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Protein oxidation is a complex chemical process that pervades the entirety of the food domain. It is governed by
two primary mechanisms: the direct oxidation by active entities and the indirect oxidation by secondary
oxidation byproducts like lipid oxidation, influenced by many factors. The oxidation of proteins in livestock
products readily occurs post-processing and storage through techniques such as freezing, cooking, ultra-
sonication, among others, leading to protein carbonylation and subsequent alterations in structure. Conse-

quently, the purpose of this manuscript is to scrutinize the impacts of conventional processing and storage
methodologies on protein oxidation in livestock products, delineating potential mechanisms, action sites, and
influential factors implicated in this progression. Additionally, we delve into the ramifications of protein
oxidation on the processing attributes of livestock products, while venturing into forthcoming trends and ob-
stacles to set a groundwork for ensuring and regulating the caliber of these commodities.

1. Introduction

As a vital component of the human diet, livestock products boast a
wealth of proteins, fats, and other nutrients, furnishing ample energy
and abundant nutrition for the human body. Nonetheless, within the
processing and storage phases of livestock products, the generation of
reactive oxygen species (ROS), reactive nitrogen species (RNS), and
other dynamic entities can readily assail proteins, spurring protein
oxidation reactions. These transformations alter protein structures to
different extents, thereby influencing both the functional properties and
the quality of associated food products (Feng et al., 2015; Li, Sun, et al.,
2023; Zhu, Xing, et al., 2023).

Protein oxidation is a critical process in food science, akin in
importance to the Maillard reaction and lipid oxidation (Hellwig, 2019).
Like lipid oxidation, it proceeds through a free radical-mediated cascade
with three stages: initiation, propagation, and termination (Wang,
Cheng, et al., 2022). However, protein oxidation is more complex, as it

can be directly triggered by reactive oxygen species (ROS) or indirectly
induced by lipid oxidation products through reactions such as Michael
addition and Schiff base formation (Huang, Sarkhel, et al., 2023; Sol-
adoye et al., 2015; Zhu et al., 2024). This oxidation modifies proteins by
fragmenting peptide backbones, altering amino acid side chains, and
forming protein crosslinks, leading to changes in their structure and
functional properties. These alterations ultimately affect the proteins’
performance in food processing, underscoring the need to manage
oxidation to preserve food quality (Baraibar et al., 2013).

Protein oxidation is a pervasive issue in the handling and preserva-
tion of livestock products, affecting meat, eggs, and milk. During pro-
cesses like freezing, thawing, cooking, storage, and heating, pro-
oxidants such as lipid oxidation by-products, enzymes, and metal ions
are introduced, increasing the likelihood of oxidation. For example,
freezing and thawing meat can degrade proteins and lipids, reducing
tenderness (Utrera & Estévez, 2013; Xia et al., 2012). while prolonged
heating can lead to protein aggregation and decreased digestibility (Bax
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et al., 2012; Yin et al., 2023; Zhang et al., 2020; Zhao et al., 2019). In
eggs, oxidation contributes to texture changes, such as the “mudding”
effect in salted egg yolks, and reduces emulsifying and foaming capa-
bilities (Li et al., 2024; Xue, Liu, et al., 2023). In dairy, thermal sterili-
zation can cause protein carbonylation and reduce solubility (Ma et al.,
2019). Mechanical treatments like ultrasound and high pressure can also
disrupt cell structures, exacerbating oxidation (Hong et al., 2024; Jiang,
Xia, et al., 2024; Nie et al., 2021).

To mitigate these effects, researchers have proposed various strate-
gies. Ultrasonic treatments can prevent protein aggregation (Zheng
et al., 2024), while antioxidants can limit oxidation sites and structural
changes (Jiang, Yang, et al., 2024; Lund et al., 2007; Soyer et al., 2010;
Xie et al., 2020; Yeasmin Akter et al., 2015; Zhang, Gong, et al., 2023).
Maintaining low temperatures, reducing oxygen exposure, shortening
processing times, and careful mechanical interventions can also help
(Lin et al., 2022; Liu et al., 2024; Zhang et al., 2024). Innovative ap-
proaches, such as using ozone brine curing for salted duck eggs, have
shown promise in reducing curing time and salt content. These methods
aim to preserve the functional and nutritional qualities of livestock
products, ensuring their quality and usability in food processing
(Wongnen et al., 2023b).

Research has shown that oxidative changes induced by reactive ox-
ygen species (ROS) significantly affect protein structures and the func-
tional properties of livestock products (Alavi et al., 2019; Feng et al.,
2022; Kong et al., 2011; Li et al., 2019; Nawaz et al., 2022; Park & Xiong,
2007; Wang et al., 2018; Zhang, Gong, et al., 2023). While the causes
and effects of protein oxidation in marine products are well understood,
a systematic evaluation of how processing and storage methods influ-
ence protein oxidation in livestock goods is still lacking. A thorough
investigation into these effects is crucial for advancing food science.

Understanding the relationship between protein oxidation and the
functional properties of livestock products is essential for developing
high-quality meat, eggs, and dairy products. This review explores the
mechanisms, sites, and factors of protein oxidation, as well as common
processing and storage methods and emerging technologies that influ-
ence oxidation. By highlighting these aspects, the review aims to
encourage further research and innovation in this field, ultimately
improving the quality and functionality of livestock products.

2. Protein oxidation

Protein oxidation pertains to alterations in the covalent bonds of
proteins, directly or indirectly incited by potent agents. These modifi-
cations can be instigated outright by ROS or indirectly induced by
ancillary by-products of oxidative stress reactions (Yang et al., 2023).
The process of protein oxidation typically unfolds in three sequential
phases: an inception stage (emanating from free radical generation), a
propagation stage (involving free radical transfer and propagation), and
a culmination stage (Dominguez et al., 2021). Upon the formation of a
free radical upon a protein, it has the capacity to transition amid various
sites, thereby catalyzing the oxidation of additional proteins within the
system, ultimately resulting in protein aggregation, carbonylation, al-
terations in surface hydrophobicity, and disruptions to primary, sec-
ondary, and tertiary structures (Hellwig, 2020).

Throughout the course of food manipulation and preservation, pro-
teins often find themselves exposed to oxidative environments. When
food interfaces with molecular oxygen in gaseous form or dissolved
within a liquid medium, the oxygen molecule itself exhibits diminished
reactivity, yet can undergo a transformation into more reactive ROS.
These potent agents can manifest as radical entities like the hydroxyl
radical (HO-), superoxide radical (O3), and hydroperoxide radical
(HOO"), as well as non-radical forms such as hydrogen peroxide (H202)
and singlet oxygen (102) (Hellwig, 2020). The genesis of these active
agents within food occurs through irradiation, photo-oxidation, enzy-
matic reactions, and the catalytic influence of transition metal ions
(Schiano et al., 2019; Semagoto et al., 2014; Soladoye et al., 2015;
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Utrera & Estévez, 2013).

Furthermore, the study of protein oxidation can be conducted
through in vitro models of induction, currently encompassing systems
like the AAPH oxidation system and the Fenton oxidation system. Within
these assessments, AAPH has the capability to generate peroxy radicals
at 37 °C, thereby catalyzing protein oxidation (Cheng et al., 2021).
Conversely, the Fenton oxidation system instigates protein oxidation by
generating the potent HO-. Known as one of the most oxidative entities,
HO: readily initiates the oxidative modification of proteins (Zhang,
Gong, et al., 2023). The oxidative resilience of meat, eggs, milk, and
analogous foodstuffs is notably impacted by their constituent makeup,
processing techniques, and storage conditions. Oxidative reactions
within these comestibles can either be accelerated or impeded, with
their oxidative stability contingent upon the extent, site, and form of
oxidative modifications, alongside the dynamic equilibrium between
antioxidants and pro-oxidant compounds (Bekhit et al., 2013).

2.1. Oxidation site

The locations susceptible to oxidation on proteins predominantly
span the primary peptide chains and the side chains of amino acids,
encompassing both aliphatic and aromatic amino acid side chains. While
the reactivity towards ROS varies notably across different amino acids,
all amino acids are potentially prone to assault by these active agents
(Estévez et al., 2021). Notably, the side chain groups of amino acids
stand out as primary targets for oxidative modification, culminating in
alterations to protein carbonyl, sulfhydryl, and dityrosine levels,
alongside the generation of protein free radicals (Xiong & Guo, 2020).

The formation of carbonyl derivatives stands as a pivotal indicator of
protein oxidation. Specifically, the oxidation byproducts of lysine (Lys),
threonine (Thr), arginine (Arg), and proline (Pro) result in a-amino-
adiacyl semi-aldehyde, 2-amino-3-ketobutyric acid, glutamic semi-
aldehyde, and 5-hydroxyproline, respectively, serving as primary
precursors of carbonyl formation (Li et al., 2012). Noteworthily, within
sulfur-containing amino acids, cysteine (Cys) and methionine (Met)
exhibit heightened reactivity levels (Lund & Baron, 2010b). Cysteine
readily undergoes oxidation to engender reversible disulfide bonds or
irretrievable sulfoacid and its derivations, thereby influencing the pro-
tein’s structure and functionality. On the other hand, methionine can
transform into methionine sulfoxide, consequently altering protein
conformation and stability. Consequently, the reduction in sulfhydryl
group content has emerged as a widely employed significant metric of
protein oxidation (Bao & Ertbjerg, 2019; Kehm et al., 2021).

