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Potential of cold plasma in enhancing egg white
protein for sustainable food applications:
a comprehensive review
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The objective of this review is to explore recent insights into the impact of cold plasma treatment on the
structural and functional properties of egg white protein and to assess its potential for sustainable food
applications. The cold plasma treatment can substantially alter the structural and functional properties of
egg white protein. The core of the review lies in the multifaceted effects of cold plasma treatment on
egg white proteins, encompassing structural transformations elucidated through SDS-PAGE, Fourier
transform infrared spectroscopy, nuclear magnetic resonance, and circular dichroism. Microscopic,
rheological, and spectroscopic analyses offer a comprehensive understanding of the various
modifications induced by cold plasma treatment. Cold plasma treatment caused alterations in the
conformation of the protein structure, changing its solubility, emulsifying, foaming, and gelling
properties. These modifications improve protein functioning, rendering them more appropriate for
a range of dietary applications. Cold plasma treatment was found to enhance the antibacterial properties
of egg white protein by increasing its capacity to suppress the growth of harmful microbes such as
Escherichia coli and Staphylococcus aureus. Due to these enhanced properties, cold plasma-treated egg
white protein is highly valued as a component in a wide range of food products, such as baked goods,
dairy substitutes, meat products, and beverages. However, it is important to note that its use in large-
scale production has not been extensively implemented yet. In summary, recent studies indicate that
cold plasma treatment can successfully alter the structural and functional characteristics of egg white
protein, broadening its potential for use in the food industry and providing new prospects for product
formulation and innovation.

Egg white protein offers numerous advantages for sustainable food applications, ranging from its nutritional benefits to its functional versatility and waste

reduction potential. By incorporating egg white protein into food formulations and exploring innovative processing techniques, the food industry can contribute
to more sustainable food systems. This review provides a thorough examination of the current state of knowledge regarding the use of cold plasma in enhancing
egg white protein for sustainable food applications, offering insights into its potential benefits and future directions for research and development in this area.

“Department of Food Technology and Nutrition, Lovely Professional University,

Phagwara, Punjab, India

1. Introduction

Egg white protein (EWP) stands out as a cost-effective reservoir
of premium-quality protein, boasting elevated levels of various
amino acids compared to alternative protein sources such as
soybean and milk proteins.® Its retention within the body,
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coupled with beneficial physical and nutritional properties,
renders it a pivotal component in a diverse array of foods,
including baked products, meat items, noodles, and
meringues.” Despite its nutritional benefits, EWP is highly
prone to oxidation and denaturation during heat processing
and storage, leading to undesirable alterations in its composi-
tion and properties.* Conventional processing methods, notably
thermal processes like pasteurization, boiling, and drying, have
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traditionally been used to handle egg white protein (EWP).
However, these techniques can negatively impact EWP struc-
tural, functional, and nutritional characteristics, compromise
its distinct flavor, and introduce the risk of chemical contami-
nation such as the formation of harmful compounds like
acrylamide and advanced glycation end-products (AGEs),
potentially posing harm to consumers. In response to these
challenges, nonthermal processing techniques like High-
Pressure Processing (HPP), Pulsed Electric Fields (PEF), Ultra-
sound Processing, Cold Plasma Treatment, Irradiation and
Ozone Treatment have emerged as viable alternatives. This
approach, conducted at room temperature, preserves the
inherent attributes of food materials with minimal impact on
their structure, functionality, and nutritional content. This not
only prevents flavour loss but also ensures the retention of
essential nutritional constituents, ultimately enhancing the
shelf stability of processed food products.* High-Pressure Pro-
cessing (HPP), Pulsed Electric Fields (PEF), Ultrasound Pro-
cessing, Cold Plasma Treatment, Irradiation, and Ozone
Treatment offer significant advantages, such as preventing
vitamin degradation, altering pigments, producing undesirable
compounds, and maintaining food texture and sensory prop-
erties. These emerging technologies ensure food safety and
quality while minimizing the negative impacts associated with
traditional thermal processing methods.>

Responding to the demand for high-quality and minimally
processed foods, researchers have explored various technolo-
gies, including High-Pressure Processing (HPP), Pulsed Electric
Fields (PEF), Ultrasound Processing, and Irradiation, with cold
plasma standing out as a recent innovation. These methods
offer effective alternatives to conventional thermal processing,
preserving the nutritional and sensory qualities of food while
ensuring safety and extending shelf life. Initially, used for
enhancing polymer printing and adhesion properties, elevating
material surface energy, and finding numerous applications in
electronics,® cold plasma has now found applications across
multiple industries, including textile, medicine, biotechnology,
electronics, and air and water purification.® Cold plasma tech-
nology is a versatile tool in the food industry, providing a range
of benefits. It helps with microbial decontamination, breaking
down toxins, removing pesticide residues, deactivating
enzymes, improving food packaging, and modifying ingredi-
ents.” Cold plasma can be divided into atmospheric and low-
pressure types based on the pressure conditions. Atmospheric
cold plasma (ACP), generated under normal atmospheric
conditions without the need for expensive reaction chambers or
pumps, is widely used in the food industry due to its cost-
effectiveness and convenience, eliminating the need for high
temperature and pressure adjustments.® ACP produces
a neutral gas that ionizes and releases reactive species like
reactive oxygen species (ROS), reactive nitrogen species (RNS),
and ultraviolet (UV) radiation.® These species interact with food
components, mainly proteins, causing reactions such as
dimerization, deamidation, sulfoxidation, oxidation, nitration,
hydroxylation, or dehydrogenation of amino acids. Notable
effects include improved emulsifying and foaming properties of
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whey protein isolate and the inactivation of enzymes respon-
sible for undesirable reactions.'***

The mechanisms involved in the modification of secondary
protein structures, including the disruption of a-helix and B-
plated sheet formations, are being proposed. Reactive species
can interact with food allergens, altering conformational and
linear epitopes and forming insoluble aggregates through
protein crosslinking. Linear epitopes may undergo alteration
through fragmentation, while peptide bonds and amino acids
can be affected by reactive oxygen species, significantly
impacting protein integrity.**** Cold plasma treatment (CPT)
has shown promising results in reducing the allergenicity of
tropomyosin in shrimp and the immunoreactivity of soy
proteins.” This comprehensive review aimed to elucidate the
impact of CPT on egg white protein, focusing on its structural
and techno-functional characteristics.

2. Egg white protein composition and
structure

Eggs stand out as a highly nutritious food source, encompass-
ing proteins, essential lipids, minerals, vitamins, and trace
elements within their internal components, including the shell,
yolk, and white. This nutritional powerhouse is particularly
cost-effective and versatile, serving as an economical animal
source for a variety of nutrients while maintaining a moderate
caloric content of approximately 140 kcal/100 g.*° The distri-
bution of proteins and lipids within the egg is noteworthy, with
proteins present in both the egg white and yolk, while lipids are
mostly concentrated in the yolk. Additionally, the eggshell
membrane is composed mainly of protein, bone collagen,
hyaluronic acid, and chondroitin. The overall composition of an
egg includes proteins, water, carbohydrates, fat, ash, and
cholesterol.

