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A comprehensive review on salted eggs: quality
formation mechanisms, innovative pickling
technologies and value-added applications
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Chunjiang Zhang® and Hongwei Xiao (2 *P

Salted eggs are very popular in China for their pleasant flavor and texture. However, the long production
cycle of traditional pickling with uncontrollable quality limit their industrialization. The high salt content
in salted egg white (SEW) and problems such as hard core and black circle in salted egg yolk (SEY)
significantly hinder the sustainable development of the salted egg production industry. This paper
reviews the entire process of salted egg production, including salting, post-curing, cooking, and
preservation, to fully explore the mechanisms of quality formation. The application of rapid processing,
such as physical treatment and chemical additives, to reduce the salt content of SEW and enhance the
quality of SEY is elaborated. Besides, the preference for SEY flavor leads to a great waste of SEW with
high salt content lacking in foaming ability and low viscosity. Therefore, value-added SEY application as
functional ingredients and converting the wastage of higher salt content SEW into valuable products are
discussed in this paper. It will provide valuable information to improve processing efficiency, enhance
the quality of salted eggs and promote the development of high-value-added and environmentally
friendly nutritional egg products.

Salted eggs, especially SEY, have gained immense popularity as a traditional preserved food in China and worldwide owing to their unique texture and delightful

flavor. However, the traditional pickling process is too long and results in an excessive salt content in SEW, making it inedible. Therefore, it is necessary to

develop rapid processing methods such as physical treatments and chemical additives to reduce the salt content in SEW and improve the quality of SEY.

Recently, the preference for SEY flavors has also led to significant wastage of high-salt-content SEW and deterioration of quality, resulting in substantial wastage

of high-protein resources and environmental pollution that hinder its industrialization. Hence, exploring value-added technologies for utilizing SEY as func-

tional ingredients becomes essential while converting waste high-salt-content SEW into valuable ingredients through desalting and hydrolysis treatments. This

will contribute to the development and mass production of sustainable, high-value-added nutritional egg products that are environmentally friendly.

1. Introduction

eggs since 1985, with an annual yield of over 4 million tons.
Approximately 5%-7% of these eggs are allocated for processing
purposes, while traditional egg products account for a remark-

Poultry eggs are widely acknowledged as a highly nutritious
food source for a healthy diet, supplying the human body with
essential proteins, fats, carbohydrates, minerals, and vitamins.
As such, they have gained immense global popularity.* China
has been the leading producer and consumer of fresh poultry
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able 80%.>° Salted eggs are a prominent traditional egg product
in China that enjoys popularity among consumer groups
worldwide.

Traditionally, this process involves immersing fresh eggs in
a highly concentrated salt solution or wrapping them with
a mixture of soil (or plant ash), salt, and water for approximately
20-45 days (Fig. 1).*® However, traditional production of salted
eggs requires prolonged pickling time owing to natural infil-
tration and results in high salt content in the products owing to
the use of high concentration salt solution, thereby increasing
multiple disease risks such as hypertension and arterioscle-
rosis.”* In addition, only in China, over 10 000 tons of SEW
with relatively higher salt content (7-12%) and unacceptable
odor are discarded annually due to their inedibility, leading to
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Fig. 1 Processing of salted duck eggs.
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a substantial waste of high-quality protein and also resulting in
environmental pollution.”™

Nowadays, there is a growing concern about shortening the
pickling time from the utilization of emerging pickling-assisted
technologies, diverse composition and concentration of salt
solution, as well as the incorporation of special chemical
additives such as alcohol, spices, and acidic or alkaline
components.*>** However, the formation mechanism of salted
egg is extremely complicated due to its complex composition.
Therefore, there has been a growing emphasis on the investi-
gation of the kinetics and mechanisms of salting in these
methods to improve processing efficiency and achieve precise
quality control.”> Additionally, appropriate storage and heating
processes are necessary to achieve the distinctive characteristics
of SEY before consumption (Fig. 2).” However, in mass
production, SEY deterioration may occur in the production
process, including vacuum package, leading to phenomena
such as “muddy” appearance or hard-core texture along with
blackened yolks after cooking (Fig. 3). This downgrades the
product quality and its commodity value. However, quality is
one of the major factors in food production and consumer
acceptability.

Another challenge for salted eggs lies in the higher salt
content resulting from the traditional pickling process. The key
is to achieve a balance between salt intake and quality. However,
reduced salt and high-quality salted eggs is difficult because salt
also plays structural and preserving roles in the products.
Excessive salt infiltration can lead to an overly salty taste in
SEW,? while insufficient infiltration may fail to showcase the
superior characteristics of SEY. The reduction in the content
and a substitute of NaCl can be achieved by using alternative
additives and improved processing technologies. For example,
the salt content of egg white (EW) and egg yolk (EY) decreased to
5% and 1%, respectively, under the combined effect of vacuum

. s :
: ; / \

Fig. 2 Cooked salted egg (A: after pickling; B: after preservation
before cooking).
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and salt, achieving only about half the reduction compared to
the traditional processing method without compromising their
good quality. This indicates that a combined technology and
additive approach offers more potential for producing healthy
and attractive salted eggs in a shorter pickling period.*®

Focusing on the preference for SEY texture and flavor, two
distinct research fields, value-added SEY application as func-
tional ingredients'” and convert wastage higher salt content
SEW, commonly found in traditional processing, into valuable
ingredients by desalting and hydrolysis treatments, revealed the
state-of-the-art technologies in the development of salted egg
industry for people with diverse requirements.'”®* Some
researchers have also attempted separate pickling of EY to avoid
generating more SEW. However, the resulting product still
exhibits inferior taste and odor compared to traditionally pro-
cessed whole eggs.