Moreover, protein oxidation provokes specific oxidation products
within tyrosine (Tyr), tryptophan (Trp), phenylalanine (Phe), and his-
tidine (His) residues, such as dityrosine, kynurenine derivatives, m-
tyrosine, and imidazoline derivatives (Fig. 1) (Ganjeh et al., 2024;
Poojary & Lund, 2022). Multiple investigations have underscored that
the elevation in carbonyl and dityrosine levels, coupled with the
reduction in sulfhydryl levels, typify the standard characteristics of
protein oxidation (Cheng et al., 2021; Wang et al., 2018; Yu et al., 2024).

2.2. Oxidation mechanism

2.2.1. Direct oxidation

The primary mechanism initiating protein oxidation stems from the
assault of ROS on the main chain and amino acid side chain groups,
triggering the oxidation process through the extraction of hydrogen
atoms from proteins. Given the presence of an unpaired electron within
the free radical, its reactivity is notably robust. It has the capability to
engage with amino acids, peptides, and proteins through various ave-
nues, encompassing hydrogen absorption, electron transfer (oxidation
or reduction), addition, cleavage, rearrangement, dimerization, dispro-
portionation, and substitution reactions (co-addition and elimination)
(Davies, 2016; Zhang et al., 2022). These interactions directly instigate
protein oxidation, resulting in the disruption of the main peptide chain
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Aromatic amino acid
Phe— m-tyrosine
Tyr— Dityrosine
Trp— Kynurenine derivatives
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His—Imidazoline derivatives
Lys—a-aminoadiacyl semi-aldehyde
Arg—Glutamic semialdehyde
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Fig. 1. The oxidation sites of protein.

and the oxidation of side chain groups, ultimately generating covalent
crosslinks (Fig. 2).

ROS (generated by pro-oxidants, oxidants, catalysts, metal ions,
light, or enzymes) primarily seize hydrogen atoms within proteins
through reactions like hydrogen capture, oxygen addition, and single
electron reduction, yielding carbon-centered free radicals (C-). In the
absence of oxygen, two C-centered free radicals amalgamate to fashion
C—C cross-linked derivatives. Under aerobic circumstances, the C-
centered radical undergoes a subsequent transformation into an alkyl
peroxygen radical (COO-), prompting the extraction of hydrogen atoms
from another protein molecule, thereby yielding an alkyl peroxide
(COOH). Following this, COOH undergoes further reactions to engender
an alkoxy radical (CO-) and its hydroxyl derivative (COH), catalyzed by
a free peroxy radical (HO-) or reduced iron (Fe*"). These COOH and
alkyl radical derivatives possess the capacity to cleave polypeptide
chains through a-amidation or diamide pathways, or establish protein
covalent crosslinks via coupling reactions, ultimately culminating in
protein carbonylation and fragmentation (Dominguez et al., 2021).
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2.2.2. Indirect oxidation

Lipid oxidation byproducts and glycosylation byproducts may lead to
the indirect oxidation of proteins, as elucidated by Luna et al. (Luna
et al., 2021). Throughout the processing and storage of meat products,
lipid oxidation ensues inevitably, giving rise to a plethora of in-
termediates including alkyl peroxy radicals, alkoxy radicals, active
carbonyl compounds, and hydroperoxides. These free radicals possess
the capability to directly impact proteins, provoking crosslinking and
aggregation processes (Dominguez et al., 2021). Moreover, the sec-
ondary products stemming from lipid oxidation exhibit a heightened
propensity to interact with proteins compared to their primary coun-
terparts. Notably, compounds like 4-oxy-2-nonenal (4-ONE) and 4-hy-
droxy-2-nonenal (4-HNE) form enduring crosslinks with proteins,
serving as significant indicators of oxidative stress (Huang, Sarkhel,
et al., 2023). Malondialdehyde (MDA) stands as the prevailing active
aldehyde among the secondary derivatives of lipid oxidation occurring
throughout the processing and preservation of meat. Originating from
various unsaturated fatty acids, MDA exhibits a robust capacity to
instigate protein oxidation, as expounded by Chen et al. (Chen et al.,,
2023). The alteration induced by MDA on the spatial configuration of
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Fig. 2. Mechanism of protein oxidation (Dominguez et al., 2021; Huang, Sarkhel, et al., 2023; Dominguez et al., 2022; Soladoye et al., 2015; Zhu et al., 2009).
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proteins through the oxidation of protein side chains and polypeptide
framework elicits a profound impact on their functional attributes
(Fig. 4a) (Estévez et al., 2021). In their study, Chen et al. (Chen et al.,
2024) utilized MDA as a trigger to establish an oxidation system,
alongside an in vitro digestion model to investigate the ramifications of
protein oxidation on myofibril protein digestibility. Their findings un-
veiled a pattern wherein the augmentation of MDA concentration (0,
0.5,1,2,5,10 mmol/L) led to a suppression in the hydrolysis degree and
digestibility of myofibril. Concurrently, there was a marked escalation in
the levels of carbonyl groups, surface hydrophobicity, random coil for-
mations, and MDA content. Conversely, a notable reduction was
observed in the total sulfhydryl groups, a-helix formations, free amino
groups, hydrolysis degree, and MDA binding quantity. These results
underscore the proposition that the diminished digestibility of myofibril
protein subsequent to freezing could potentially be linked to the protein
oxidation pathway influenced by MDA—a byproduct of lipid oxidation.

Nlustrated in Fig. 2 is the intricate process of indirect protein
oxidation. Using lysine modification as a prime illustration, lipid
oxidation byproducts infiltrate proteins by introducing carbonyl groups
through the formation of Schiff bases or engaging in Michael addition
reactions with amino groups on protein side chains. This biochemical
interplay fosters protein carbonylation, thereby instigating crosslinking
and aggregation phenomena (Akagawa, 2021; Lund & Baron, 2010a).
Egg yolks are characterized by their elevated lipid content, and lipid
oxidation can catalyze protein oxidation during the processing of egg-
based products. Over the course of salted egg preservation, the yolks
gradually assume a tender and pasty consistency, culminating in the
development of an indistinct “mudding” appearance. Investigations
indicate that throughout the storage duration of salted eggs, lipid
oxidation propels the generation of an array of breakdown products such
as aldehydes, ketones, and acids. These dynamic substances hold the
potential to instigate or accelerate protein oxidation processes, resulting
in the formation of dityrosine crosslinking compounds. This cascade
leads to protein oxidation and consequential alterations in protein
conformation—which serves as the primary driver behind the
“mudding” transformation observed in salted egg yolks (Xue, Liu, et al.,
2023).

Glycosylation marks the inaugural phase of the Maillard reaction,
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with non-enzymatic glycosylation notably capable of instigating protein
oxidation. Under this process, reducing sugars undergo degradation to
engender potent a-dicarbonyl entities (like glyoxal and methylglyoxal),
which subsequently engage in nucleophilic interplays with basic amino
acids within proteins (such as lysine and arginine). This interaction or-
chestrates protein carbonylation along the “Suyama” pathway (Fig. 4b).
Moreover, during both the initial and advanced stages of glycosylation
cascades, ROS are generated. These entities possess the capability to
directly influence protein carbonylation or indirectly stimulate protein
oxidation pathways (Estévez et al., 2021; Luna et al., 2021; Zhang et al.,
2013).

As per the extant research findings (Dominguez et al., 2021; Hellwig,
2019; Huang, Sarkhel, et al., 2023; Nawaz et al., 2022), an intricate
interplay emerges among protein oxidation, lipid oxidation, and the
Maillard reaction (Fig. 3). Within livestock-derived products, protein
oxidation and lipid oxidation often manifest concomitantly, facilitating
the transfer of ROS between the two domains. The degradation of
reducing sugars yields dynamic a-dicarbonyl entities that engage in
reversible interactions with both lipids and proteins. Nevertheless, a
comprehensive elucidation of the precise interaction dynamics among
these three components, alongside the pathways of reactant introduc-
tion, remains constrained by the inadequacy of substantial empirical
substantiation.

The process of protein oxidation is intricate, influenced by a plethora
of factors, making its alterations challenging to discern through scent
cues, unlike the case with lipid oxidation. Currently, scholarly inquiries
into the mechanisms governing protein oxidation exhibit a bias, war-
ranting a more comprehensive exploration of both direct and indirect
pathways. Furthermore, scant research exists on the comparability of
protein oxidation mechanisms triggered by disparate agents (such as
HO., ROO., Ray, etc.), and the distinctions in mechanisms between
natural and induced oxidation remain underreported, underscoring the
need for additional investigations.