The nutritional richness and sensory attributes of the egg
yolk make it a valuable component, consisting of water, protein,
lipids, and carbohydrates. Egg white, constituting the majority
of the whole egg (58% by volume), is primarily composed of
water (88%), protein (10.5%), ash (0.8%), carbohydrates (0.5%),
and lipids (0.2%).Within the egg white, water and protein are
the predominant elements, featuring major proteins such as
ovalbumin (54%), ovomucoid (11%), ovotransferrin (12%),
lysozyme (3.5%) and ovomucin (3.5%)>* (Fig. 1). Minor proteins
such as ovoglycoprotein, ovoflavoprotein, ovomacroglobulin,
ovoinhibitor, cystatin, and avidin also play crucial roles in
various food. Renowned for their essential amino acids, high
bioavailability, and functionality in food processing, egg white
proteins significantly enhance the nutritional profile and
versatility of eggs in culinary applications.*

2.1. Major proteins in egg white

2.1.1. Ovalbumin. Ovalbumin, a prototypical globular
protein present in egg white, has a diameter of approximately
3 nm and a molecular weight of 45000 Da, comprising 386
amino acid residues. The isoelectric point (pI) of this protein
was determined to be 4.5. Ovalbumin, which is linked by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Major proteins present in egg white.

a solitary disulfide bond, contains four unbound sulfhydryl
groups and is associated with a single carbohydrate moiety that
binds to Asn-292.* An investigation through purification and
sequencing revealed that Cys-73 and Cys-120 are likely involved
in the formation of the above mentioned disulfide bond.** The
significant role of ovalbumin in augmenting the functional
attributes of egg white, including emulsifiability, foamability,
and gelation, has been well documented. These desirable
characteristics can be attributed to the exceptional thermal and
surface properties of ovalbumin.*

2.1.2. Ovotransferrin. Ovotransferrin
glycoprotein comprising 686 amino acids with 15 disulfide
bonds and no unbound sulthydryl groups.”® The molecular
weight of ovotransferrin ranges from 78 to 80 kDa, and its
isoelectric point is determined to be 6.0. Structurally, ovo-
transferrin consists of two globular lobes known as the N-
terminal lobe (residues 1-332) and the C-terminal lobe (resi-
dues 342-686). These lobes are interconnected by an o-helix
comprising 333-341 amino acid residues, forming interactions
via both noncovalent and hydrophobic means, as elucidated by
ref. 26. Ovotransferrin exists in two primary forms: metal-bound
(holo) and metal-free (apo). However, it is noteworthy that the
physicochemical characteristics of these two forms are signifi-
cantly distinct.”

2.1.3. Ovomucoid. Ovomucoid, a glycosylated protein
comprising 186 amino acids, has a molecular weight of 28

is a monomeric

© 2024 The Author(s). Published by the Royal Society of Chemistry
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000 Da. Its three-dimensional configuration involves three
disulfide bonds, and notably, it functions as a trypsin inhibitor.
Razi et al. (2024) stated that peptides derived from ovomucoid
parasites can bind to IgE and inhibit trypsin, a phenomenon
that significantly contributes to egg allergy.>® Moreover, ovo-
mucoid are renowned for their heat resistance, and their
carbohydrate prevents their self-
aggregation. This distinctive feature results in its nonpartici-
pation in heat-induced gel formation.*®

2.1.4. Ovomucin. Ovomucin, a glycoprotein characterized
by its substantial molecular weight, represents approximately

considerable content

3.5% of the total protein present in egg white. It exists in two
distinctive forms: B-ovomucin, which is rich in carbohydrates
such as mannose, N-acetyl galactosamine, N-acetylglucosamine,
galactose, N-acetylneuraminic acid, and sulfate, with a notably
higher carbohydrate content of approximately 60%; and o-
ovomucin, which is comparatively lower in carbohydrates but
still consists of N-acetyl galactosamine, N-acetylglucosamine,
mannose, galactose, N-acetylneuraminic acid, and sulfate,
constituting approximately 15% of its composition.*® These two
variants interact through disulfide bonds to construct a linear
polymeric structure of considerable molecular weight.

2.1.5. Lysozyme. Lysozyme, which consists of 129 amino
acids and is characterized by four disulfide bridges, has the
capacity for electrostatic interactions with ovomucin. This
interaction is believed to significantly contribute to egg white
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Table 1 Cold plasma impact on egg and egg products
Substrate Plasma Observations References
Egg shells After glow corona discharge air Microbial reductions upto 96-98% 31
plasma
20 kv, 58 kHz, 12 h No changes in sensory and
physiochemical properties
Egg surface Direct or indirect cold atmospheric S. enterica reduced to 100 cells per 32
plasma egg at 10 min DT and 25 min IDT
treatment
He/O, mixtures Deactivation due to hydroxyl
radicals
Sinusoidal 25-30 kV, 10-12 kHz
Chicken eggshells Higher voltage atmospheric cold S. enteritidis reduction of 5.53 log 33

plasma

Dry air

Modified atmospheric gases
85 kV, 15 min

thinning during storage. With a molecular weight of approxi-
mately 14.3 kDa, lysozyme has garnered considerable attention
due to its antimicrobial properties against Gram-positive and
Gram-negative bacteria, which disrupt the bacterial cell wall
peptidoglycan structure.*® Table 1 represent the Cold plasma
impact on egg and egg products. Specifically, lysozyme hydro-
lyses B (1 — 4) linkages between N-acetylglucosamine and
muramic acid, the primary amino sugars of peptidoglycan.
Fig. 1 illustrate about the major proteins present in egg white.
However, the variation in the accessibility of peptidoglycan
layers between Gram-negative and Gram-positive bacteria,
along with the distinct proportions of 1-4, 1-3, and 1-6 bonds
between N-acetylglucosamine and muramic acid, can lead to
differences in antibacterial resistance.*****

3. Principles and mechanisms of cold
plasma generation

An ionizing gas with a significant amount of energy produces
plasma, the fourth state of matter in the cosmos. Plasma is
essentially a high-energy system that includes a variety of active
substances, including ions, molecules, atoms, electrons, and
free radicals. It also promotes various chemical reactions and
ultraviolet (UV) radiation.** When engaging with samples,
plasma exhibits not only physical interactions such as etching,
collision, and UV radiation but also distinctive chemical reac-
tions with the active species, rendering it a distinctive form of
matter.** Temperature serves as a pivotal determinant in
plasma applications, leading to its categorization into thermal
plasma (10 000 K) and nonthermal plasma (300-1000 K).*”

In recent decades, scholars have explored innovative pro-
cessing methods aimed at ensuring the safety and extended
shelf life of food while enhancing its overall quality and nutri-
tional content. Functionality and impact of cold plasma tech-
nology on food products is represented in Fig. 2. A diverse range
of thermal and nonthermal methods, such as dielectric heating
(including microwave heating and radiofrequency), ohmic
heating, infrared (IR) heating, pulsed light (PL), pulsed electric

1634 | Sustainable Food Technol, 2024, 2, 1631-1651

CFU per egg of with no effect on egg
quality during DT

field (PEF), high-pressure processing (HPP), ultrasound, ozone
processing, and cold plasma (CP) methods, are being investi-
gated.*® These techniques, which are conducted at or around
ambient temperatures, addresses various drawbacks associated
with traditional thermal processing. Among the array of
emerging nonthermal techniques, cold plasma (CP) is a rela-
tively recent technological intervention dedicated to ensuring
food safety and food quality.*® Cold plasma, characterized by
temperatures approximating room temperature, offers unique
benefits in its application within the food industry like bakery,
confectionary, dairy etc.*

In recent years, cold plasma has been used as an efficient
method to control microorganisms on food surfaces, including
but not limited to S. aureus, Salmonella typhimurium, A. brasi-
liensis, Listeria monocytogenes, E. coli,*>** yeasts, and Bacillus
subtilis endospores.** Additionally, it serves as an environmen-
tally friendly and efficient sterilization method for food pack-
aging and food contact surfaces, such as stainless steel and
polyethylene surfaces.