The objective of this paper is to systematically and compre-
hensively review the research progress on the quality formation
mechanism, innovative processing technology with shortened
pickling time, improved quality and reduced-NacCl, as well as
high-value utilization of salted egg. Additionally, it aims to
propose future research directions that can enable precise
control over the entire production process of preserved eggs.
Fig. 4 provides a schematic description briefly introducing sal-
ted eggs in this review. Section 2 evaluates the process of mass
transfer of water and salt, alteration of protein conformation,
and the formation of various small molecules influenced by
various factors such as salt and temperature. Changes in
textural properties, microstructure, color and flavor of salted
eggs were also explored further to elucidate the formation
mechanism behind their unique characteristics. Section 3
presents various approaches to enhance the quality and pro-
cessing efficiency of salted eggs by focusing on how they work
and their industrial applicability. The processing technologies
of low-salt salted eggs are also discussed in this section. Section
4 investigates value-added techniques applied to salted
eggshells, SEW, SEY, and other related potential aspects.
Finally, in section 5, the challenges and prospects associated
with the whole salted egg processing are also elaborated.

2. Factors influencing quality
attributes formation of salted eggs

Eggs are composed of three parts: eggshells with membrane,
EW and EY, which produce different effects in the curing
process owing to the variation of constituents (Table 1).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The deterioration of quality in salted eggs.

Generally, high-quality salted eggs should have a smooth, fresh,
white, and delicate appearance in SEW while exhibiting an
orange-red color, oily texture, sandy consistency, and abundant
nutrients in SEY. Table 2 presents the properties of salted eggs.
The development of these characteristics is highly associated
with the mass transfer of water and salt, alterations in protein
conformation, and the synthesis of various small molecules
influenced by factors such as salt solution concentration and
composition, temperature, and preservation methods, among
others.**® Details are presented in Table 3.

2.1 Salt effect on the quality formation of salted eggs

Salt, as the most important pickling raw ingredient, plays an
indispensable role in the formation of the characteristic quality
of salted eggs. During pickling, osmotic pressure, resulting
from the concentration difference between the interior and
exterior of eggs, enables salt to diffuse and penetrate through
both the porous eggshell and inner membrane, facilitating

simultaneous moisture removal. The variation in salt content
and moisture content in EW and EY during pickling under
traditional processing is illustrated in Fig. 5.5

During the pickling process, salt penetrated the egg from the
eggshell into both the EW and yolk. Salt contents in both EW
and EY greatly increased, and coincident moisture content
decreased during pickling.>*>** However, the NaCl penetration
into the EY is comparatively lower than that into the EW,
primarily due to the presence of yolk membrane and high-fat
content (Fig. 6). Additionally, gel structure formation during
pickling also hinders infiltration of excessive NaCl into the EY.*

During the pickling process with salt, the EW gradually loses
viscosity, becomes watery and exhibits shear-thinning behavior
due to osmosis (Fig. 7). Moreover, as salt gradually infiltrates
into the EY from the EW, interactions and aggregation between
protein molecules in EY are accompanied by alterations in
spatial structure and the progressive development of a unique
EY gel network structure with significant functional properties
(Fig. 7).7%°

Fresh egg

@ Pickling
® Post-processing

® Preserving...

Salted egg

Fig. 4 Production of salted eggs and application.
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Table 1 The composition of eggshell, EW and EY

Relative percentage

Major components (%, W/W) References
Eggshell (6%) Ash 94.6 19
Protein 3.9
Calcium 34.1
Magnesium 0.3
EW (58%) Water 88 20
Protein 10.5
Ovalbumin: 5.67
Ovotransferrin: 1.37
Ovomucoid: 1.16
Ovomucin: 0.68
Lysozyme: 0.36
Ash 0.8
Carbohydrates 0.5
Lipids 0.2
EY (36%) Lipids 62.5 21 and 22

Triglycerides: 38.8
Phospholipids: 20.6
Cholesterol: 3.1

Protein 33
LDL: 7.6
HDL: 11.6
Livetin: 9.9
Phosvitin: 3.6
Minerals 3.5
Carbohydrates 1.2
Carotenoids <0.6

Specifically, desirable transformations occur in the structure
of low-density lipoprotein within the EY. More proteins are
released, primarily composed of neutral lipids and phospho-
lipids, as illustrated in Fig. 7, which undergo subsequent
interactions and random aggregation to facilitate enhanced
polymerization, leading to increased oil exudation and

Table 2 Properties reported for salted eggs

View Article Online
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solidification and thereby creating the desired textural granu-
larity.*®>*¢%%” The SEY can be categorized into internal and
external yolks, which become increasingly distinguishable with
longer salting duration. Interestingly, during the salting
process, both the internal and external yolks tend to congeal
separately, resulting in a progressive solidification starting from
the interior region while facilitating an augmented oil flow in
the exterior region.* As the salt was further penetrated, more
moisture was removed, and the compactness of the yolk sphere
gradually decreased, providing more space for oil exuda-
tion.***”% The sandy texture and oil leakage of EY gradually
developed. However, too much water loss can result in the
formation of a “hard heart” within the yolk. Consequently, the
oily and sandy properties of salted duck eggs deteriorate,
resulting in an overall decline in quality.

Besides, the salt penetration rate significantly affects the
texture of salted eggs by influencing lipid and water migration
in egg yolks. Changes in the distribution, state and migration of
water were further analyzed by LF-NMR and magnetic reso-
nance imaging (MRI) techniques.?” The results revealed signif-
icant changes in proton mobility during EY gelation, lipid
release, and EW hydration. Furthermore, oil migration within
duck egg yolks during pickling enhances their taste and flavor
profile.*

In addition, salts employed during the pickling process can
modify the ionic characteristics of the formed gel, resulting in
variations in the functional properties of salted eggs. However,
different salts exhibit varying degrees of ionic character and
exert distinct effects on gel strength. For example, the presence
of NaCl can result in a weakened gel structure due to excessive
coagulation of egg proteins in egg albumen.*® MgCl, and CaCl,
possess the capability to modify the visco-elastic properties of
albumen gel with relatively satisfactory strengthening effects.
The presence of Ca>* and Mg”" ions induced by these salts leads

Properties

Content

References

Textural

Physical-chemical

Morphological & dimensional

Sensory
Nutritional (improved)

Functional (improved)

1412 | Sustainable Food Technol., 2024, 2, 1409-1427

Hardness
Adhesiveness

Gel strength
Cohesiveness
Springiness
Gumminess

Viscosity elasticity
Weight

Water content

Salt content pH
Hardening ratio
Microstructure

Color

Amino acid content
Volatile substances composition
Phospholipid content
Cholesterol content
Gelling