2.3. Factors influencing protein oxidation in livestock products

Throughout the processing and preservation of meat, eggs, and dairy
commodities, protein oxidation is subject to a diverse array of physical,

Protein oxidation
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Fig. 3. Relationship between protein oxidation, lipid oxidation, and the Maillard reaction (Dominguez et al., 2021; Hellwig, 2019; Huang, Sarkhel, et al., 2023;

Nawaz et al., 2022).
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chemical, and biological influences. These include enzymatic processes,
metal ion catalysis, and irradiation, all of which have the potential to
elicit oxidative alterations in proteins, consequently impacting their
structural integrity and functional attributes.

2.3.1. Enzyme

Enzymatic reactions play a dualistic role in the realm of protein
oxidation: they wield the ability to directly oxidize liberated amino acids
while also exerting influence over the functional attributes of proteins
by instigating the generation of active entities within food, thereby
catalyzing protein oxidation and expediting reaction kinetics (Fig. 4c).
Within the biosynthetic pathway, the enzymatic catalysis of amino acid
oxidation stands as a commonplace occurrence. Notably, lysine oxidase
assumes the role of catalyzing protein carbonylation, with its active
locus exhibiting pronounced expression within mammalian connective
tissue. This enzyme is capable of facilitating the oxidative deamination
of select lysine and/or hydroxy-lysine residues e-amino present in elastin
and collagen, yielding a-amino fatty hemialdehyde (AAS). Highly
reactive AAS residues further engage in reactions with lysine residues,
fostering the genesis of both intermolecular and intramolecular covalent
crosslinks (Akagawa, 2021).

In the realm of food-related enzymatic processes, there exists a roster
of notable oxidases. Among these are glucose oxidase, which catalyzes
the conversion of glucose into gluconic acid, liberating hydrogen
peroxide in the process; Laccase, instrumental in generating phenolic
free radicals, oxidizing phenolic compounds, and demonstrating po-
tential for inducing protein crosslinking in controlled settings; Lip-
oxygenase, which oversees the oxidation of unsaturated lipids,
culminating in the formation of hydroperoxides; and lactoperoxidase, a
key participant in the generation of free radical peroxides (Lund &
Baron, 2010b; Rubén Dominguez et al., 2022). Additionally, proteases,
or proteolytic enzymes, are pivotal in the hydrolysis of proteins, insti-
gating the liberation of peptides and thereby fostering protease-
mediated protein oxidation (Sheng et al., 2024). Despite the preva-
lence of these pro-oxidase catalysts, the majority of organisms boast
adept antioxidant mechanisms aimed at quelling reactive oxygen

O p—

Functionality
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species. An ensemble of enzymes—comprising catalase, glutathione
peroxidase, and superoxide dismutase—stands as the enzymatic bedrock
of aerobic organisms’ antioxidant defense systems (Zhang et al., 2022).
It follows, therefore, that the extent of protein oxidation hinges on the
delicate equilibrium between antioxidant enzymes and pro-oxidase
entities.

2.3.2. Metal ion

Acting as a prevalent instigator of protein modifications, the process
of single-electron reduction, orchestrated by metal ions, entails the
binding of these ions to protein entities via coordination, chelation, and
assorted interactions. This interaction, in turn, catalyzes the oxidation of
amino acid side chains, yielding 10,, whose conversion to Hy0, occurs
either spontaneously or via alternative pathways. In their reduced mo-
lecular state, metal ions engage in binding with amino acids at desig-
nated metal-binding locales present on proteins and enzymes, forming
chelates that subsequently react with HyO», giving rise to highly reactive
hydroxyl radicals (Fig. 4d) (Dominguez et al., 2021).

Within meat, intrinsic instigators or facilitators of oxidation are
present, notably heme iron and transition metal ions. Utrera et al.
(Utrera & Estévez, 2013) elucidated that the abundant heme iron con-
tent in beef patties markedly elevates the oxidation levels compared to
pork and chicken counterparts. Moreover, investigations reveal that the
heme iron concentration in pork’s quadriceps and semimembranosus
muscles surpasses that in the biceps, consequently reflecting higher
oxidation levels (Utrera et al., 2012). Hence, when evaluating the
impact of protein oxidation on meat quality, a comprehensive analysis
should encompass intrinsic meat characteristics, including the livestock
or poultry species, muscular regions, and their respective morphological
attributes.

2.3.3. Irradiation

The utilization of irradiation technology proves efficacious in miti-
gating pathogenic microorganisms within food items, concurrently
elongating their shelf life. Nonetheless, the generation of free radical-
s—comprising entities like HO- and Oj—during irradiation may

Over oxidation:
Functional impairment

Degree of carbonylation

Fig. 4. Factors affecting protein oxidation in livestock products (a: Fat oxidation products; b: Glycosylation products; c: Enzymes; d: Metal ions; e: Temperature; f:

Irradiation; g: Endogenous substances; h: Packaging).
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exacerbate the oxidation processes of proteins and lipids within meat
and dairy products (Fig. 4f). Aromatic amino acids embedded in pro-
teins’ primary structures, encompassing tryptophan, tyrosine, phenyl-
alanine, and histidine, act as principal targets for photooxidation (Zhang
et al., 2013). Noteworthy, certain proteins harbor chromogenic pros-
thetic groups like riboflavin in milk and myoglobin in meat, endowing
them with dual functionalities as both photosensitizers and substrates.
Various irradiation methods such as Ultraviolet (UV), X-ray, y-rays, and
visible light, combined with sensitizers, have the capacity to instigate
electron transfers and hydrogen extractions in proteins, engendering
excited state free radicals that contribute to protein impairment and
alterations in molecular properties.

In the marketing realm of dairy products, the application of ultra-
violet irradiation within refrigeration settings can incite the absorption
of light energy by milk’s photosensitizers, instigating the generation of
singlet oxygen and sparking photooxidative reactions. This form of
oxidation not only jeopardizes the vitamins present in milk but also
diminishes its nutritional potency (Dalsgaard & Larsen, 2009; Schiano
et al., 2019). Furthermore, as delineated by Rowe et al. (Rowe et al.,
2004), the carbonyl levels in irradiated steak markedly surpassed those
in non-irradiated samples, with myoglobin oxidation emerging as a
pivotal factor in the discoloration progression of irradiated steak.

2.3.4. Other influencing factors

Beyond the aforementioned external influencers, internal factors
also wield substantial influence over the protein oxidation trajectory.
Notably, myoglobin and hemoglobin—oxidation-propelling proteins
inherent in muscle tissue—stand as primary catalysts in the protein
oxidation scheme (Wang et al., 2023). Throughout storage periods, the
presence of riboflavin in egg whites experiences a pH elevation induced
by hydrolysis, liberating riboflavin (functioning as a photosensitizer)
that orchestrates protein oxidation via photosensitization mechanisms
(Fig. 4g) (Li et al., 2024). Preceding their transformation into com-
mercial entities, meats, eggs, and dairy products conventionally neces-
sitate heating or preservation at low temperatures or freezing points.
Adverse temperature settings can precipitate structural harm to muscle
tissues, disrupt submicroscopic muscle architecture, and instigate the
release of mitochondria, lysosomal enzymes, heme iron, and other
oxidation-promoting agents, thereby expediting the pace of protein
oxidation (Fig. 4e) (Pérez-Palacios, Ruiz, Martin, Barat, & Antequera,
2011).

The oxygen levels present constitute another pivotal element that
impacts the course of protein oxidation, with elevated oxygen concen-
trations exacerbating protein carbonylation (Fig. 4h) (Li et al., 2022).
Lund et al. (Lund et al., 2007) delved into the repercussions of enhanced
air packaging (70 %0,/30 %CO3) and anaerobic packaging on protein
oxidation within pork during a 14-day storage period at 4 °C. Their
findings unveiled that the optimized air packaging within a high oxygen
ambiance notably stimulated protein oxidation, culminating in reduced
tenderness and succulence within the meat.

In conclusion, the exploration of protein oxidation, particularly the
oxidation mechanisms within high-protein livestock products, has
garnered considerable interest. Nonetheless, the intricacies of the pro-
tein oxidation process are intricate and subject to myriad influences,
each factor demonstrating distinct operative mechanisms. Present
literature remains inadequate in comprehensively investigating the
interplay and correlations among these various factors. Consequently,
delving deeper into the intricate mechanisms of protein oxidation
induced by multiple factors holds immense significance for advancing
our understanding in this domain.

3. Protein oxidation and its effect on functional properties
during the processing and storage of meat products

Meat and its products are rich in protein, containing about 15-19 g
per 100 g of fresh meat. During processing, mechanical actions disrupt
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cellular structures, weakening the antioxidant defense system. Endoge-
nous pro-oxidants like myoglobin and iron ions, combined with external
factors such as oxygen, light, fermentation, salting, storage, and heat,
significantly increase the likelihood of protein oxidation (Wang et al.,
2023). This interplay underscores the importance of controlling oxida-
tion to maintain meat quality.