Mechanistically in cold plasma a gas is subjected to an
electric field—either a continuous, direct current field or an
alternating, amplitude field, usually a high-frequency field—
between two electrodes, plasma is created.** The application of
various forms of energy, such as microwave or radio frequencies
and electric, thermal, or magnetic fields, is required for the
induction of the plasma state. These energy sources enhance
the kinetic energy of electrons, which increases the number of
collisions in the gas. As a result, this process produces plasma
constituents such as electrons, radicals, ions, and radiation at
different wavelengths, including ultraviolet (UV) radiation.*
The generation of plasma employs a range of methods,
including dielectric barrier discharge (DBD), plasma jet (PJ),
corona discharge, radio frequency plasma (RFP), and micro-
wave (MW) methods.*®

3.1. Dielectric barrier discharge (DBD)

The generation of DBD plasma, which is renowned for its cost-
effectiveness and versatility in electrode and dielectric material

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Functionality and impact of cold plasma technology on food products.

selection, involves the application of high voltage across metal
electrodes coated with dielectric material.*” The operational
parameters include gas pressures ranging from 1 x 10 to 1 x
10° Pa, frequencies spanning 10 to 50 MHz, and alternating or
pulsed direct current with a voltage amplitude between 1 and
100 kv rms.*® Significantly, DBD has found practical use in in-
package food treatment, exemplified by reactors that have
achieved notable reductions in microbial counts on fresh
produce, underscoring its potential for large-scale decontami-
nation in industrial settings.*>*°

3.2. Corona discharge

When an asymmetric electrode pair arrangement is used,
corona discharge (also known as CD) is most observed as
a bright glow in a nonuniform electric field close to sharp edges
or points. This kind of discharge, shown by the point-plane
configuration, produces weakly ionized plasma when an elec-
tric field rises above its breakdown threshold in a particular
spatial area.*® A multipoint-plate electrode arrangement has
become more important for improving the usability of CDs in
food-related contexts because it can generate a denser and more
energetic plasma than dielectric barrier discharge (DBD).** This
configuration, featuring diffusive discharge, effectively covers
the sample surface on a broader scale than does a pin tip.*®
Venkataratnam et al. (2020)°* conducted an experiment in
which a multipoint-plate reactor with a large gap (70 mm) was
employed to assess the effectiveness of CDs on major peanut
allergens and for pesticide degradation on grapes and straw-
berries. The reactor was operated at a discharge voltage of 32 kv,
a duty cycle of 118 s, a resonant frequency of 52 kHz, and
a discharge frequency of 1 kHz. The results revealed noteworthy
reductions in pesticide levels, with a 79% reduction in

© 2024 The Author(s). Published by the Royal Society of Chemistry

chlorpyrifos on grapes and a 69% reduction on strawberries.
Additionally, carbaryl reduction was 73% in strawberries and
86% in grapes.>

In contrast to the typical discharge gap and voltage parame-
ters in cold plasma (CP) applications, the multipoint-plate
reactor employed a larger gap (70 mm) and a lower discharge
voltage (32 kV). This underscores the role of concurrently devel-
oping reactor and generator systems and thoroughly investi-
gating electrode configurations, material properties, and
electrical parameters to effectively apply CP in food processing.*®

3.3. Plasma jet (PJ)

According to Arif et al., (2024),> a plasma jet (PJ]) is a discharge
that can take on a variety of forms, in which the plasma is
produced by another plasma source. Of the many possible
designs, the most popular ones have two rings or coaxial elec-
trodes with gas passing between them. While the core electrode
is energized by RF, usually at 13.56 MHz, the outside electrode
is grounded. This causes free electrons to accelerate and
interact with gas molecules, forming a multitude of reactive
species. The gas flows at a high rate, driving the plasma formed
outside the electrode zone as a projected jet and releasing
plasma species into the open environment. The gas is
frequently a noble gas or a mixture of reactive gases.>® At
atmospheric pressure, the PJ produces a more uniform,
homogenous, and stable discharge. However, its effectiveness is
limited when targeting large areas, necessitating the applica-
tion of multiple jets in such cases.>***

3.4. Radio frequency plasma (RFP)

Inductively coupled plasmas (ICPs), capacitively coupled
plasmas (CCPs), and helicon wave sources are the three main

Sustainable Food Technol,, 2024, 2, 1631-1651 | 1635
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types of RFPs. ICP and CCP setups are the most used in
industrial applications. In a vacuum chamber, two parallel
electrodes are positioned a few centimetres apart as part of the
CCP setup.” Applying an alternating voltage between these
electrodes produces radiofrequency (RF).” An RF source of
approximately 1 kW powers the electrodes. It typically operates
at a frequency of 13.56 MHz, with a range of 1-500 MHz. The gas
can be ionized by an oscillating electromagnetic field, creating
a plasma that typically has a density of 1015-1016 m® when
electrons and ions are considered. Typically, two RF power
supplies are used in ICP systems. The first one powers a coil,
usually placed outside the plasma and divided by a window
made of dielectric. The second power supply biases the
substrate holder and controls the ion energy.*>*® This approach
is unique in that it modifies starch in a novel way and has the
potential to produce semiconductors and food packaging made
of starch with great thermal stability.>*°

3.5. Microwave (MW)

In microwave (MW) plasma generators, microwave discharge is
generated by electromagnetic waves, typically at 2.45 GHz. The
microwave electric field can accelerate the electrons of gas
molecules, leading to the formation of cold plasma (CP) without
the need for electrodes. This system is capable of producing
plasma under both atmospheric and low-pressure conditions.**
Via a waveguide, the waves are guided towards a treatment
chamber where they interact with the gas electrons. In this
mechanism, the microwaves are absorbed by the electrons,
which causes inelastic collisions that start ionization reactions
and release energy in the form of UV and visible light photons.*®
The enhanced electron density in the ionized gas and the
effective production of reactive species are two of the main
benefits of this method. Although the system is suitable for
surface sterilization or decontamination, its limited usage is
attributed to its cost and the meticulous care required for its
operation.®

4. Selection of the cold plasma
source

Cold plasma sources have been applied in a wide range of fields,
including materials processing, surface treatment, biomedical
applications, and environmental remediation. The selection of
an appropriate cold plasma source is crucial for achieving tar-
geted outcomes specific to applications.

4.1. Atmospheric pressure plasma jets

Atmospheric pressure plasma jets (APPJs) are important due to
their simplicity, cost-effectiveness, and extensive capabilities for
surface treatment and modification.®® APPJs are essential for
treating the surfaces of diverse materials because of their
capacity to generate a greater flux of various metastable active
species. The absence of a vacuum chamber in the APPJ system
facilitates the development of small-scale and economical
plasma sources.** Various methods are employed to generate
atmospheric pressure plasmas, including microwave discharge,
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radio frequency (RF) discharge, direct current (DC) discharge
and dielectric barrier discharge (DBD). Each of these techniques
possesses unique features suitable for specific applications.
These have been used to treat EWP, resulting in modifications
to protein structures and functionalities. For example, a study
by Thirumdas et al. (2018)*> demonstrated that APPJ treatment
can improve the foaming and emulsifying properties of EWP by
inducing structural changes and increasing surface hydropho-
bicity. Chronic wounds, stemming from conditions such as
venous dysfunction and diabetes mellitus, can pose significant
health challenges. APPJs have proven to be remarkably effective
in treating a variety of superficial skin infections as well as
infected and colonized wounds. Remarkably, patients with
chronic infected wounds reported minimal discomfort during
plasma jet therapy, and no side effects were observed during the
course of treatment.*

4.2. Dielectric barrier discharges

Dielectric barrier discharge cold atmospheric plasma (DBD-
CAP) stands out as a novel technique highly esteemed by
contemporary food scientists and engineers as a microbial
inactivation technique.* The key attribute that increases the
utility of DBD is its nonthermal equilibrium, which is highly
advantageous for material processing. Establishing nonthermal
equilibrium plasma conditions in DBDs is notably simpler than
using alternative methods such as fast-pulsed high-pressure
discharges, low-pressure discharges, or electron beam injec-
tion. This technique has been widely used for the decontami-
nation and modification of EWP. Jiang et al. (2020)% found that
DBD treatment led to significant changes in the secondary
structure of EWP, such as a decrease in «-helix content and an
increase in B-sheet content, which affected the protein's func-
tional properties like gelation and emulsification. DBD is
particularly effective due to its ability to generate a high density
of reactive species at ambient temperature and pressure.