Foaming

Emulsion

23

4 and 24-26

4,23 and 24

24

17 and 25

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Factors Ingredient Quality changes Mechanisms References
Salt penetration rate EY Texture Lipid-water migration 23 and 27
Viscosity
0Oil exudation
Solidification
Granularity
Taste
Flavor
Types of salts EY Functional Ionic characteristics effect 28
MgCl, and CaCl, modify on gel strength
visco-elastic properties
Salt concentration EW 0.1 M NaCl Performance and 12 and 29
1 Elasticity appearance of coagulum-
1 Gel strength type gel formation and
1 Sensory protein adsorption at the
0.9 M NaCl air-water interface
EY | Gel consistency
1Foaming with 1 salt
concentration
20% NacCl
1Sandy texture
Tsensory
Prolonged salting time EY |Hardness NS 12
| Springiness
| Gumminess
| Chewiness
Post-curing EW 1 Texture Continued permeation of 22, 26 and 30
EY 1 Color salt from the SEW into the
| Salt content in EW SEY and water removal from
SEY to SEW owing to the
concentration difference
Heat EY 1 Texture Reorganize and aggregate 9 and 31-57
1 Flavor lipids separated from
lipoproteins and protein
released from particles
during pickling
1 Color Synergistic reaction among
1 Gelling lipid oxidation, lipid
migration and Maillard
reaction
1 Nutrient content Synergistic reaction between
1 Bioavailability of lipid oxidation and Strecker
xanthophylls degradation
Preservation after heating EW | Moisture content Yolk particles form large 22, 30, 49 and 58-61
| Salt content in EW aggregates through
1Hardness electrostatic interactions
| Cohesiveness
EY | Springiness A transition of water
Structural molecules in lipoproteins
| Flavor from a bound state to free

to less homogeneous gels with randomly aggregated clustered
particles. Besides, this novel design also provides good insights
for low-sodium salted egg development.

Moreover, the concentration of NaCl also plays a crucial role
in determining gel strength. Treatment with 0.9 M NacCl led to
a reduction in gel consistency. However, the addition of 0.1 M
NacCl slightly enhanced both the elasticity and strength of the
gel.® In addition, NaCl plays a pivotal role in both the perfor-
mance and appearance of coagulum-type gels formed from

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

water

cooked salted duck albumen. Higher concentrations of NaCl
can lead to the formation of gels with an opaque color and
rough texture.” Furthermore, the foaming properties of salted
eggs are significantly influenced by increasing salt concentra-
tion due to enhanced protein adsorption at the air-water
interface.”*?*”%”> A concentration of 20% NaCl solution was
recommended for the rapid salting of hen egg yolks alone,
resulting in an enhanced sandy texture and improved sensory

quality.’> Moreover, prolonged salting time results in

Sustainable Food Technol., 2024, 2,1409-1427 | 1413
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Fig.5 Changes in the moisture content and salt contentin EW and EY
during pickling.

a reduction in the hardness, springiness, gumminess, chewi-
ness, and resilience of salted duck egg gel.

The gelatinization of the yolk is initiated by the release of
yolk granules, which are facilitated by fractures in the EY sphere
during salting. Consequently, the yolk exhibits a semi-solid
appearance with an elevated storage modulus (G').” Various
constituents present in the yolk, such as granule spheres and
LDL suspended in solution, possess the capability to form
a gel.*>*® The salting process resulted in the formation of an
elastic gel, which was observed through changes in G’ and loss
modulus (G”). Previous studies have reported that NaCl infil-
tration increases viscosity and modifies the visco-elastic
behavior of yolk by delaying the formation of a gel network
structure.>** Additionally, emulsified native yolk lipid and soil
droplets during salting processing influence the rheological
properties of SEY.” Furthermore, adhesiveness and springiness
can be modulated by G’ and G”, indicating that viscosity and
elasticity can potentially be controlled during the salting
process.>

Fresh EW

=N .

s

Thick protein

Thin protein
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The quality control of salted eggs is currently challenging
due to the reliance on workers' expertise in their preparation.
The investigation of dynamics is crucial in this context as it can
provide valuable insights into the diffusion and mass transfer
characteristics between phases within a system. Xu et al.’” and
Wang et al® conducted research on the kinetics of mass
transfer by monitoring changes in quality, moisture, and salt
content during the salting process to gain a better under-
standing of salt diffusion, water removal, and the resulting
changes in quality of salted egg, and models were developed to
predict the penetration and diffusion of salt during the salting
process of hen egg yolks and the whole egg. This enables
effective control of the salt content and moisture content in EW,
EY and the whole egg, as well as the quality of final products.””®

In brief, salt is essential for achieving exceptional quality in
salted eggs. During the salting process, the rate of salt pene-
tration, composition and concentration of the pickling solution,
and pickling time have an impact on the physical, chemical,
sensory, texture, functional, and microstructural characteristics
of the salted egg. Moreover, salt penetration inhibits harmful
microorganism growth, thereby extending product shelf life.”

2.2 Post-processing effect on the quality formation of salted
€88

Post-processing of salted eggs refers to the steps taken after
pickling and before consumption, including curing, heating,
and preservation. Currently, more attention is being given to
studying the continuous effects of cooking and storage methods
on SEY after salting, which is in line with modern food
consumption needs and the future trend of healthy food
development.

2.2.1 Post-curing effect on the quality formation of salted
egg. It is worth mentioning that the post-curing process,
involving sealing the pickled eggs in paraffin for a specific
duration, can further improve the quality of salted eggs after
cooking (Fig. 2).>**¢ It is probably because paraffin can effec-
tively isolate the exchange of water and gas between the eggshell
and its surroundings. This allowed for continued permeation of

O 0

Water molecule NaCl

Fig. 6 A schematic of the behavior of the protein and water molecules in EW during pickling with salt.