3.1. Water-holding capacity

The capacity of meat to retain water stands as a pivotal quality trait.
Oxidation induces shifts in the protein’s electrostatic charge, prompting
partial unfolding and subsequent expansion of its globular structure.
Unfolded protein configurations may aggregate post-oxidation via
electrostatic interactions, consequently influencing their water reten-
tion capabilities (Bao & Ertbjerg, 2019). Within the realm of muscle
texture attributes, myofibrillar proteins (MP) emerge as central players.
Particularly, the myosin heavy chain (MHC) and actin regions are sus-
ceptible to oxidation, with methionine, cysteine, histidine, aspartate,
and glutamate serving as prevalent sites for oxidation occurrences
(Huang, Guan, et al., 2023).

The practice of frozen storage represents a prevalent approach to
preserving meat; however, throughout the freezing, storing, and thaw-
ing phases, processes such as water infiltration removal, myosin dete-
rioration, mechanical impairment, and MP crosslinking and aggregation
can precipitate a decline in quality, notably affecting tenderness.
Research indicates that alterations in meat quality during freezing pri-
marily stem from lipid and protein oxidation processes (Cheng et al.,
2023). Crucial elements influencing the degradation of frozen meat
quality include the freeze-thaw temperature, thawing technique, and
fluctuations in temperature levels. While conventional freezing tem-
peratures (—18 °C) serve to thwart microbial proliferation and elongate
product shelf life, a noteworthy portion of water, approximately 10 % to
20 %, remains in an unfrozen state. This phenomenon contributes to
heightened concentrations of pro-oxidants within the cellular frame-
work, including iron, hydrogen peroxide, and myoglobin, hastening the
generation of ROS. Moreover, the presence of unfrozen water envelop-
ing myofibrillar proteins fosters an environment rich in oxidation po-
tential, further expediting protein oxidation processes (Utrera &
Estévez, 2013). Consequently, the oxidation-induced structural degra-
dation of frozen beef patties during cooking ensues, leading to the for-
mation of lysine derivatives, diminished tryptophan fluorescence, and
reduced myofibrillar protein retention (Manheem et al., 2023). There-
fore, a prolonged duration of freezing may not entirely impede protein
oxidation and could impact the sensory attributes of frozen meat prod-
ucts. In recent times, a novel freezing technique has garnered attention
among researchers, involving the regulation of storage temperatures
above the product’s freezing point yet below 0 °C. This approach ex-
tends shelf life, curtails volatile salt nitrogen levels, and diminishes the
total count of viable bacteria in yak meat by modulating protein and
lipid oxidation processes (Fu et al., 2024). Furthermore, the incorpora-
tion of exogenous antioxidants, such as capsaicin, demonstrates efficacy
in reducing oxidation sites, suppressing lipid and protein oxidation, and
enhancing the textural characteristics and water retention properties of
myofibrillar protein gels (Zhang et al., 2024).

The inexorable deterioration in quality of frozen meat during the
thawing process predominantly arises from the development of extra-
cellular ice crystals, lipid oxidation, protein oxidation, protein dena-
turation, and microbial proliferation. Irrespective of the thawing
method employed, all methods contribute to the oxidation of lipids and
proteins in pork, leading to heightened shear force in myofibrillar fibers
and diminished tenderness. When juxtaposed with conventional tem-
perature thawing at 20 °C, both refrigerator thawing at 4 °C and water
thawing at 9 °C, microwave thawing yields an augmented inter-
myofibrillar space, exacerbates the tearing of muscle fiber bundles, re-
duces enzyme activity, elevates cooking losses, increases carbonyl and
thiobarbituric acid levels, and culminates in the most pronounced loss in
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tenderness (Xia et al., 2012). Nonetheless, appropriate ultrasonic
intervention (with ultrasonic power levels below 300 W) administered
during the freezing and thawing processes can impede protein aggre-
gation, shield protein molecules from oxidation, alter the myofibrillar
protein structure, diminish particle size, and amplify protein-water in-
teractions. Consequently, this intervention boosts protein solubility and
tenderness (Zhang et al., 2021; Zheng et al., 2024).

Li et al. (Li et al., 2021) unearthed that stress-induced protein
oxidation and denaturation escalated as storage time elongated. Stress
triggered the liberation of Fe?*, instigating site-targeted metal catalyzed
oxidation of lysine, arginine, proline, and threonine residues within
mutton samples. This process culminated in the creation of carbonyl
derivatives, profoundly impacting water retention and texture, the
magnitude of which hinged on the intensity of pressure. Subsequent
analyses disclosed that a pressure of 200 MPa dismantled the tertiary
and quaternary protein structures, laying bare internal hydrophobic and
sulfhydryl groups, augmenting the surface hydrophobicity of myosin
and actomyosin. Additionally, sulfhydryl groups underwent oxidation to
form disulfide bonds, thereby enhancing the gel properties of myofi-
brillar proteins (Liu, Xu, et al., 2021; Zhang et al., 2017). However,
escalating pressure levels led to the oxidative aggregation of proteins,
rupture of the intricate network structure, and diminished water
retention (Xue et al., 2018). Zhu et al. (Zhu, Zhang, et al., 2023)
corroborated through an AAPH oxidative stress experiment the exis-
tence of a dose-dependent correlation between oxidation and myofi-
brillar proteins. Moderate oxidation (at 3 mmol/L AAPH) induced
covalent bond aggregation of myosin, fostering protein-protein in-
teractions and enhancing water retention. On the contrary, excessive
oxidation (at 5 and 10 mmol/L AAPH) resulted in the partial degrada-
tion of MHC subtypes, diminished storage modulus, irregular micro-
structure, and significantly reduced textural properties.

3.2. Digestibility

Thermal treatments, encompassing methods such as cooking, mi-
crowave cooking, frying, and baking, exert widespread utility in both
domestic kitchens and industrial food processing realms to elevate the
quality, digestibility, and safety standards of meat products. Nonethe-
less, the application of high-temperature heat instigates the generation
of ROS, liberation of heme, and deactivation of antioxidant enzymes,
thereby hastening the oxidation of lipids and proteins in meat products
(Soladoye et al., 2015). Research indicates that the intensity of protein
oxidation amplifies with escalating heating temperatures and prolonged
heating durations, as evidenced by several studies (Bax et al., 2012; Yin
et al., 2023; Zhang et al., 2020). During heat treatment at 70 °C, amino
acid residues undergo oxidation and the protein structure unfolds,
creating additional active sites for digestive enzymes. This process en-
hances the digestibility of actomyosin. Nevertheless, as the heat esca-
lates to 100 °C, proteins undergo extensive cross-linked polymerization.
Excessive oxidation impedes protein aggregation and hydrolysis sites,
suppresses the liberation of peptides, and ultimately diminishes the di-
gestibility of pork (Zhao et al., 2019).

Salting, a time-honored preservation technique, extends the
longevity of products by diminishing water activity and impeding mi-
crobial proliferation. Inclusion of sodium chloride can compromise
cellular membrane integrity and stimulate the liberation of free iron
from iron-binding compounds. Simultaneously, salt partly restrains
antioxidant enzyme functionality and heightens oxidative pressure
within muscle tissues. Furthermore, sodium chloride collaboratively
fosters protein aggregation through oxidation. An optimal concentration
of NaCl (0.1 mol/L) diminishes protein binding ability, expedites
myoglobin breakdown by pepsin, and augments the digestion and
assimilation of thermally treated beef myofibrillar proteins. Conversely,
elevated NaCl concentrations (0.6 mol/L) dampen antioxidant enzyme
function, fostering the conversion of ROS into RNS. This metabolic shift
subsequently instigates and exacerbates oxidative strain in cured meat
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products (Du et al., 2018; Liu et al., 2011; Wang, Yu, et al., 2022).
3.3. Emulsification characteristic

The emulsion liquid system primarily arises from the dispersion of
the oil phase within the aqueous phase, with the oil phase manifesting as
diminutive spherical droplets. Playing a pivotal role in meat, myofi-
brillar protein’s capacity for emulsification significantly influences
water retention, oil retention, flavor, and the shelf life of meat products.

Emulsions crafted from natural myofibrillar proteins are prone to
disrupting the delicate oil-water equilibrium, leading to flocculation,
precipitation, and phase division. Consequently, technologies such as
ultrasonication, high-pressure homogenization, magnetic field manip-
ulation, and others are harnessed to refine the emulsifying performance
of myofibrillar protein. Employing magnetic field treatment, for
instance, can prompt alterations in myofibrillar protein conformation,
unravel the protein architecture, and expose additional active sites. By
doing so, the process hinders protein oxidation and bolsters its emulsi-
fication capabilities (Jiang, Xia, et al., 2024). Research indicates that
exposure to magnetic fields of 3, 6, and 9mT heightens the surface hy-
drophobicity of myofibrillar proteins, unfurls secondary structures, re-
veals more active regions, amplifies protein-lipid interactions, and
fosters the formation of a more resilient interfacial layer, thereby
enhancing the emulsification efficacy of myofibrillar protein. Further-
more, the application of magnetic field treatment modifies the charge
properties of myofibrillar proteins on the surface of oil droplets. This
adjustment elevates the electrostatic repulsion between droplets,
curbing the likelihood of flocculation. Conversely, exposure to a high-
intensity magnetic field (12mT) can render the interfacial layer frag-
ile, prompting droplet coalescence and the formation of larger droplets,
ultimately diminishing the emulsifying prowess of myofibrillar protein
(Jiang, Yang, et al., 2024).