4.3. Low-pressure plasma

While there are a number of methods for creating low-pressure
plasma, DC glow discharge is the most often used and
conventional method. This method is particularly helpful for
sputter deposition of thin metal coatings because of its signif-
icant potential drop at the conductive cathode, which results in
a strong bombardment of positive ions on the cathode and
sputtering materials from the metallic surface.** However,
insulating surfaces are charged in opposition to the applied
field, which presents a constraint when using DC discharge for
sputtering dielectric materials or creating dielectric films. This
challenge could be overcome by employing microwave (MW) or
radio frequency (RF) discharges. Although less common due to
the need for vacuum systems, low-pressure plasma has been
used to achieve specific modifications in EWP. Research by Ji
et al. (2019)** indicated that low-pressure plasma treatment can
cause extensive protein cross-linking and oxidation, leading to
changes in the protein's solubility and digestibility. This
method provides a controlled environment to study the
fundamental interactions between plasma and proteins. These

© 2024 The Author(s). Published by the Royal Society of Chemistry
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alternatives allow for the neutralization of positive charges
assembled during one half cycle by electron bombardment in
the subsequent half cycle. Low-pressure plasma systems play
a pivotal role in modern manufacturing and material process-
ing, providing advantages in terms of precision, uniformity, and
versatility across a diverse range of applications.

5. Factors of cold plasma affecting
the effect of cold plasma on egg white
proteins

Numerous factors can influence the impact of cold plasma on egg
white proteins. Understanding these factors is crucial for opti-
mizing conditions in applications such as food processing or
surface treatment. The following are the key factors to consider.

5.1. Distance between the plasma sources

The effectiveness of cold plasma on egg white proteins is
significantly affected by the distance from the plasma source.
The proximity of the sample to the plasma source plays an
essential role in determining the intensity of treatment,
whereby shorter distances result in more profound exposure
and potential modifications to the proteins. The concentration
and energy levels of reactive species produced by the plasma
vary based on this distance, impacting the type and extent of
protein modifications.®® Moreover, the interaction between
reactive species and proteins is directly affected by proximity,
with closer distances leading to more direct and concentrated
interactions.®” Careful control of this distance parameter is
imperative for achieving specific modifications in egg white
proteins while considering factors such as uniformity, safety,
and the desired treatment outcome.

5.2. Treatment time

The efficiency of cold plasma on egg white proteins is signifi-
cantly influenced by the duration of exposure. The period of
treatment plays a pivotal role in shaping both the extent and
nature of protein modifications. Prolonged exposure, as indi-
cated by Li et al., (2022),% tends to have a more profound effect
on the structure and functionality of egg white proteins.
Researchers meticulously consider treatment duration, recog-
nizing its crucial role in achieving specific modifications such
as denaturation or cross-linking.”* It is imperative to identify
a potential saturation point where prolonged treatment may
yield diminishing returns emphasized the importance of
determining optimal treatment times aligned with the specific
needs of the application, ensuring efficient attainment of
desired protein modifications. Moreover, achieving a balance
between treatment duration and energy efficiency is essential,
particularly in practical applications where longer treatment
times may result in increased energy consumption. To
summarize, treatment time has emerged as a strategic param-
eter for tailoring the effects of cold plasma, facilitating a tar-
geted approach based on the intended application and desired
outcomes.®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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5.3. Plasma power

The significance of plasma power is a crucial element in the
realm of CPTs. The amount of energy applied to produce cold
plasma plays an important role in determining the effectiveness
of the treatment. Higher levels of power contribute to greater
generation of reactive species, potentially resulting in more
significant modifications to proteins.*” The energy transferred
to the sample is intricately connected to the plasma power,
influencing the localized temperature at the treatment site. The
ability to precisely manage energy transfer can be achieved by
adjusting the plasma power, providing the opportunity for
customized treatment conditions.*®

The significance of plasma power is a crucial element in the
realm of Cold Plasma Technologies (CPTs). The amount of
energy applied to produce cold plasma plays an important role
in determining the effectiveness of the treatment.”” Higher
levels of power contribute to greater generation of reactive
species, potentially resulting in more significant modifications
to proteins. For example, when treating egg white proteins
(EWP) with CPT, specific conditions such as applying 50 W of
plasma power for 10 minutes have been shown to enhance the
emulsifying properties of the proteins. The energy transferred
to the sample is intricately connected to the plasma power,
influencing the localized temperature at the treatment site. The
ability to precisely manage energy transfer can be achieved by
adjusting the plasma power, providing the opportunity for
customized treatment conditions.**

5.4. Gas composition

The composition of the gas utilized in CPT plays a pivotal role in
determining its impact on egg white proteins. This factor is of
utmost importance because it significantly influences the types
of reactive species generated, thereby shaping subsequent
chemical interactions with egg white proteins. The selection of
a specific gas or gas mixture is key for inducing distinct reac-
tions, such as oxidation or cross-linking, ultimately influencing
the nature and extent of protein modifications.””* Critical
consideration of gas composition is essential because it directly
governs the dynamic interplay between reactive species and egg
white proteins. Moreover, adjusting the gas flow rate is a vital
parameter, providing a means for precise control over the
concentration of reactive species reaching the egg white sample
during the treatment process. In the selection of gas composi-
tions, safety and environmental considerations are imperative
to ensure the sustainability and secure application of the
treatment method.>*”>

6. Effects of cold plasma treatment
on structural analysis

6.1. Structural analysis

Cold plasma treatment (CPT) has proven to be a versatile
methodology with substantial impacts on material character-
istics.*” The structural attributes of the egg white protein (EWP)
include its primary, secondary, tertiary, and quaternary struc-
tures.” These structural dimensions are intricately linked to the
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rheological and functional properties of EWP. Structural anal-
ysis techniques such as nuclear magnetic resonance (NMR),
circular dichroism (CD), sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), and Fourier transform infrared
spectroscopy (FTIR) are essential for comprehending these
effects. In the realm of biomedical applications, this treatment
contributes to the enhancement of biocompatibility.”

6.1.1. SDS-PAGE (sodium dodecyl sulfate-polyacrylamide
gel electrophoresis). CPT may induce protein denaturation,
disrupt protein structures and potentially alter protein migra-
tion patterns on SDS-PAGE gels during electrophoresis.””®
Consequently, alterations in the banding pattern may occur,
complicating the interpretation of the results. Additionally, CPT
may lead to cross-linking events among proteins or between
proteins and other biomolecules in the sample. This cross-
linking can impede protein mobility during electrophoresis,
resulting in shifts in band patterns and potentially distorting
the apparent molecular weights of proteins. Moreover, the
formation of reactive oxygen species (ROS) and radicals during
CPT can induce oxidative modifications in proteins.”” These
modifications may impact protein charge, structure, and
conformation, influencing their migration behaviour on the gel
and complicating the analysis.