1414 | Sustainable Food Technol.,, 2024, 2, 1409-1427
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Fig. 7 A schematic of the behavior of the plasma and granules in EY during pickling with salt.

salt from the SEW into the SEY and water removal from SEY to
SEW owing to the concentration difference, resulting in reduced
salt content in SEW and achieving desirable quality in SEY.
Environmental scanning electron microscopy (ESEM) visuali-
zation revealed that during post-curing after pickling, poly-
hedral granules became more closely aligned and smaller due to
further dehydration and penetration of salt from SEW (Fig. 8).>
2.2.2 Temperature effect on the quality formation of salted
egg. Heat treatment is an essential step in the production of
cooked salted eggs as it induces changes not only in texture and
aromatic properties but also in color and nutrient content. The
SEY moisture content decreased, and the pH level increased
after heating, with no apparent changes in salt content. Cooked
salted eggs exhibited improved rheological characteristics,
a superior gritty and oily texture, an attractive orange color, and
a desirable aromatic quality compared to matured raw salted
eggs. This may be attributed to more lipids separating from
lipoproteins and releasing protein particles during pickling,
which then reorganize and aggregate during heating, conse-
quently manifesting distinct textures, color and flavors.*?*"*

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

The composition of EY proteins primarily consists of 68%
LDL, 16% high-density lipoproteins (HDL), 4% phosvitin, and
10% livetins (Table 1).** These abundant protein components
play a significant role in the formation of gels,** which greatly
enhance the shape and texture of food by increasing viscosity
and water-holding capacity.’> Research has demonstrated that
gel formation modifies the texture and taste of various pro-
cessed foods such as modified meat products, fish balls,
imitation crab, and surimi,*® due to improved viscosity and
water retention properties during processing for maintaining
fat content and stickiness.** Additionally, the rheological and
textural properties of salted eggs are also influenced by gel
properties and thermal coagulation of salted egg proteins.*” Xu
et al."’” also investigated changes in gelation behavior between
raw and cooked salted duck EY during pickling. Differences in
secondary structures were observed but no alterations in
protein patterns were noticed. During pickling, gelling proper-
ties were significantly enhanced, making them highly desirable
functional material additives in food products for the develop-
ment of innovative foods with unique texture, taste, and

Sustainable Food Technol., 2024, 2,1409-1427 | 1415
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Fig. 8 Environmental scanning electron images of yolk from fresh eggs (A), after 48 h of salting (B) and 3 days post-curing (C). Magnification:

2000x.

flavor.>'7*¢3%% The gel formation in SEY involves multiple
interactions between protein molecules as well as between
protein and lipid molecules. Various factors such as heating,
high-pressure processing, freezing, emulsifying surfactants,
and enzymes can induce the formation of EY gels.**** However,
the main factors affecting the gel properties of proteins in food
are salt concentration and temperature.*>***

Color is an intuitive indicator that directly influences the
consumer acceptance of any food product. Orange-red raw SEY
is commonly recognized as a key crucial factor in assessing the
quality of salted eggs, to a greater extent, and is a very important
attribute in determining the market potential and popularity of
salted eggs. According to Liu et al.,** the color change in SEY was
primarily attributed to non-enzymatic browning during pick-
ling. The precipitation of free fatty acids in the yolk leads to an
increase in the lightness (L*) value, while oxidation of fat and
protein increases the concentration of the pyrrole pigment
during curing, resulting in a decrease in both redness (¢*) and
yellowness (b*) values. In contrast, the reduction in a* value can
be attributed to non-enzymatic browning caused by amines
present in EY and brain peptides, along with an increase in
yellow pigment concentration due to dehydration.** Addition-
ally, non-enzymatic browning caused by aldol condensation
reaction between carbonyl compounds in unsaturated fatty
acids and free protein radicals contributes to the decrease in
b* value. Furthermore, the polymerization of linolenic acid and
lysine also enhances non-enzymatic browning and promotes
the formation of fluorescent substances. However, increased
salt content and decreased water content may also contribute to
darkening surface color through improved pigment concentra-
tion and water retention capacity within the yolk. Moreover,
after cooking, L*, a*, and b* values tend to increase further with
subsequent storage periods. Similarly, the total color difference
(AE) shows an upward trend after cooking.'>*

The unique composition of the EY lipid, primarily composed
of 62% triglycerides, 33% phospholipids, and approximately
5% cholesterol (Table 1), rendering it an oily liquid, presents
significant potential for its application in food processing.*®
Research has demonstrated that the lipid component in SEY
plays a crucial role in contributing to its distinctive flavor
profile.®* The lipid content of the EY increased, and the

1416 | Sustainable Food Technol., 2024, 2, 1409-1427

oxidation level of the EY lipid varied depending on the conju-
gated diene acid value and thiobarbituric acid value under high
salt conditions and heat treatment.?®

The substances generated through the decomposition of
fatty acids and the degradation of vitamins caused by lipid
oxidation can impact the flavor profile of food, contributing not
only to the distinctive taste found in traditional pickled foods
but also to a decline in overall flavor quality. Yu, et al.®* inves-
tigated 19 types of volatile organic compounds (VOCs) as
potential flavor substances contributing to the cooked SEY fla-
vor. Wei et al® reported that 1-octen-3-ol, benzaldehyde, 2-
pentyl-furan, nonanal, and (E,E)-2,4-decadienal are unique
volatile compounds found in SEY. The pickling process-induced
lipid oxidation generated volatile flavor compounds such as
aldehydes, ketones, esters, and acids, which could lead to
oxidative rancidity of lipids, with excessive lipid oxidation
significantly impacting the final quality of SEY.** It has been
documented that lipid oxidation and Maillard reaction play
a role in promoting the formation of volatile compounds in
SEY.* These reactions interact with each other to produce
volatile flavor components.*® Moreover, lipid migration also
played a crucial role in the flavor formation of SEY. However, the
specific VOCs associated with cooked SEY and their impact on
Maillard reaction and lipid oxidation in SEY flavor formation
remain unclear.

Some studies have also indicated that the distinctive flavor of
SEY may arise from the synergistic reaction between lipid
oxidation and Strecker degradation.®” For example, Wang et al.”®
investigated the correlation between the oxidation stage and
flavor formation, revealing that amino acid metabolism,
pentose phosphate pathway, and linoleic acid metabolism
occur during the secondary oxidation stage, playing a crucial
role in shaping the unique flavor profile. In conclusion, the
secondary oxidation stage appears to be more significant for the
development of distinct flavors of SEY.

