrasound
treatment, the overall quality of eggs is improved, especially
during storage where most of the quality deterioration occurs
for egg handling and processing. This way, the treatment can
help increase the market value and functional value of egg white
proteins.

Overall, the ultrasound treatment on egg solutions does have
signicant improvement in foaming properties, which is
dependent on the operating conditions. Meanwhile, a greater
number of researchers should be encouraged on egg solutions
to study how the amount of protein or fat inuences the overall
foaming behavior during ultrasound treatment. Also, there are
very limited studies on modeling related to egg foaming, which
would provide more information on bubble characteristics and
formation. Understanding the controlling parameters involved
in designing the foaming prole for egg proteins would in turn
help in designing novel food products with functional benets.
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N. Ž. Šekuljica, V. B. Manojlović, B. M. Bugarski and
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