A study examine the impact of CPT on EWP, observing
significant changes in protein band patterns due to denatur-
ation and cross-linking effects. A research examined the impact
of cold plasma on EWP, noting significant changes in protein
band patterns due to denaturation and cross-linking effects.
This study highlighted how CPT treatment altered the molec-
ular structure of EWP, demonstrating the potential complexities
in analysing these proteins post-treatment.”

Furthermore, CPT may prompt protein fragmentation,
leading to the emergence of additional bands on the gel or
changes in the intensity of existing bands. This fragmentation
phenomenon underscores the importance of carefully consid-
ering the impact of CPT on protein integrity and structure. CPT
can affect various aspects of sample preparation, including
buffer conditions, pH, and the presence of contaminants. These
alterations can influence protein solubilization,”® SDS binding,
and electrophoretic mobility, potentially introducing bias into
SDS-PAGE analysis results. Despite these potential challenges,
CPT presents opportunities for enhanced resolution in SDS-
PAGE analysis. By reducing sample heterogeneity or elimi-
nating interfering contaminants, CPT may improve the clarity
of band patterns and facilitate better discrimination between
proteins of similar molecular weights. Thus, the effects of CPT
on SDS-PAGE analysis are diverse and context dependent.

6.1.2. Circular dichroism (CD). Circular dichroism (CD)
spectroscopy serves as a robust technique for examining the
secondary structure of proteins and other chiral molecules. The
impact of CPT on CD spectra varies depending on various
factors, such as the plasma type, treatment conditions, and
inherent properties of the sample under investigation. Notably,
one effect is the induction of structural changes within proteins
and biomolecules, potentially leading to observable alterations
in CD spectra indicative of changes in secondary structure
elements such as a-helices, B-plated sheets, and random coils.”
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These changes may occur reversibly or irreversibly, depending
on the duration and intensity of plasma treatment. Studies
conducted by Misra et al. (2015)® and Segat et al. (2016)
showed that after receiving plasma treatments, wheat proteins
and alkaline phosphatase have more organized structures.
Furthermore, CPT may cause protein denaturation, resulting in
the loss of their original structure. Significant differences
between the components of the DBD-CAP-treated EWP and the
native EWP resulted in changes in the spectral characteristics
visible in the CD spectra as well as shifts in peak locations.**
These changes offer insights into the stability and folding/
unfolding behavior of biomolecules under various conditions.
Nasiru et al. (2024)”° discovered that the proportions of o-
helices, B-plated sheets, and B-turns in DBD-CAP-treated EWP
increased (p < 0.05) with prolonged DBD-CAP treatment time
compared to those in the native state. The proportion of B-helix
secondary structures increased from 6.2% to 6.63% in the DBD-
CAP-treated EWP, the proportion of B-sheet secondary struc-
tures increased from 19.90% to 21.43%, and the proportion of
B-turn secondary structures increased from 3.77% in the native
state to 6.2-6.63% in the DBD-CAP-treated EWPs. Furthermore,
the PB-sheet proportions increased from 32.97% to 33.77%
compared with 3.77%, 14.63%, and 30.75% for the native state,
respectively.

Mehr et al. (2019)* observed increased surface charge and
protein solubility in grass pea protein isolates with voltage and
extended treatment time. Additionally, plasma treatment
introduces reactive species onto the surface, leading to
biomolecular oxidative modifications®' and affecting CD spectra
by altering chromophore chemical environments.

6.1.3. Fourier Transform infrared spectroscopy (FTIR). CPT
stands as a dynamic method for altering material surfaces,
demonstrating noticeable impacts on Fourier transform
infrared (FTIR) spectra and proving to be a potent tool for
chemical analysis. A significant outcome of CPT is the intro-
duction of chemical modifications to the material surface,
causing shifts in peak positions, changes in peak intensities, or
the emergence/disappearance of specific peaks in the FTIR
spectrum.** This occurrence is closely linked to surface func-
tionalization, where plasma treatment introduces detectable
functional groups onto the material surface, as identified by
FTIR.*? These functional groups exert a substantial influence on
surface chemistry and molecular interactions, thereby altering
the vibrational modes of molecules and resulting in observable
changes in the FTIR spectrum.

Chaple et al. (2020) and Chen et al. (2020)** observed the
adsorption of amide groups, amino groups, glycoside bonds,
and C-C bonds in the ring structure of native and DBD-CAP-
treated EWP molecules in FTIR-ATR spectra. This adsorption
was separated into three bands, namely, amides I, II, and III,
with distinctive peaks such as amide A and amide B revealing
N-H or O-H stretching and C-H deformation vibrations due to
plasma-induced depolymerization of EWP. Additionally,
plasma treatment is effective for surface cleaning and elimi-
nating contaminants and organic residues that may obscure
FTIR signals. This dual impact on chemical modification and
surface cleaning makes CPT a valuable technique for
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manipulating material surfaces and enhancing FTIR-based
chemical analysis.

6.1.4. Nuclear magnetic resonance (NMR). Cold plasma
treatment (CPT), a technique utilizing low-temperature plasma
typically generated using gases such as helium or argon, serves
as a versatile approach for modifying the surface properties of
materials.*® Despite its extensive use in surface engineering, the
impact of CPT on nuclear magnetic resonance (NMR) can vary
significantly based on material characteristics and treatment
conditions. Effects of cold plasma treatment on the structural
analysis of various plant and animal proteins is discussed in
Table 2. A notable consequence of CPT is its potential to initiate
chemical transformations on material surfaces, resulting in
shifts in NMR chemical shifts.*® This is particularly relevant for
surface-sensitive NMR techniques, such as solid-state NMR or
NMR of surface-bound molecules, where these shifts indicate
alterations in surface chemistry induced by the treatment.*®
Additionally, changes in surface chemistry or structure caused
by CPT can influence the signal intensity in NMR spectra. Such
effects may stem from modifications in relaxation times or
signal broadening caused by altered molecular dynamics at the
surface.”

Nuclear magnetic resonance (NMR) spectroscopy is another
technique that can be used to study the effects of CPT on egg
white proteins (EWP). A study investigated the impact of cold
plasma on the secondary and tertiary structures of EWP using
NMR, revealing significant alterations in protein folding and
conformation.®* This highlights how CPT can influence protein
structures at a molecular level, which could affect their func-
tional properties.

6.2. Effects of cold plasma treatment on functional
parameters

Cold plasma treatment (CPT) is increasingly recognized for its
ability to enhance the surface characteristics of diverse mate-
rials, rendering them suitable for a broad spectrum of func-
tional applications.

6.2.1. Foam stability. The formative characteristics of
foams are intricately linked to factors such as protein concen-
tration, molecular interactions, solubility, viscosity hydropho-
bicity, and hydration.*® Achieving exceptional foaming ability
requires a protein to be swiftly adsorbed onto the gas-liquid
boundary and promptly undergo molecular rearrangement.>*
Egg white protein (EWP) has emerged as a widely employed
foaming agent due to its unique protein combinations, leading
to the creation of stable foams.** Nasiru et al. (2023)™ reported
a significant increase in foam stability, with foam stability (FS)
increasing from 85.20% for native EWP to 87.29%, 90.41%,
93.26%, 88.41%, and 89.42% for 60, 120, 180, 240, and 300 s of
plasma exposure, respectively, for DBD CAP-treated EWP.