However, the mechanism underlying salt-induced flavor in
salted eggs is highly intricate and remains unclear. It is widely
recognized that appropriate lipid oxidation can enhance flavor
formation; nevertheless, excessive lipid oxidation contributes to
food quality deterioration as well.”” Therefore, it is imperative to
control lipid oxidation within an optimal range during
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processing. Nonetheless, comprehensive research on SEY
lipids, quality attributes, and flavor formation, particularly
regarding volatile and non-volatile flavors accurately induced by
different levels of lipid oxidation (primarily primary and
secondary oxidations), remains limited.

Furthermore, heat treatment enhanced the bioavailability of
xanthophylls such as lutein and zeaxanthin.** However, it also
resulted in the formation of an outer black layer accompanied
by an inner hard core that significantly reduces sensory quality
and edibility. The specific effects and mechanisms still require
exploration in order to achieve desirable oil yield and grittiness
while avoiding the occurrence of an outer black layer or inner
hard core.

2.2.3 Preservation effect on the quality formation of
cooked salted egg. The cooked SEW has lower water and salt
content compared to uncooked SEY after preservation. The
storage of cooked salted eggs promotes substance exchange
with the surrounding air, leading to a decrease in moisture
content and facilitating salt penetration. Salt penetration and
water migration may affect the physicochemical, structural,
color and flavor characteristics of cooked salted eggs during
storage. Room temperature storage may easily result in black
spots on the exterior and a putrid odor after a limited period,
reducing their edibility and losing commercial value. Currently,
the moisture distribution and free water content of cooked SEY
are accurately monitored by LF-NMR, which positively affects
predicting their shelf life and enhancing stability. Besides, the
hardness of the yolk increased significantly from 608.0 g to
2730.7 g, but the cohesiveness and springiness decreased
during storage at 25 °C. The lipoproteins in cooked SEY-14 days
caused the yolk particles to form large aggregates through
electrostatic interactions.” More importantly, the heating
process resulted in the dispersion of polyhedral particles,
leading to a transition of water molecules in lipoproteins from
a bound state to free water during storage. The color parame-
ters, such as L*, a*, and b* values, are further amplified during
storage. Moreover, the main flavor substances in cooked SEY,
primarily ethyl acetate (79.1%), significantly decreased after 14
days and were undetectable after 21 days.">*® Therefore, 14 days
of storage at 25 °C is recommended, and this investigation also
provides good insights into the low-sodium pickling of SEY.
However, the odor of CSEY-related products during storage
remains a bottleneck that hinders the development of the value-
added EY processing industry, but cooked SEY demonstrated
better control against microbial growth under ambient storage
conditions.

In addition, the most noticeable changes observed in cooked
SEY included its tendency to become “muddy” after vacuum
packaging, indicating a soft texture, absence of oil droplets, and
reduction in sandy texture.*® These alterations ultimately led to
a deterioration in the quality of salted eggs. Xue et al.® reported
that the muddiness of SEY was primarily attributed to increased
fluidity and re-emulsification of proteins and lipids, as well as
lipid oxidation during cooking treatment. Heating led to the
denaturation of LDLs, coinciding with the release of lipids,
resulting in the disintegration of lipid structures (Fig. 6), further
impacting their quality during storage.**®* The presence of
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some non-free LDLs in a granular form gives the salted egg
a compact sandy-like texture.>®

3. Rapid processing and quality
improvement technologies of salted
eggs

The long production cycle and inconsistent quality of tradi-
tional pickled salted eggs have always posed obstacles to the
development of the egg processing industry. In order to
enhance production efficiency and improve product quality,
various emerging technologies and chemical additives have
been developed to overcome these limitations, aiming for
industrial-scale production. This section will focus on recent
research progress in innovative technologies for salted egg
pickling, including ultrasound-assisted salting technology,®
magnetoelectric-assisted rapid technology,* water-cycle tech-
nology, vacuum decompression, and pulsed pressure osmotic
dehydration technology**** chemical additives, among others.
Details regarding these technologies can be found in Table 4.

3.1 Emerging pickling technologies for salted egg

3.1.1 Ultrasonic-assisted pickling technology. Ultrasonic
treatment is applied to the pickling processing of salted eggs in
order to accelerate the diffusion of pickling solution due to
increased permeability of the eggshell and yolk membranes
caused by thermal, mechanical and cavitation effects.®* The
pickling time can be significantly shortened to 25 days (ultra-
sonic frequency: 80 kHz, ultrasonic power: 180 W, number of
times: 1, duration: 5 min),® and to 20 days (ultrasonic
frequency: 20 kHz, ultrasonic power: 350 W, number of times: 3,
duration per time: 30 min).** Higher-intensity ultrasonic waves
at frequencies ranging from 16 to 100 kHz (low frequency) can
further shorten curing time.*

This process also enhances the salt distribution between EW
and EY, improving the overall quality of salted eggs with
reduced occurrences of hard-core formation by reducing
viscosity and surface tension in the EW while increasing the
hardening rate of the yolk and protein solubility. Additionally, it
increases free sulthydryl group content and surface hydropho-
bicity.®#>#7:88192 Moreover, ultrasonic treatment alters both
aggregation and surface morphology of egg whites while
inducing LDL aggregation and partial dissociation of yolk
granules, thereby directly modifying the functional properties
of yolks.** However, excessive ultrasound intensity may lead to
disintegration of the eggshell with air infiltration, resulting in
a honeycomb-like structure after heating. Furthermore, the
thermal effects caused by ultrasound on the quality of salted
eggs remain unclear, and specific parameters as well as mech-
anisms underlying these quality changes still require further
exploration.