High-intensity ultrasound (HIU) has the capacity to trigger protein
denaturation and fortify the stability of myofibrillar protein emulsions.
Liu et al. (Liu, Zhang, et al,, 2021) affirmed that subjecting pork
myofibrillar protein to 450 W ultrasonic treatment fostered protein
dispersion, heightened protein solubility, and augmented the interplay
and bonding among interfacial proteins, thereby enhancing emulsion
stability. Nonetheless, excessive HIU intensity (520 W) can perturb the
hydrophobic interactions of myofibrillar protein, induce protein aggre-
gation, diminish interfacial adsorption, and detrimentally impact
emulsion stability (Hong et al., 2024). In the realm of meat product
processing, a judicious dose (2 mol/L) of NaCl can elevate the carbonyl
content of myofibrillar protein, enhancing emulsion flocculation and
aggregation. Conversely, a high NaCl concentration (6 mol/L) may
instigate extensive protein aggregation and the formation of numerous
pores in emulsion gels. The surplus of oxidation byproducts impedes the
establishment of covalent bonds between adsorbed proteins on lipid
droplet surfaces and continuous phase proteins, disrupts the three-
dimensional gel matrix, and diminishes the emulsifying prowess of
myofibrillar protein (Feng et al., 2017).

3.4. Other characteristics

Myoglobin (Mb) serves as a natural pigment protein essential in
defining the hue of meat, with its quantity and redox state dictating the
meat’s color palette. Comprising globin and heme—a compound hous-
ing four pyrrole rings alongside iron ions—myoglobin may exhibit iron
atoms in a reduced or oxidized form. The color of meat is primarily
influenced by heme, a pivotal determinant in this aspect. Throughout
the processing and preservation of meat items, variables such as tem-
perature, pH levels, light exposure, and processing techniques can
compromise Mb stability, trigger heme porphyrin ring cleavage (Jiang,
Xia, et al., 2024), and instigate the creation of highly reactive in-
termediates that incite protein oxidation, thereby instigating alterations
in protein functionality and color profiles (Manzoor et al., 2023). The
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oxidation process of myoglobin metamorphoses crimson oxygenated
myoglobin into brown ferrimyoglobin through the interaction of lipid
oxidation byproducts (such as aldehydes and ketones) with proteins,
catalyzed by ions (Zamuz et al., 2018). Furthermore, Zhu et al. (Zhu,
Xing, et al., 2023) delineated that low-frequency alternating magnetic
field thawing (LF-MFT) can overhaul the myofibrillar protein architec-
ture, markedly expedite protein oxidation, and escalate dityrosine
concentration. Pork thawed under LF-MFT at an intensity of 4mT dis-
played minimal alterations in color and myoglobin content, under-
scoring how moderate protein oxidation could enhance meat coloration
(Sheng et al., 2024).

Throughout the refrigeration course, the concentrations of flavor
constituents undergo fluctuations corresponding to the duration of
freezing. The carbonyl content within beef exhibits a linear escalation
during its stint in frozen storage. Research has illustrated that the
distinct flavor elements encompassing alcohols, aldehydes, and phenols
emerge through the oxidative processes involving lipids and proteins
(Al-Dalali et al., 2022). Furthermore, Dominguez et al. (Dominguez
et al.,, 2014) delved into the ramifications of four distinct cooking
methods—baking, grilling, microwaving, and frying—on cooking loss,
oxidation pathways, and volatilization attributes of foal meat. Their
findings unveiled a notable impact of heat application on cooking loss (p
< 0.01), with microwaving exhibiting a heightened cooking loss at 32.5
%, contrasting with the lower rates observed in barbecuing (22.5 %) and
frying (23.8 %). Across all methods, there was an elevation in total
volatile compound content post-cooking compared to raw meat. Grilled
steak particularly showcased elevated levels of volatile compounds,
suggesting a concomitant rise in volatile compound generation with
escalating cooking temperatures, potentially due to thermal instigation
of porphyrin ring oxidative degradation, liberation of heme iron, and
intensification of protein oxidation (Dominguez et al., 2014; Hellwig,
2020), thereby augmenting aldehyde and straight-chain alkane content
while dampening ester and ketone levels. Thus, oxidation emerges as a
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pivotal factor in configuring the hallmark flavors characteristic of meat.

Various processing and storage methods, such as freezing, thawing,
cooking, and marinating, can induce oxidation in meat products,
affecting their quality. Thawing techniques, in particular, lead to the
oxidation of pork lipids and proteins, reducing tenderness. Extended
freezing increases pro-oxidants like Fe2+, Hy0,, and Mb, accelerating
ROS formation. Mechanical processes (e.g., pressure, ultrasound)
release Fe?™, triggering metal-catalyzed oxidation at specific amino acid
residues, impacting water-holding capacity and emulsification. Protein
oxidation influences meat functionality in a dose-dependent manner,
highlighting the need to control oxidation levels to improve product
quality (See Fig. 5.).

4. Protein oxidation and its effect on functional properties
during the processing and storage of egg products

Eggs and their derivatives are rich sources of high-quality livestock
protein, with a single egg providing 3 %-4 % of an adult’s energy needs
and 11 % of their protein requirements (Bhat et al., 2021). Poultry egg
proteins are divided into two main categories: egg white proteins and
egg yolk proteins. These proteins are not only highly nutritious but also
exhibit excellent functional properties, such as foaming, gelation, and
emulsification, making them indispensable in the culinary world.
However, improper handling during processing and storage can degrade
their nutritional value and impair their functional benefits, highlighting
the importance of careful management to preserve their quality.

4.1. Gel property

In the livestock and poultry tissues, protein oxidation exists, and the
degree of oxidation varies depending on the species and age of the
livestock and poultry (Zhang et al., 2022). The aging process of hens is
associated with a decrease in the Haugh units (HU) of eggs. As the HU of
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eggs decreases, the spatial structure of egg white protein aggregates to
form insoluble aggregates, the negative charge on the protein surface
decreases significantly, the electrostatic repulsion and stability of egg
white protein solution decrease, causing the aggregation of egg white
protein during heating. As the age of the laying hens increases, the gel
strength and water-holding capacity of egg white protein decrease with
the decrease in HU. It is worth noting that the content of free thiol
groups in egg white protein with lower HU values decreases. The loss of
thiol groups is a sign of protein oxidation; therefore, protein oxidation is
an important reason for the differences in the thermal gelation of egg
white proteins of different qualities during the aging process of laying
hens (Li, Mi, et al., 2023).

The process of protein oxidation bears significance during the stor-
age of eggs as well. Within the confinement of storing fresh duck eggs,
the pH level ascends, triggering the liberation of riboflavin from the egg
white. Acting as an inherent photosensitizer, riboflavin orchestrates
protein oxidation via photosensitizing reactions, inclusive of singlet
oxygen emission (Li et al., 2024). Over the duration of storage, the
protein carbonyl group content escalates while the sulfhydryl group
content dwindles, signifying the oxidation of egg yolk proteins during
this period. Post a 6-month storage span, the reconstituted yolk powder
unveils a lax gel configuration (Tian et al., 2023). Moderate protein
oxidation can enhance the gel characteristics of proteins; however,
excessive oxidation yields adverse effects. Bao et al. (Bao et al., 2017)
observed that upon ovalbumin modification by AAPH, controlled
oxidation (0-1 mmol/L) fosters carbonyl formation within ovalbumin,
unveils hydrophobic group exposure, reinforces hydrophobic in-
teractions among molecules, and augments gel potency. Conversely,
heightened oxidation levels (1-5 mmol/L) impede disulfide bond for-
mation, lessen surface hydrophobicity, spur protein breakdown into
polypeptides, thereby engendering a lax gel network structure, along
with reduced gel robustness and water retention capacity of ovalbumin.

The molecular architecture of poultry egg protein undergoes trans-
formation under the influence of heat, salt, alkali, and mechanical ac-
tion, culminating in gel formation through thermal induction. Abundant
in lipids and proteins, egg yolks are predisposed to both direct and in-
direct oxidation. Research indicates that by meticulously blending egg
white and egg yolk, subsequently subjecting them to reheating (100 °C,
30 min), the elasticity and texture of egg yolk gel can be enhanced.
Agitation disrupts the protein framework, facilitating the even disper-
sion of lipids and proteins within the gel structure, thereby amplifying
gel suppleness. Moreover, the amalgamation of egg yolk lipoproteins
with oxygen molecules during thorough mixing may provoke oxidation,
consequently influencing its functional attributes. Hence, stirring prior
to heating stands as a means to refine the gel characteristics of egg yolk
proteins (Liu, Wang, et al., 2023).