CPT offers a nuanced approach to influencing foam stability,
depending on factors such as treatment conditions, foam
characteristics, and the materials involved.”” Another notable
outcome of plasma treatment is the removal of contaminants,
the effective purification of foam surfaces and the mitigation of
destabilizing factors such as surface heterogeneities or
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interactions with foreign substances. Additionally, specific
plasma treatments may induce cross-linking or polymerization
reactions on foam surfaces,™ fortifying the surface layer and
enhancing stability by increasing resistance to deformation,
collapse, or dissolution. Furthermore, CPT can impart antimi-
crobial properties to foam surfaces, inhibiting microbial growth
and biofilm formation, which is crucial for preventing potential
foam destabilization over time. A comprehensive under-
standing and strategic utilization of these effects are essential
for optimizing plasma treatment processes to tailor foam
properties for specific applications that demand heightened
stability.

6.2.2. Emulsifying properties. Emulsification plays an
essential role in the production of numerous formulated foods
in which proteins, lipids, and carbohydrates serve as stabi-
lizers.”” Recent research by Arif et al. (2024)* is on emulsion
characteristics of a protein are predominantly governed by its
structural stability, surface hydrophobicity, and distribution of
hydrophobic and hydrophilic amino acid groups. CPT has
emerged as a promising avenue for influencing the emulsifying
properties of materials, particularly those crucial in industries
such as food, cosmetics, and pharmaceuticals, where stable
emulsions are of paramount importance. Over the first ten
minutes of treatment, DBD cold plasma had an increasing
influence on myofibrillar protein emulsification ability;
however, after that, the effect diminished over the next twenty
minutes.* It is possible that the exposure of protein molecules’
hydrophobic groups to increased surface hydrophobicity
caused the first ten minutes of increased emulsifying ability; on
the other hand, chain oxidation-induced aggregate formation
between amino acid chains may have caused the second
decrease. Zhang et al. (2021)* reported that samples treated at
120 Hz exhibited the maximum stability of foaming, whereas
lower ACP frequencies (80 Hz) were more successful in
changing the ability of soy proteins to emulsify and foam. It was
thought that short-term plasma produced moderately unfolded
proteins with more flexible structures, allowing them to read-
just at the oil-water/air-water interfaces. However, significant
plasma oxidation resulted in insoluble protein-to-protein
clumps, which negatively affected their interfacial characteris-
tics. Zhang et al. (2021) studied that the ability of proteins to
emulsify is limited by the hydrophilic coating that ACP treat-
ment seems to create, which encloses hydrophobic groups and
changes the structure of the proteins, resulting in aggregation
and an increase in particle size. There was no discernible
change in the emulsifying capacity of native or ACP-treated
proteins at high concentrations of ACP when the decrease in
hydrophobic group exposure was compensated.”® According to
Nasiru et al. (2023),”* compared to that of native egg white
protein (52.73%), the emulsifying stability (ES) of DBD-CAP-
treated egg white protein (EWP) was directly related to the
plasma treatment period, ranging from 55.22% to 69.34%.
Overall, the impact of CPT on emulsifying properties is
contingent upon various factors, including material type,
emulsion formulation, and specific treatment conditions.***®

6.2.3. Water holding capacity. The water-holding capacity
(WHC) is a crucial physical attribute in the enhancement of
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Table 2 Effects of cold plasma treatment on the structural analysis of various plant and animal proteins
Sources Cold-plasma conditions Findings References
Zein DBD plasma system: power supply, CPT broke hydrogen bonds in the 84
1 A electrode spacing, 8 mm; time, protein secondary structure causing
70 s; voltage, 60,70, 80, 90, and 100 highly exposed sites of action for
\% water
Flaxseed protein Jet plasma: voltage and frequency (5 Conformation changes are observed 85
kv; 40 kHz) for 0, 5, 10, 15, 30, 60, in the increased surface
90, 120, and 240 s hydrophobicity and contents of
disulfide bonds with increasing
plasma exposure time
Soy protein isolate DBD system: voltage of 9, 10, and 11 Cross-linkage of free amino acids to 18
kvpp at a frequency of 3.0 kHz. the protein and protein-to-protein
Treatment times of 1-10 min. aggregation led to structural
Atmospheric air was used changes in the protein
Soybean glycinin DBD system: voltage (0 to 50 kV), Oxidation of peptide bond amino 77
frequency: 10-20 kHz, time: 2- groups, along with by oxidation of
5 min. Atmospheric air was used as Trp, Tyr, and Phe amino acid
carrier gas residues leading to conformational
alteration
Mushroom DBD system: voltage input: 220 V, ACP treatment-induced alterations 80
output voltage: 0-50 kV, time of 0- in secondary structure and
10 min, atmospheric air was used as disruption of the tertiary structure
an inducer gas of the protein. Enhancement of
surface hydrophobicity with
increasing exposure time
Bovine serum albumin (BSA) DBD plasma system: voltage used: Conformation changes are 86
20 and 40 kV. Time: 2, 4, 6, and indicated by the changes in the
8 min. Frequency: 13 kHz. protein sulfhydryl group and
Atmospheric air was used as feeding carbonyl contents. The increase in
gas surface hydrophobicity depended
on the voltage and time used for
exposure
Gelatin DBD-plasma system connected to The surface hydrophilicity of the 87
an AC voltage source with films significantly increased after
a frequency of 375 Hz. The gases the cold plasma, while the contact
used include O,, N,, air, Ar, and angle significantly reduced
ethanol-argon
Myofibrillar proteins were extracted DBD plasma system: the duty cycle The changes in the amide I band
from Longissimus dorsi muscle of 10% and a frequency of 7 kHz indicate changes in the secondary
were applied for 0-20 min using structure of proteins. Extensive
ambient air as the working gas at inter and Intra protein crosslinking
atmospheric pressure conditions and aggregation
Skim milk Cold plasma jet using 0.9 mol N, Aggregation and denaturation of 75
and 0.1 mol O, per mol gas, two proteins caused by the reactive
different feed gases were used. The species produced by plasma causing
jet generated cold plasma at 20 kV a significant decrease in the protein
and had an arc drop voltage of 2 kv surface hydrophobicity. Increased
with frequencies ranging from 15 to a-helix and aggregated B-sheet and
25 Hz a decreased random coil, B-plated
sheet, and B-turn with increased
time
Soybean protein isolate DBD system: frequencies used: 80, Cold plasma-induced reactive 81

textural behavior, particularly in foods such as baked dough,
where it prevents water expulsion from the 3D protein struc-
ture.” The versatile application of CPT in modifying material

1640 | Sustainable Food Technol., 2024, 2, 1631-1651

100, and 120 Hz, time used 1-10
min

oxygen species-mediated oxidation
of soy proteins, causing
modifications in soybean protein
isolate's secondary and ternary
structures