3.1.2 Magnetoelectric-assisted pickling technology. The
magnetoelectric-assisted pickling technology significantly
enhances the rate of pickling for salted eggs and demonstrates
a notable positive correlation with crucial physical and chem-
ical indicators by modifying ion motion characteristics under
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Table 4 The main and potential rapid processing and quality improvement technologies for salted eggs
Treatment Mechanism Pickling period Quality changes Existing problems References
Ultrasonic-assisted Thermal, mechanical and 20-25 days 10il yield Quality deterioration with 61 and
pickling cavitation effects 1 Color high-intensity, unclear 84-88

| Size of the hard core influences of thermal

| Viscosity of EW caused by ultrasound on

THardening rate of EY the quality of salted egg

Surface morphology of

EwW

Functional properties
Magnetoelectric-assisted Large-scale directional 7 days 10il yield Device is complicated and 81

pickling motion of free ions

Water cycle pickling Enhancement of solute

Not be as effective at

1 Salt content

1 Physico-chemical
properties

| Proportion of muddied Inconspicuous effect on 89

expensive

permeability while shortening curing time  yolk shortening the curing time

improving fluid

homogeneity
Vacuum decompression Hydrodynamic Reduces pickling time by 1 Color Uniformity of curing 90-94
pickling mechanism and half 1 Taste

deformation relaxation

phenomenon
Vacuum decompression- Citric acid's ability to Reduction of Uniformity of curing 92
citric acid pre-treatment modify eggshell approximately two-thirds

permeability in curing time
Vacuum-assisted two- | Salt content (50%) with Process complicated 16
stage pickling good quality
Pulsed pressure pickling Pressure gradients 2-3 days with post-curing 1Oil exudation Uneven pickling 82 and 95

treatment 1 Grittiness
Microstructure

Ultrasonic-pulsed Less than 3 days 1 Taste Synergistic mechanism 96

pressure technology

Enzymatic hydrolysis-
microwave irradiation
Sodium dihydrogen
phosphate, sucrose-
phosphate, and

carrageenan
CaCl,, ZnCl,, and ferric ~ Promoted bulk protein 32 hours
citrate aggregation

Chemical additives
(alcohol)

alternating induced electric fields (AIEF) and rotating magnetic
fields (RMF), accelerating the curing rate of salted eggs.
During the curing process, sodium and chlorine ions are
mobilized in an alternating electromagnetic field to enhance
the mass transfer rate of sodium chloride in EW and yolk,
thereby improving the curing rate. Yang et al® successfully
adjusted parameters such as voltage amplitude, electric field
frequency, radial magnetic field rotation frequency, magnetic
field strength, and equipment specifications to control the
curing time and understand its impact on egg quality. Their
findings suggest that optimal salted egg quality can be achieved
within approximately 7 days while significantly enhancing yolk
oil exudation. Moreover, increasing voltage and magnetic field
strength also improve the salt content and oil yield of salted
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Shorten pickling time

| Salt content in EW

1Salt content in EW

| Salt content with good 97

quality

| Salt content with good 80, 98 and
quality 99

1 Hardness 100
1 0il exudation
1Sandiness

1 “Water filling”

phenomenon

Incomprehensive impact
mechanism

Quality deterioration with 101
high content of additives

eggs. However, it should be noted that this device is complex
and expensive (Fig. 9). Further research is needed to explore its
application in egg processing and elucidate its working
mechanism.

3.1.3 Water cycle pickling technology. The water cycle
pickling technology is now widely used in the curing of salted
eggs due to its simple structure, pollution-free operation, and
suitability for mass production.

By incorporating pumps to circulate the pickling liquid
within the container, this technology effectively reduces the
salinity difference in salted eggs, significantly enhancing the
homogeneity of the salt solution and inducing conformational
changes in hydrophilic substances present in eggs. These
alterations facilitate hydrogen bond formation between these

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 A schematic of magnetoelectricity equipment for salted egg processing.

substances and the hydroxyl group or hydrogen of water,*
ultimately reducing resistance to pickling liquid flow and
ensuring even and rapid penetration into each egg. Pu et al.'®
observed that this technique partially shortens the pickling
time for salted eggs. Furthermore, water cycle technology
facilitates a more uniform distribution of salt concentration
within EW, resulting in diminished disparities in salt content
between EW and yolk while substantially decreasing muddied
yolk proportion. It is worth noting that compared to other
expedited curing techniques, water cycle pickling technology
may not be as effective at shortening curing time; therefore,
further research is necessary to gain a better understanding of
its effects and working mechanism.

3.1.4 Vacuum decompression pickling technology. The
application of vacuum decompression technology in the pick-
ling process of salted eggs enhances the release of gas and water
from the interior to the exterior, compromising the integrity of
the eggshell membrane (ESM) under vacuum conditions.
Additionally, accelerated molecular movement in the pickling
solution increases liquid infiltration into the egg.'**'** More-
over, combining the deformation relaxation phenomenon
(DRP) and hydrodynamic mechanism (HDM), along with
vacuum technology and pulsed vacuum technology, improves

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

pickling efficiency. Research shows that vacuum pickling
reduces curing time by half, with a shorter time required for
higher degrees of vacuum.** Xu et al.”* demonstrated that there
is no significant difference in oil yield and nutritional quality
between salted eggs processed using traditional methods or
vacuum methods; however, the latter results in superior color
and taste in the final product. Furthermore, when combined
with citric acid pre-treatment, it further enhances curing speed
due to the ability of citric acid to modify eggshell permeability,**
resulting in approximately two-thirds reduction in curing
time.**1%”

However, there are limited reports on the discernible flavor
difference between traditional and vacuum pickling methods.
Additionally, it is worth noting that both EW and EY in vacuum-
assisted two-stage pickling showed only 50% of the salt content
found in traditional curing methods without compromising
their distinct quality.'® This provides new insights for producing
low-sodium salted eggs.

3.1.5 Pulsed pressure pickling technology. As an emerging
and efficient pressure control technology, pulse pressure is
utilized to enhance the mass transfer rate and quality of various
food products by exploiting the pressure differential between
their internal and external environments.”®> A well-designed
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pressure cycle process can effectively reduce pickling time while
enhancing product quality. Fig. 10 illustrates a schematic
representation of pulsed pressure pickling equipment.