Sodium chloride exerts an influence on the gel characteristics of egg
proteins by modulating the interactions between protein molecules. A
milieu of heightened ionic strength augments the protein’s susceptibility
to free radicals and pro-oxidative elements. Wongnen et al. (Wongnen
et al., 2023b) treated low-salt salted duck eggs with ozone brine and
observed that ozone facilitated protein oxidation, hastened protein
modification aggregation, impeded salt infiltration into the eggs,
diminished the salt content of salted eggs, and enhanced the gel attri-
butes of these preserved eggs. Notably, the presence of protein carbonyl
groups post-boiling in salted egg yolk surpasses that in salted egg white,
potentially linked to the instigation of protein oxidation by lipid
oxidation within the yolk (Wongnen et al., 2023a). Furthermore, protein
oxidation transpires throughout the preservation of egg derivatives. Xue
et al. (Xue, Liu, et al., 2023) additionally substantiated that protein
oxidation stood as the primary cause behind the mudding of salted egg
yolk consistency.

Alkali treatment stands as an exclusive culinary technique, and
preserved eggs represent its quintessential manifestation. Crafted from
fresh poultry eggs under the collective impact of NaOH, NaCl, and
CuSOy, preserved eggs exemplify a distinctive delicacy. Throughout the
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curing journey, the elevated pH level catalyzes a sequential meta-
morphosis of egg white, transitioning from liquefaction to solidification
and eventual discoloration, culminating in the creation of a dark-brown,
translucent gel with a distinctively flavorful profile (Ai & Jiang, 2021).
To avert undue alkali-induced damage to the egg white gel, a judicious
incorporation of metallic compounds becomes imperative to regulate
the infiltration of lye. This strategic addition elevates the levels of
inorganic elements, such as sodium, iron, magnesium, and copper in the
egg white, towering above those found in fresh egg white (Zhao et al.,
2014). Through their interaction with proteins, metal ions induce
structural alterations, fostering protein aggregation via intermolecular
forces. Research outcomes reveal that the firmness of the egg white gel
undergoes an initial rise followed by attenuation with mounting NaOH
concentrations. Subdued levels of metal ions aid in constructing a robust
microstructure, heightening the gel’s textural finesse. Conversely,
heightened metal ion concentration amplifies electrostatic repulsion
amidst egg white protein molecules, impeding protein amalgamation
and consequently diminishing gel rigidity (Xue, Han, et al., 2023).
Noteworthy in the evolution of preserved eggs, metal ions potentially act
as catalysts or accelerants in protein oxidation. Nonetheless, conclusive
evidence delineating the precise mechanism of protein oxidation during
the pickling of preserved eggs remains elusive, underscoring the ne-
cessity for further exploration to illuminate this intricate process.

4.2. Foaming properties

The characteristics of foaming properties not only foaming power
but also foam stability, with the foaming properties of egg white protein
intricately influenced by protein oxidation. Zhang et al. (Zhang, Gong,
et al,, 2023) have demonstrated that a measured level of protein
oxidation (5 mmol/L H505) can enhanced the EWP interfacial, rheo-
logical and foaming properties by forming more disordered and flexible
structures, with more hydrophobic interactions and cleavage sites.
Correspondingly, findings by Duan et al. (Duan et al., 2018) suggest that
oxidation treatment could modify molecular arrangement and interac-
tion of egg white proteinvia changing their dityrosine formation,
sulfhydryl-disulfide interchange, surface hydrophobicity and secondary
structures (Table 1). A judicious level of oxidation treatment (0.2 mmol/
L AAPH) is shown to enhance the foaming efficacy of egg white protein.
Conversely, when subjected to an overabundance of oxidation treatment
(25 mmol/L AAPH), a substantial accumulation of egg white protein is
observed, thereby diminishing its foam stability at this juncture of
oxidative progression, oxidation treatment might be a useful approach
to modify foaming ability of egg white protein.

Furthermore, the evolution of egg white protein’s foamability
throughout storage appears intricately linked to protein oxidation and
the yield of ROS. Investigations have revealed a marked elevation in the
levels of carbonyl and tyrosine within egg white over storage durations,
concomitant with a decline in free sulfhydryl group content, a phe-
nomenon likely associated with the ongoing oxidation process (Li et al.,
2024). Notably, it is worth underscoring that measured protein oxida-
tion not only enhances the foamability of egg white protein but also
manifests superior functional attributes under specific pH regimes. For
instance, at a pH level of 11, both the foamability and foam stability of
egg white protein exhibit substantial enhancement, a transformation
potentially linked to oxidative aggregation occurrences (Alavi et al.,
2019). These revelatory insights furnish a pivotal theoretical foundation
for the utilization of egg white protein in the realm of food processing.

4.3. Emulsifying properties

Emulsification stands as a pivotal functional facet of egg protein.
Within the egg yolk, approximately 33 % comprises lipids and 16 %
consists of proteins, predominantly complex proteins, notably lipopro-
teins. These lipoproteins encompass yolk high phosphorus protein, low-
density lipoprotein, high-density lipoprotein, among others, with their
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Table 1
Protein oxidation markers in livestock products.

Materials Oxidation system Oxidation marker References

Carbonyl Sulfhydryl Dityrosine

Beef AAPH 1 1 - (Yin et al., 2023)

Duck AAPH 1 — - (Zhu, Zhang, et al., 2023)

Myofibrillar AAPH 1 1 - (Yu et al., 2024)

Pork Fenton 1 | - (Li et al., 2012)

Egg white powder Fenton 1 1 (Wang et al., 2018)

Egg white powder Fenton - | - (Alavi et al., 2019)

Egg AAPH 1 1 (Cheng et al., 2021)

Egg white AAPH - 1 and then | 1 (Duan et al., 2018)

Ovalbumin Fenton 1 1 - (Li et al., 2019)

albumin AAPH 1 1 - (Bao et al., 2017)

Egg white AAPH - 1 and then | 1 (Zhang, Gong, et al., 2023)

Whey protein (WPI) AAPH 1 | 1 (Feng et al., 2015)

Whey protein (WPI) Fenton 1 and then | - - (Berton-Carabin, Schroder, Rovalino-Cordova, Schroén, & Sagis, 2016)

Whey protein Concentrate (WPC) Fenton 1 1 (Feng et al., 2022)

Whey protein (WPI) Fenton - 1 (Kong et al., 2011)

“_»

indicates that the system is not queried.

distinctive composition dictating their unique emulsifying characteris-
tics. For the long-term preservation of egg yolks, spray drying represents
a prevalent technique. Nonetheless, the elevated temperatures inherent
in the spray drying process can instigate lipid chain oxidation reactions,
fostering the generation of an abundance of lipid free radicals and active
oxidation byproducts. This cascade of events culminates in the oxidative
transformation of protein structures and the carbonylation of the lipo-
proteins themselves (Van der Plancken et al., 2005). The process of spray
drying encourages the aggregation of oxidized proteins, leading to the
formation of a more viscoelastic film, thus markedly augmenting the
emulsifying capacity of egg white protein. Consequently, spray-dried
egg yolks exhibit a heightened propensity to yield stable emulsions
compared to fresh yolks (Rannou et al., 2015). Moreover, studies have
elucidated that ultrasonic treatment represents another avenue for
enhancing the emulsification prowess of egg yolks, with its efficacy
closely intertwined with the intensity of ultrasonic power. Moderate
ultrasonic treatment at 225 W effectively bolstered the emulsification
efficacy and stability of egg yolks, attributed to the enhancement of
surface hydrophobicity and the reinforcement of the hydrophilic-
lipophilic balance within low-density lipoprotein components of egg
yolks. This enhancement resulted in escalated adsorption rates and
heightened interface stability. However, excessive ultrasonic treatment
may disrupt the emulsion structure, thereby diminishing emulsion sta-
bility (Xie et al., 2020) (See Table 2).

External factors play a pivotal role in shaping the emulsifying attri-
butes of egg white protein. As eggs are stored, the dynamics of egg white
emulsification undergo a transformation characterized by an initial rise
followed by a decline, a phenomenon intricately linked to protein
oxidation. In the initial phase of storage, the onslaught of free radicals
augments protein flexibility, exposes non-polar groups, and amplifies
oil-water interface adsorption, culminating in peak emulsification effi-
cacy around the 7-day mark. However, beyond this threshold, oxidation
induces protein aggregation, diminishes flexibility, and consequently
lowers emulsification outcomes (Li et al., 2024). Ovalbumin, boasting
the highest protein content and free sulfhydryl group concentration in
egg white (Pathania et al., 2019), exhibits a significantly altered emul-
sification performance in response to oxidative influences. Li et al. (Li
et al., 2019) revealed that hydroxyl radical-induced oxidation augments
the carbonyl content of egg albumin while reducing the sulfhydryl
content, thereby reshaping the surface chemical groups and structure of
egg albumin and consequently impacting its interfacial traits. Optimal
oxidation in the range of 0-2 h can elevate egg albumin emulsification
rates by 1.2-1.8 times, whereas excessive oxidation beyond 3 h may
impede emulsification efficacy.