surfaces has implications across various domains, including
WHC, a pivotal parameter in industries such as food packaging,
agriculture, and biomedicine. The effects of CPT on the WHC
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Table 3 Effects of cold plasma treatment on the functional properties of proteins
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Techno
functional
properties Protein sources Cold plasma system parameters ~ Inducer gas Findings References
Solubility Soybean protein isolate DBD system conditions: input: Atmospheric air  CPT at 80 and 120 Hz was found to 81
220V, 50 Hz, output: 40 to 60 kV at increase the solubility of soybean
50 to 150 Hz. Treatment given to protein isolate
samples: frequencies used: 80,
100, and 120 Hz, time: 1, 2, 5, and
10 min, respectively for each
frequency
Zein DBD plasma system: plasma Atmospheric air  CPT improved the solubility of 78
generated with 75 Vand 1 A for 1, zein protein at pH 7 and 1.2
3,5,7,and 10 min compared to the control
Natural actomyosin Jet plasma system: radio- Argon Solubility decreases with 96
from threadfin bream  frequency generator with a power increasing CPT time
of 30 W at a constant current of 0.3
A
Myofibrillar proteins Jet plasma system using a 220 V.~ 98% argon and  Solubility was found to decrease 68
from king prawn 136AC single-phase power source 2% oxygen after plasma treatment
with an output voltage of 7 kV DC
and a current of 10 A, treatment
time: 0-10 min
Emulsifying  Soybean protein isolate DBD system conditions: input: Atmospheric air  Cold plasma frequency of 80 Hz, 81
properties 220V, 50 Hz, output: 40 to 60 kV at was found to have high modifying
50 to 150 Hz. Treatment given to impact on emulsifying properties
samples: frequencies used: 80, of soy proteins
100, and 120 Hz, time: 1, 2, 5, and
10 min, respectively for each
frequency
Flaxseed protein Jet plasma: voltage: 5 kV; Atmospheric air  The treatment was found to 85
frequency: 40 kHz, time: 0, 5, 10, increase the emulsifying capacity
15, 30, 60, 90, 120, and 240 s and stability of flaxseed protein
following 5 to 10 s treatment.
Then, began to decrease with
increasing time
Actomyosin from king  Jet plasma system: voltage: 220 V. 98% argon and  The treatment was found to 16
prawn 2% oxygen enhance the foaming properties of
extracted protein as compared to
control
Egg yolk Ozone treatment using an ozone  Atmospheric air  The emulsion stability and 97
generator at an ozone generation emulsification activity of the egg
rate of 1 g h™" for different yolk reached their maximum at
treatment times (0, 10, 20, 30, 10 min, which was 1.42 and 1.75
and 40 min) times higher than the control
Foaming Flaxseed protein Jet plasma: voltage: 5 kV; Atmospheric air  Foaming capacity was greatly 85
properties frequency: 40 kHz, time: 0, 5, 10, increased when 5 s treatment time
15, 30, 60, 90, 120, and 240 s was used compared to the control.
However, foaming capacity was
reduced with augmenting
treatment time. Overall, the
foaming capacity increased after
the treatment as compared to
control
Myofibrillar proteins Jet plasma system: voltage: 220 V, 98% argon and  The foaming properties of 68
from king prawn time: 0-10 min 2% oxygen extracted myofibrillar protein
were increased with increasing
treatment time
Rheology Little millet flour DBD plasma system with 230 V, ~ Atmospheric air  The viscosity of cooked paste was 98
50 Hz, and a high output voltage observed to be increased with
of 60 kV for 0-30 min plasma treatment
Milk DBD plasma system: voltage at 15 Atmospheric air Higher voltage was found to 99

kHz varying voltage of 0, 40, 50,
60, 70, and 80 V, with a duration of
120 s

© 2024 The Author(s). Published by the Royal Society of Chemistry

increased viscosity of milk
samples whereas low-voltage
(60 V) treatment. Was found to
decrease the viscosity as
compared to control
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Table 3 (Contd.)
Techno
functional
properties Protein sources Cold plasma system parameters  Inducer gas Findings References
Water- Parboiled rice flour Radio frequency (RF) power Atmospheric air ~ Slight increase in WHC of treated 100
holding supply having frequency 13.56 samples compared to untreated
capacity MHz. Different power levels (30 W, counterpart
(WHC) 40 W, and 50 W) and durations (5,
10, and 15 min) were used
Myofibrillar proteins DBD plasma system: maximum Atmospheric air  Overall, a significant rise in the
were extracted from power, voltage, and current were amount of bound water in
Longissimus dorsi set to 30 W, 12 kV, and 1 mA, myofibrillar proteins, with rise in
muscle respectively. The duty cycle of 10% the duration of plasma exposure
and a frequency of 7 kHz applied
for 0, 5, 10, 15, 20 min
Gelation Pea protein isolate DBD plasma system: frequency of Atmospheric air Pea protein subjected to the 101
3500 Hz, a duty cycle of 70%, combined treatment formed a gel
a voltage output of 0-30 kV, and at 14% protein concentration.
a total treatment time of 10 min However, no gel was formed with
the control at the same
concentration
Myofibrillar protein of  DBD system: discharge voltage-80 Argon and The initial increase in the 102
Asian sea bass kv (RMS) for 5-15 min oxygen breaking force and deformation of
(90:10 v/v) prepared gel when 5 min

are nuanced and contingent upon specific material character-
istics and treatment parameters. Importantly, CPT has the
capacity to improve the surface hydrophilicity of materials by
introducing polar functional groups or modifying surface

treatment time was used
compared with the control

morphology. This heightened hydrophilicity improves the
affinity of the material for water molecules, potentially
strengthening its water-holding capacity. Effects of cold plasma
treatment on the functional properties of proteins is shown in
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Fig. 3 Schematic illustration of the improvement of plant proteins for improving their techno-functional properties. (Modified from ref. 103),
created at https://www.biorender.com/.
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Table 3. Furthermore, CPT induces chemical modifications on
material surfaces, altering their interaction with water mole-
cules. Sharifian et al. (2019)* reported a significant increase in
the amount of bound water in myofibrillar proteins with an
extended duration of plasma exposure. Additionally, CPT may
impact microbial activity on material surfaces, indirectly influ-
encing water-holding capacity by mitigating microbial coloni-
zation or activity, which could impede water absorption or
retention. Nasiru et al. (2024)” noted a 9.9%, 10.88%, 11.02%,
11.99%, and 12.69% increase in the WHC of DBD-CAP-treated
egg white protein compared to that of native egg white
protein, with a WHC of 7.17 g ¢~ . Overall, the effects of CPT on
the WHC are complex and multifaceted and depend on the
material characteristics and treatment parameters. Schematic
illustration of the improvement of plant proteins for improving
their techno-functional properties is represented in Fig. 3.

6.3. Effects of cold plasma treatment on rheological
measurements

Rheological properties pertain to the flow characteristics and
viscoelastic attributes of egg white proteins (EWPs).’***® The
manner in which proteins are structured and interact plays
a pivotal role in determining the rheological behavior of EWP.
Treatment with DBD-CAP may disrupt or modify protein-protein
interactions, consequently influencing the gelation, viscoelas-
ticity, and gel strength of EWP."* CPT stands out as a versatile
technique with substantial implications for rheological
measurements, impacting material behavior during flow or
deformation in diverse ways."> One notable impact of CPT is its
capacity to refine surfaces, leading to alterations in properties
such as wettability, roughness, and chemical composition. These
surface modifications have a profound impact on the interaction
between the material and its surroundings, thereby affecting
rheological behavior. Furthermore, CPT can induce changes in
viscosity by modifying the molecular structure or surface proper-
ties of materials, resulting in various flow behaviors, such as shear
thinning, shear thickening, or shifts in viscosity magnitude.”
Moreover, CPT has the potential to initiate crosslinking or poly-
merization reactions in polymers and other materials, influencing
rheological properties through alterations in molecular weight
distribution, network structure, or chain entanglement behavior.