The pulsed pressure pickling technology has successfully
reduced the egg moisture content and improved processing
efficiency and final product quality compared to the traditional
method.?**7483%  Additionally, oil exudation from EW
continues to increase during pickling, while the texture of the
EY gradually becomes firmer and its viscosity decreases rapidly
over time, resulting in a watery consistency after 48 hours.
Furthermore, NMR technology revealed that free water content
in the EY progressively diminishes while bound water propor-
tion significantly increases during pickling. The increased salt
content causes protein denaturation in the yolk, resulting in
reduced free water and increased yolk hardness during pickling.
The total water content of EY significantly decreases, while
there are no significant changes in the protein water content.
The ESEM analysis showed that yolk granules aligned closely
and became progressively smaller after pickling. Salted eggs
exhibited a higher number of larger holes compared to fresh
eggs, which facilitated faster infiltration during the pickling
process. Furthermore, pulsed pressure equipment has gained

(Dhir compressor

View Article Online

Review

rapid popularity in recent years due to its simple operation and
low cost. The operation process of this equipment has been
greatly simplified with the introduction of automatic pressure
relief control. Oscillation devices have also helped overcome the
disadvantages of uneven pickling. Ultrasonic assistance was
utilized to obtain SEY after 3 days of salting in a solution with
a mass fraction of 24%.'* However, the precise control of
pressure addition and relief time, as well as its impact on
product processing time and quality, still needs to be
strengthened. Additionally, more research is required to inves-
tigate the effects of pulsed pressure processing on the final
product quality aspects and the underlying mechanisms.

3.2 Chemical additive processing for quality-improved
salted eggs

Recently, there has been a growing emphasis on partially
replacing salt or chemical additives to produce enhanced
reduced-sodium salted eggs due to their suitability for large-
scale production at low cost and high efficiency.

Alcohol can alter the eggshell microstructure, facilitating
increased salt infiltration through the ESM. The free H' ions in
HCI interact with the eggshell to create a water-soluble

T —
P00 I3y

®

- =

@Pressure adding electromagnetic valve

(@Pressure releasing electromagnetic valve (4)Pressure sensor

(G)Controller (6Pressure vessel (7)Centrifugal pump

rain valve @" emperature regulating device

Fig. 10 A schematic of pulsed pressure pickling equipment.
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interface with CO, and Ca®*, which positively affects the pores
of the eggshell and accelerates the infiltration of pickling
agents, significantly reducing pickling time.*®

Furthermore, sodium dihydrogen phosphate, sucrose-
phosphate, and Carrageenan are also used to enhance the gel
hardness and improve the water-holding capacity in reduced-
salt cured foods, resulting in a shorter pickling period and
higher quality.*®**'°® Besides, antioxidants like polyphenols and
flavonoids are used to enhance the appearance of low-sodium
salted eggs.

In terms of flavor enhancement, various spices were
considered as potential additives to the pickling solution for
their flavoring properties. However, the most commonly used
substitutes are several metal salts, including KCl, CaCl,, and
MgCl,. Fan et al.** found that incorporating divalent or triva-
lent metal salts like CaCl,, ZnCl,, and ferric citrate into the
pickling solution improved the hardness, oil exudation resis-
tance and sandiness of SEY while reducing pickling time to 32
hours. Additionally, these metal salts also improved the “water
filling” phenomenon. The impact of metal salts on the SEY
quality attributes remains largely unexplored.

The salting kinetics, textural properties, water migration,
protein aggregation, and structure of SEY were assessed by Liu
et al.'” after heating for 24 hours in the presence of CaCl, before
vacuum packing. The findings demonstrated that CacCl,
significantly promoted bulk protein aggregation, greatly
improving the degree of protein polymerization.

The findings showed that CaCl, significantly promoted
protein aggregation, greatly improving protein polymerization.
Recent studies revealed that CaCl,-induced changes in lipo-
protein structure and increased water loss in EY were the main
factors contributing to enhanced oil output and sandy texture
during rapid pickling of separated EY."*

Furthermore, the addition of CaCl, improved HDL structural
orderliness and loosened LDL structure, effectively alleviating
HDL aggregation behavior. Additionally, the inclusion of CaCl,
resulted in a decrease in the relative content of intermolecular
B-sheets within HDL and LDL secondary structures, signifi-
cantly impacting their tertiary conformation and enhancing
SEY quality.™** For instance, adjusting the proportion of metal
ions in the brine solution, such as calcium, potassium,
magnesium, and zinc, has the potential to enhance low-sodium
salted egg products without affecting osmotic pressure.
However, limited research exists on how other additive
components in the pickling solution impact HDL and LDL
structure during salting.

3.3 Other rapid processing technologies of salted eggs

Combining salt and temperature (20-45 °C) during pickling can
reduce the production cycle by almost 50%, increasing the
likelihood of softening SEY with a declined edible and pro-
cessing quality. Quantitative proteomics analysis revealed that
HDL may be involved in the formation of softness in SEY. The
presence of certain antioxidants can effectively inhibit the
oxidative degradation of components such as HDL, thereby
mitigating the adverse effects of high-temperature curing on
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both the macro-performance and micro-composition of salted
duck egg yolk."> However, the synergy effect of combined salt
temperature still needs to be strengthened to reduce the
occurrence of undesirable quality under rapid pickling.

4. Value-added applications of salted
eggs

The nutritional benefits of eggs are widely acknowledged, and
salted eggs, in particular, offer higher levels of proteins,
carbohydrates, lipids, and smaller peptides compared to fresh
eggs.”>*” Additionally, SEW and SEY possess unique character-
istics and functional properties, such as foaming, emulsion,
and gelling abilities, making them suitable for various food
applications (Fig. 11)."”***” The following sections will discuss
in detail the use of SEW and SEY, as well as salted eggshells and
ESM.

4.1 Functional property improvement of salted eggs

The functional properties of proteins include solubility, gelling,
foaming and emulsifying (Table 5). Currently, SEY is extensively
utilized as a functional material due to its exceptional gelling
properties, contributing appealing colour, flavour, and
a distinctive grainy texture.'® Nevertheless, the high demand for
traditional Chinese foods like mooncakes and glutinous rice
dumplings generates significant waste of eggshells and SEW.
The potential use of eggshells and SEW is of great interest to the
industry.*

Insolubility and numerous disulfide bonds of ESM pose
challenges to its effective utilization. The value of ESM can be
enhanced through techniques such as enzymatic hydrolysis and
microbial fermentation. Enzymolysis combined with ultra-
sound treatment enhances solubility, foaming, and emulsifying
properties with poor emulsion stability due to the cavitation
effect of ultrasonic treatment, which reduces the interfacial
tension and improves functional properties.'** The addition of

N\

Value-added
application

Functional foods Table salt replacement Zongzi
Edible film Yellow alkaline noodles Cakes

Food packaging White shrimp Moon cakes
Food additive Steamed bread Tangyuan...