10

4.4. Digestive properties

Oxidation heightens the susceptibility of egg white protein to pepsin
while concurrently unraveling its spatial structure, exposing additional
sites for enzymatic breakdown, thereby enhancing its digestibility
(Zhang, Gong, et al., 2023). Extensive literature corroborates that heat
treatment substantially enhances the digestibility of egg protein by
augmenting enzyme diffusion rates and bolstering the sensitivity of
hydrolysis sites (Farjami et al., 2021). In a study by Nolasco et al.
(Nolasco et al., 2021) the impact of various cooking methods on egg
protein digestibility was assessed through in vitro digestion experi-
ments. The findings revealed that eggs boiled in vigorously bubbling
water for 10 min exhibited superior digestibility compared to eggs fried
at 191 °C for 90 s. Moreover, it is noted that alkali-induced protein gels
demonstrate enhanced digestibility compared to heat-induced counter-
parts. This phenomenon arises from the comparatively dense structure
of heat-induced egg white gels, as opposed to the orderly and porous
microstructure observed in preserved egg gels, rendering the latter more
amenable to digestive enzymes. Research indicates that after a 14-day
pickling process at 25 °C involving 4 %NaOH, 3 %NaCl, and 0.3 %
CuSOy, preserved eggs undergo hydrolysis of egg white proteins into
smaller peptides and amino acids, thus facilitating digestion (Guo et al.,
2019). Moreover, Deng et al. (Deng et al., 2020) observed that the
addition of varying concentrations of KCl, CaCly, ZnCl,, and FeCl3 can
enhance the digestibility of egg white gels, with digestibility increasing
in tandem with metal ion concentration. Lower concentrations of metal
ions promote the formation of a structured microarchitecture in egg
white gels. Conversely, elevated concentrations of metal ions can disrupt
the structure, rendering it more susceptible to enzymatic breakdown.

The utilization of autoclaving technology is prevalent in the pro-
duction of eggs and egg derivatives. Its ability to disrupt and alter pro-
tein structures can heighten enzyme accessibility, thereby enhancing
protein digestibility (Bhat et al., 2021). Employing precise pressure-heat
treatments (PHT) in the preparation of soft-boiled eggs can uncover
additional enzyme cleavage sites, thereby optimizing protein di-
gestibility. Nonetheless, prolonged exposure to PHT may trigger protein
aggregation and interactions with sugars or fats, ultimately diminishing
digestibility. Nevertheless, this process also fosters lipid oxidation,
which contributes to the development of specific flavors (Zhang, Li,
et al., 2023).

Poultry eggs, valued for their high-quality proteins, have functional
properties like gelation, foaming, emulsification, and digestibility
influenced by temperature, pressure, storage, and chemical agents.
Protein oxidation begins during egg formation, storage, heating, drying,
and marination, leading to protein carbonylation and reduced free thiol
content. Moderate oxidation can enhance egg white protein digestibility
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Table 2
Effects of measure on protein oxidation and its consequences.
Material Measure Functional Consequence References
characteristics
An application of 200 MPa pressure can enhance the textural attributes of lamb, while a pressure of
Mutton Storage under high pressure conditions (200 MPa/500 MPa) at Water holding capacity 509 M.Pa exacerbates .the color and water retentif)n properties of the meét. Sj(ress--ir‘ld}med protein (Li et al., 2021)
4 °C for 1, 3, or 7 days. oxidation escalates with prolonged storage duration, consequently resulting in diminished water
retention capacity in lamb.
Duck Marinated (infuse-d with 1.5 g/kg of ginger, 0.5 g/kg of fennel, Digestibility TFlr(l)u‘ghout the -c1-1ring proc‘ess, oxidation and aggregation of sarcoplasmic proteins result in (Du et al., 2018)
and 0.5 g/kg of cinnamon) at 4 °C for 24 h. diminished nutritional quality.
Protein cross-linking and Schiff base formation, accompanied by texture degradation, diminished (Utrera & Estévez
Beef Frozen storage (—18 °C, 20 weeks) - tryptophan fluorescence, and the creation of lysine derivatives. Beef is more prone to oxidation owing 201 S)L o ’
to the pro-oxidative influence of heme.
Ultrasonic assisted vacuum tumbling (0 W, 100 W, 300 W, 60 - The configuration and physicochemical attributes of myofibrillar protein underwent alteration with (Zhang et al.,
Pork R . Solubility L. e
min, 120 min) the rise in carbonyl content.. 2021)
horseflesh Low-frequency magnetic field (0, 3, 6, 12mT treatment 1 h) B High i1"1tensity magnetic field (> 12mT) can significantly inhibit hydroxyl radical induced heme iron  (Jiang, Xia, et al.,
oxidation. 2024)
Pork Packaging (70 %05, 30 %C05) Water holding capacity In hlg}}—oxygen packag¥ng .env1r0nments, the sulfhydryl group content diminished, leading to protein (Lund et al., 2007)
oxidation and a reduction in the succulence of the meat.
A diminished trati f 40 % notably enh: the h d deli f th t
Pork Packaging (oxygen concentration 40 %, 60 %, 80 %) Water holding capacity minishe oxyger.l concentration o ’ no 'fl y en a_nces € fue and deficacy of the meat, (Li et al., 2022)
concurrently escalating the degree of protein oxidation with augmented oxygen levels.
Protein oxidation manifested across three discrete temperatures. With heightened temperatures, the
Chicken Frozen storage (-7 °C, —12 °C, —18 °C) - magnitude of protein oxidation increased significantly, notably surpassing in chicken leg compared to ~ (Soyer et al., 2010)
chicken breast.
Foal meat Bake,fry/microwave/fry Special flavor BarbeC}Je and frying have little effect on oxidation, and moderate oxidation is beneficial to the (Dominguez et al.,
formation of flavor 2014)
Pork Heating (60 °C, 100 °C, 140 °C, 30 min) Digestibility Protein oxidation caused by heating decreased the pepsin digestibility of pork (Bax et al., 2012)
Al-Dalali et al.,
Beef Frozen storage (0, 2, 4, 6 months at —18 °C) Special flavor The content of carbonyl group increases linearly during freezing storage. ; 02 2)‘ Heta
Pork NacCl(0, 0.2, 0.6 M) Emulsibility High concentration of NaCl (6 M) reduced the emulsification of myofibrillar protein emulsion gel. (Feng et al., 2017)
E, hit
gsovw:/ dlere Storage (0, 1, 3, 6 months at 37 °C) Gel property Storage oxidizes protein in egg white powder and affects its gelatinicity after rehydration. (Tian et al., 2023)
. . . . . (Van der Plancken
Egg white Pressure (100-700 MPa) Gel property High-pressure-induced EWP gels are softer and more elastic than heat-induced gels. et al., 2005)
Foaming The levels of carbonyl groups and dityrosine rose, while the amount of sulfhydryl groups declined.
Egg white Storage (1, 7, 14, 21, 28d at 40 °C) characteristic, Moderate oxidation bolstered the foaming and emulsifying capacities of egg white protein, although  (Li et al., 2024)
Emulsibility excessive oxidation proved detrimental.
Whey Protein Extrusion temperature (50, 75, 100 °C) Digestibility After e':x'tr'usmn treatment, the increase/decrease decreased, and extrusion at 50 °C had the best (iang et al., 2023)
(WPI) digestibility.
Lactoprotein Fluorescence irradiation (400-600 nm) Hydrolyzability Upon exp.osure to .ﬂuorescence irr.adiz?tion, oxidation occurred in tryptophan, histidine, methionine, (Dalsgaard &
and tyrosine, leading to an elevation in the carbonyl group content. Larsen, 2009)
Dryi heati he sulfh, 1 f wh in, i its solubili
Camel milk Dry heat (80 °G, 5, 10, 24 h) Solubility rylflg and heating tr.e.atm.ent dec.re'asedt e su- Aydry content of whey protein, increased its solubility (Ma et al., 2019)
and improved emulsification activity and stability.
Obando et al.,
Milk Light, temperature (70 °C, 0, 48, 96, 144 h) Digestibility The presence of unsaturated fatty acids promotes protein oxidation and affects digestibility. (2 0 1) ;'; octa
ltraviolet radiati 2nm, 1.1 + 0. “21.940.1 Fit; t al.
- lactoglobulin gmj;‘)/m et radiation(302 nm, 0.5mW cm 9+0.1 mW Heat stability The content of carbonyl group increases, and the thermal stability of s-lactoglobulin decreases. ; 01 2431';er etal,

Whey Protein
(WPD)

Whey Protein
(WPI)

Milk

Ultra-high magnetic field (5, 10, 15, 20mT)

Ozonation(30-480 min, at a temperature of 20 °C and relative
humidity of 70 %)

Exposure to ultraviolet radiation (6 W, 302 nm UV lamp) under
storage conditions of 25 or 40 °C and at relative humidities of 11
%, 33 %, or 75 %

Foaming characteristic

Foaming characteristic

Solubility

The sulfhydryl content of the protein diminished, resulting in a more structured protein framework,
aggregation, a notable increase in particle size, and substantial enhancements in antioxidant activity,
foaming attributes, stability, as well as water/oil characteristics.