The thermal effects induced by CPT, including localized
heating on the material surface, further contribute to changes
in rheological behavior, affecting viscosity, elasticity, or relaxa-
tion dynamics due to temperature variations. Microstructure
modification, as a consequence of CPT, influences rheological
properties by altering crystallinity, orientation, and phase
distribution within materials.****"

7. Potential applications of cold
plasma treated egg white proteins in
the food industry

The CPT of egg white proteins has numerous potential appli-

cations in the food industry because of its ability to modify
protein structure and improve functional properties.’*®* One

© 2024 The Author(s). Published by the Royal Society of Chemistry
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prominent application is foaming and emulsification, where
CPT improves the stability and efficiency of egg white proteins,
making them ideal for use in various foods such as meringues,
cakes, and foam-based desserts. Additionally, CPT can alter the
gelation behaviour of egg white proteins, paving the way for
novel textures in food items such as gels, custards, and
puddings.”>** Moreover, these treated proteins can be utilized
to produce edible films and coatings with enhanced barrier
properties, thereby increasing the shelf life of packaged foods
and ensuring their quality and safety.’*® Modified egg white
proteins also serve as functional ingredients in a wide range of
food formulations, including meat products, dairy alternatives,
bakery goods, and beverages, enhancing their nutritional
profile, texture, and sensory attributes."”**** The antimicrobial
properties of cold plasma-treated egg white proteins make them
suitable for developing antimicrobial coatings on food surfaces,
mitigating the growth of spoilage microorganisms and patho-
gens, and ultimately enhancing food safety and improving shelf
life.””* Furthermore, these proteins can act as carriers for
delivering bioactive compounds and nutraceuticals in food
products, improving their absorption and bioavailability.'** CPT
can reduce the allergenicity of egg white proteins, potentially
broadening their application in food products and catering to
individuals with egg allergies. Additionally, the treatment
effectively inactivates enzymes present in egg white proteins,
preventing undesirable changes in foods during processing and
storage."”® Modified egg white proteins contribute to enhancing
the taste, flavour, and overall sensory characteristics of food
items, thereby improving consumer acceptance and market-
ability. Finally, these proteins can be utilized to fortify foods
with essential nutrients, such as vitamins, amino acids, and
minerals, thereby enhancing their nutritional value and
promoting health and wellness."*”**® When considering poten-
tial applications of cold plasma-treated egg white proteins in
the food industry, two promising areas stand out: reducing
allergenic proteins and processing protein films. Cold plasma
treatment has shown the potential to modify the allergenic
properties of egg white proteins, making them safer for indi-
viduals with egg allergies. This is achieved by altering the
protein structure to reduce its allergenic potential without
compromising its functional qualities.>* Additionally, cold
plasma treatment can be utilized in the production of protein
films. These films, derived from modified egg white proteins,
can be used as edible coatings or packaging materials that are
both functional and environmentally friendly. They offer
advantages such as improved barrier properties, enhanced shelf
life of packaged goods, and reduced reliance on synthetic
additives. Plasma-treated proteins offer notable advantages
from a sustainability perspective, reflecting advancements in
current research.®® Cold plasma treatment is an eco-friendly
technology that operates at low temperatures and pressures,
minimizing energy consumption compared to traditional
thermal methods. This process effectively enhances the func-
tional and nutritional properties of proteins, such as improving
their solubility, emulsifying capacity, and antioxidant activity,
without the need for harsh chemicals or excessive heat. Addi-
tionally, cold plasma treatment can extend the shelf life of
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Table 4 Potential applications of cold plasma treatment

Area Applications References

Food safety Cold plasma-treatment deactivates 46, 80 and 129-131

microorganisms, their spores, enzymes and
toxins thereby increasing the safety

Food quality

Cold plasma-treatment can maintain

111, 132 and 133

nutritional properties without any effect on the
physical and structural integrity and sensory

properties of products
Food shelf life

Enhanced shelf life due to reduced protein and

134-136

lipid oxidation and microbial inhibition

protein-rich food products, thereby reducing food waste and
contributing to a more sustainable food system. Current
research is focusing on optimizing this technology to maximize
its efficiency and scalability, exploring its applications in
various food products, and ensuring its commercial viability.*
Studies have demonstrated that plasma treatment can effec-
tively reduce microbial contamination and allergenic properties
of proteins, further supporting its potential for sustainable food
production. However, there is still a need for more research to
address the economic feasibility of large-scale implementation
and to establish standardized protocols for its use across
different food sectors. These applications highlight the versa-
tility and benefits of cold plasma-treated egg white proteins in
creating safer, more sustainable food products. Overall, the
application of cold plasma-treated egg white proteins holds
great promise for revolutionizing the food sector by enhancing
food safety, quality, functionality, and nutritional value, align-
ing with the evolving needs and preferences of consumers.
Potential applications of cold plasma treatment is discussed in
Table 4.

8. Challenges and future directions

Subsequent investigations may delve into refining plasma
conditions for optimal efficacy, emphasizing enhanced decon-
tamination efficiency while mitigating potential adverse effects
such as plasma-induced lipid oxidation,"*” undesirable flavour
alterations,™® and changes in color.”® Previous research has
demonstrated that employing different plasma technologies
(e.g., DBD, glow, or arc) on various poultry products (e.g:,
chicken meat, eggshell, or chicken skin) results in distinct
decontamination outcomes. Therefore, to improve our under-
standing of the applicability of currently available plasma
technologies in the treatment of poultry products, future
research may examine the selection of suitable equipment for
processing each product. Furthermore, it is advisable to carry
out additional genotoxicity and chemical tests on poultry
products treated with plasma. Comprehensive physiological
and oncological research, together with the required safety
procedures, is needed to ensure the safety of plasma equipment
operators and investigate potential detrimental impacts, such
as exposure to reactive species and free radicals. The future
development and commercial application of nonthermal
plasma in the poultry sector depend on a number of factors,
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including industrial equipment, cost-effectiveness, and
resolving drawbacks associated with traditional methods. It is
imperative that upscaling studies align with the higher-capacity
poultry production lines of various factories. The integration of
plasma-based equipment into conventional production lines
necessitates effective and cost-efficient design, along with
exploring benefits and minimizing associated challenges. While
recent efforts have focused on continuous plasma treatment for
fresh produce,* comprehensive endeavours related to poultry
products are essential. Future studies may consider the incor-
poration of nonthermal plasma with other preservation tech-
niques. For instance, integrating poultry product
decontamination with suitable packaging or essential oils could
extend the shelf life and mitigate potential negative impacts on
product quality. The antioxidant and antimicrobial properties
of essential oils, which act as natural additives, may synergize
with nonthermal processes such as plasma, reducing the
required processing intensity.**** Finally, exploring the
applications of plasma-activated water presents an intriguing
avenue for future research. Although plasma-activated water
has shown efficacy against spoilage bacteria in poultry prod-
ucts,'*” its impact on poultry product quality and safety warrants
further investigation.'****”

9. Conclusion

The nonthermal plasma method has garnered attention from
food scientists owing to its potential to increase poultry product
safety. Existing academic research has demonstrated its efficacy
in decontaminating chicken eggs and meat, paving the way for
advanced investigations of cold plasma applications in the
poultry industry. The literature highlights cold plasma as a tool
capable of bolstering the microbial safety of poultry products,
emphasizing the importance of process optimization, such as
determining appropriate treatment times. However, it is crucial
to acknowledge that uncontrolled plasma treatment may have
an adverse impact on the quality parameters of the product,
necessitating careful consideration in commercial process
design. Additionally, a significant obstacle to the widespread
commercial application of this emerging technique is the
absence of high-capacity plasma equipment tailored for use
with poultry products. To overcome this challenge, food and
machinery experts must work together to conduct thorough
studies and produce continuous, scaled-up plasma-based
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equipment at a reasonable cost. It is anticipated that future
studies will address these essential aspects for the effective
commercialization of no-thermal plasma in the poultry sector,
given the state of research and literature available.
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EWP Egg white protein

AGE Advanced glycation end products
HPP High pressure processing

PEF Pulsed electric field

PL Pulsed light

IR Infrared

ACP Atmospheric cold plasma

ROS Reactive oxygen species

RNS Reactive nitrogen species

uv Ultraviolet

CPT Cold plasma treatment

DBD Dielectric barrier discharge

PJ Plasma jet

RFP Radio frequency plasma

MW Microwave

CD Corona discharge

ICP Inductively coupled plasma

CCP Capacitively coupled plasma
APPJ Atmospheric pressure plasma jets
DC Direct current
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