After ozone treatment, the free sulfhydryl group was reduced, the protein structure was changed, and
the foamability and foam stability were improved.

Uv-induced milk protein decreased and changed color after photooxidation.

(Liu, Hou, et al.,
2023)

(Segat et al., 2014)

(Semagoto et al.,
2014)

w5

indicates that the system is not queried.
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by increasing sensitivity to gastric proteases, while also improving
emulsification and foaming through altered protein interactions. How-
ever, research on protein oxidation in traditional Chinese egg products,
such as salted eggs and century eggs, remains limited. The patterns of
oxidation during processing and their effects on functional properties
are not well understood, highlighting the need for further in-depth
studies to fill this knowledge gap.

5. Protein oxidation and its effect on functional properties
during the processing and storage of dairy products

Milk, rich in unsaturated fatty acids, flavorful compounds, and metal
elements, is highly prone to oxidation (Berton-Carabin, Schroder,
Rovalino-Cordova, Schroén, & Sagis, 2016). Whey protein isolate, in
particular, is vulnerable to oxidative damage during processing, storage,
and use due to its high content of amino and sulfhydryl groups. This
oxidation not only changes the physicochemical properties of whey
protein isolates but also significantly limits their functionality and
application in the food industry (Jiang et al., 2023). Controlling oxida-
tion is essential to preserving the quality and versatility of whey protein
isolates.

5.1. Emulsifying properties

Whey proteins predominantly consist of globular proteins rich in
cystine and disulfide bonds within their molecular framework. During
thermal sterilization processes, milk proteins and other constituents
undergo chemical alterations, resulting in the restructuring of protein
spatial configurations. Consequently, this brings about changes in pro-
tein conformation and a subsequent loss of activity (Liu et al., 2022). In
conditions of elevated temperature processing like cooking and baking,
proteins face an increased likelihood of exposure to oxidative environ-
ments. This exposure triggers disulfide bond cleavage in a-lactoprotein,
conformational shifts in p-lactoglobulin disulfide bonds, and modifica-
tions to endogenous tryptophan residues. Furthermore, the intensity of
oxidation amplifies with higher temperatures (Kramer et al., 2017).
Research conducted by Ma et al. (Ma et al., 2019) unveiled that heating
treatments reduce the sulfhydryl content of whey protein, while
controlled protein oxidation can enhance solubility, bolster emulsifica-
tion capabilities, and fortify stability. Within condensed milk, lipid
peroxidation instigates the generation of methionine sulfoxide, subse-
quently giving rise to ROS. Methionine residues are susceptible to
oxidation by ROS to form methionine sulfoxide via hydrogen peroxide
or electron transfer mechanisms, which can further progress to methi-
onine sulfone (Dyer et al., 2016). Such oxidation processes hamper the
proteins’ capacity to construct tightly packed, interlinked viscoelastic
films at the oil-water interface, leading to reduced interfacial elasticity
and aggregate formation. These alterations markedly impact their sta-
bility within food emulsification systems (Berton-Carabin, Schroder,
Rovalino-Cordova, Schroén, & Sagis, 2016).

Furthermore, specific amino acids within proteins, such as trypto-
phan and tyrosine, possess the capability to directly absorb ultraviolet
light and transition into excited states, thus undergoing photoionization
and oxidation processes (Obando et al., 2015). Simultaneously, photo-
sensitive compounds like vitamin B, can absorb both visible and ultra-
violet light, transitioning into excited states to catalyze protein
oxidation. Within retail dairy showcases, dairy items frequently
encounter light exposure emanating from fluorescent lamps or light-
emitting diodes (leds), supplying light energy across ultraviolet and
visible wavelength spectrums. Prolonged exposure to light precipitates
the photooxidation of vitamin By and other photosensitive compounds
in dairy goods, yielding singlet oxygen and thereby diminishing the
nutritional quality of dairy products. With extended periods of storage,
the risk associated with light exposure escalates significantly (Schiano
et al., 2019). In the case of -casein and p-lactoglobulin, the existence of
H,0, and Cu®?" hastens the depletion of tryptophan induced by
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ultraviolet rays and fosters protein oxidation (Scheidegger et al., 2016).

The process of oxidation not only alters the internal structure and
composition of proteins but also impacts their functional attributes.
When subjected to extrusion at 50 °C, whey protein isolate, indirectly
affected by lipid oxidation byproducts, demonstrates optimized hydro-
phobicity, net charge, and emulsification characteristics (Jiang et al.,
2023). Exposure to ultra-high magnetic fields (UMF) at intensities of 5,
10, 15, and 20 T induces the transformation of C—C bonds in whey
protein into C-O-C(H), further progressing to COOH; concurrently, the
oxidation of the N-C=0 group leads to COOH formation. Furthermore,
the sulfhydryl group undergoes oxidation to form disulfide bonds.
Following the 10 T treatment, whey protein evolves into a highly
condensed polymer with a particle size 36 times larger than that of the
untreated specimen, significantly enhancing water/oil absorption ca-
pacity and consequently improving milk emulsification capability (Liu,
Hou, et al., 2023). By delving into the protein oxidation paradigm, the
impact of oxidation on whey protein emulsification was scrutinized.
Results revealed a notable enhancement in the emulsification of whey
protein with Hy0, concentration of 5 mmol/L and an oxidation duration
of 5 h (Kong et al., 2011).

5.2. Other characteristics

During the initial phase of ROS-induced protein oxidation (1—2h),
proteins come together to form supple aggregates characterized by
commendable solubility and robust stability. Yet, as oxidation pro-
gresses (3—4 h), these supple aggregates gradually evolve into compact
insoluble formations through covalent interactions (such as protein-
protein cross-linking, carbonyl cross-linking, and aromatic side chain
cross-linking), leading to diminished solubility and stability (Feng et al.,
2022). In an exploration by Semagoto et al. (Semagoto et al., 2014)
discernible protein oxidation was identified in milk powder following 6
days of ultraviolet exposure, where the carbonyl group content surged
from 2 nmol/mg to 15 nmol/mg. As the duration of ultraviolet exposure
extends, the carbonyl content persistently rises, causing protein struc-
tural unfolding and exposure of hydrophobic groups, consequently
impacting the thermal stability of g-lactoglobulin (Fitzner et al., 2023).
Moreover, the extent of photooxidation in milk is influenced by the
oxygen concentration, while the intensity of light governs the pace of the
photooxidation process. Findings indicate a positive correlation be-
tween the level of oxidation and both light intensity and oxygen content.
Protein oxidation not only impacts the structural integrity and thermal
resilience of proteins but also brings about substantial alterations in the
foam-forming capacity of whey protein. In a study by Segat et al. (Segat
et al, 2014), it was observed that ozone treatment instigated the
oxidation of whey protein isolates, characterized by heightened surface
hydrophobicity and a decline in free sulthydryl group levels, thus
enhancing their foam-forming attributes.

Oxidative stress significantly affects milk proteins, altering their
solubility, thermal stability, emulsification, and foaming properties. Key
oxidation sites include cysteine, methionine, tryptophan, and tyrosine,
with oxidation intensifying at higher temperatures and longer heating
times. Milk’s high fat content facilitates lipid peroxidation, converting
methionine into methionine sulfoxide and sulfone, which reduces pro-
teins’ ability to form stable films at oil-water interfaces, decreasing
interfacial elasticity and emulsification efficiency. Photosensitive sub-
stances like vitamin By absorb light, triggering oxidative reactions with
proteins. Moderate oxidation can improve milk’s thermal stability,
foaming, and emulsification. However, excessive oxidation causes pro-
tein denaturation, degradation, and oxidation, which continue during
storage, shortening shelf life and compromising quality and nutritional
value. Controlling oxidation is crucial to maintaining milk’s functional
and nutritional properties.
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6. Conclusions and prospects

Protein oxidation in livestock products, influenced by processing and
storage conditions, significantly affects their functional properties.
Moderate oxidation can enhance functionality by unfolding protein
structures and exposing hydrophobic groups, improving edibility.
However, excessive oxidation, caused by prolonged processing, high
intensities, or temperatures, risks protein carbonylation, degrading
product quality and nutrition. To mitigate this, strategies like reducing
oxidative stress, removing pro-oxidants, and adding antioxidants are
employed to control oxidation levels and preserve product integrity.

Despite extensive research on protein oxidation, critical challenges
remain. First, there is limited understanding of the relationship between
protein oxidation and functional properties in dairy and egg products,
particularly in traditional Chinese egg processing. Further studies are
needed to explore how oxidation affects gelation and digestibility.
Second, the mechanisms of oxidation-induced protein oxidation in
livestock products are not fully understood, requiring deeper investi-
gation into the varying effects of different oxidants. The complexity of
protein oxidation products, due to multiple oxidation sites, underscores
the need for reliable markers to distinguish protein oxidation from other
reactions.

A key priority for future research is developing standardized
methods to accurately measure moderate to excessive protein oxidation
levels during livestock product processing and storage. Such advance-
ments would enhance quality control and drive innovation in processing
technologies, ensuring better preservation of product quality and
nutritional value.
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