Mayonnaise

Fig. 11 Value-added applications of salted eggs.
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Table 5 Functional properties of salted egg by-products
Treatment Functional properties Mechanism References
ESM Enzymolysis-ultrasound 1 Foaming Cavitation effect 113
1 Emulsifying
Adding starch 1 Emulsifying | Droplet flocculation 114
Microbial fermentation 1 Foaming |Interfacial tension 115
1 Emulsifying
SEW Adding polysaccharide Gelling 1 Electrostatic interactions 116
TFoaming
| emulsifying
Desalted and drying 1 Foaming | Electrostatic repulsion 117
Enzymolysis 1 Foaming NS 118

resistant starch could improve emulsion stability and extend oil
oxidation. Microbial fermentation used in ESM presents good
foaming (36.7%), emulsifying activities (94.6 m> g~ 1), solubility
(90.7%) and biological activities of ESM hydrolysates."* The
addition of resistant starch could enhance its emulsion stability
and effectively delay oil oxidation.

The major functional properties of EW are emulsifying,
foaming, and gelling. These properties can be influenced by
environmental factors such as salt and temperature.'”
However, even after desalting and spray drying, the emulsifying
property of SEW was significantly lower than that of fresh duck
EW. On the other hand, different drying methods had a greater
impact on the functional properties of desalted EW powder.
Therefore, it is important to consider the effect of drying tech-
nology on the functional properties of SEW powder during food
processing in order to obtain specialized SEW powder using
appropriate techniques. Interestingly, enzymatic hydrolysis also
enhanced the functional properties of SEW."*

4.2 Value-added applications of salted eggshell

Eggshells, often discarded for various reasons, have recently
found significant applications as adsorbents due to their high
calcium carbonate content (94%) (Table 1).'*° It can effectively
remove contaminants such as carbon dioxide,” cyanide,***
methylene blue,"” acid mine drainage,'*® and for dephospho-
rization purposes. The adsorption capacity can be further
enhanced through calcination due to the conversion of calcium
carbonate into calcium oxide. Therefore, the process has the
potential to transform eggshell waste into valuable adsorbents.
However, further exploration is needed regarding the utilization
of salted eggshells.

Moreover, due to their unique composition, eggshells have
been utilized in other areas, including food additives, organic
fertilizers, soil conditioners and calcium supplements."****
These diverse uses have greatly enhanced the value of eggshells.

122

4.3 Value-added applications of SEW

The EW, being a high-quality source of protein, has exceptional
functional properties, such as foaming capability and stability,
making it extensively utilized in various food processes, espe-
cially baking. However, the full utilization of SEW has been
hindered by its high salinity."”® To minimize waste and enhance

1422 | Sustainable Food Technol, 2024, 2, 1409-1427

the value of SEW, emerging desalination and utilization
methods are employed to convert waste SEW into valuable by-
products.**”

However, the reutilization of SEW remains a significant
challenge in the egg product industry due to the production of
byproducts and effluents with high salinity, which adversely
affects the environment and limits its application scope.”®**'**
Previous studies have demonstrated that desalinated duck SEW
and its peptides exhibit bioactivities that improve calcium
absorption, promote preosteoclast differentiation, provide anti-
osteoporosis benefits, and enhance DPPH radical scavenging
activity.'>**° Bioactive peptides have been extracted from enzy-
matically hydrolyzed SEY protein by Zhang;'*' meanwhile,
Zheng et al.'* optimized processing parameters to produce
high-quality SEW protein. Huang et al.*** obtained SEW protein
powder through freeze drying, spray drying, roller drying, and
hot-air drying methods while conducting a comparative anal-
ysis of their respective qualities. However, there is limited
research on the desalination of SEW protein. Desalinated SEW
with low salt content may offer broader applications as a new
type of high-protein resource while reducing environmental
pollution.

A variety of desalination methods, such as ultrafiltration,
electrodialysis, and ion-exchange column chromatography,
have been used for SEW desalination.®*'***3” However, their
industrial application for mass production is hindered by high
costs and other disadvantages. Moreover, these techniques only
achieve a modest reduction in salt content of 0.25-1%, falling
short of the complete elimination of salt in SEW." The desali-
nation rate is the lowest in ion-exchange column chromatog-
raphy, followed by electrodialysis and ultrafiltration. Efficient
desalination of SEW is a viable approach to enhance the quality
and value utilization of this by-product in food manufacturing.
Consequently, several scholars have proposed more efficient
methods for desalinating SEW. Wang et al® introduced
a straightforward and cost-effective approach by immersing the
heat-induced gel in water to desalinate SEW. However, the
foaming and gelling properties deteriorated rapidly due to
severe denaturation of EW protein during thermal
processing.'**

Zhao et al.** demonstrated the potential of desalted SEW
nanogels as a stabilizer for food-grade pickering emulsions
using a heat-induced gel-assisted desalination method while

© 2024 The Author(s). Published by the Royal Society of Chemistry
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exploring several new technologies combined with the ultrafil-
tration method to enhance protein desalination efficiency from
SEW. Wang et al.** developed a cost-effective desalination
method for SEW derived from microwave hydrothermal treat-
ment, freeze-thawing, and solvent exchange processes. The
adsorbent significantly enhanced its adsorption performance,
facilitating efficient recycling of SDEW and minimizing by-
product waste during mass processing. Du et al.**’ employed
similar techniques to stabilize O/W pickering emulsion and
transform SEW by-products into valuable protein hydrogel
ingredients. The effects of ultrasound and microwave treat-
ments as pre-treatments prior to ultrafiltration desalination
were investigated, resulting in approximately 10% higher
desalination rates with ultrasound treatment and 3% higher
rates with microwave treatment compared to the control group
without any pre-treatment. Moreover, there was also a notable
improvement in product quality. Based on the evaluation of
foaming capacity and emulsifying index, ultrasound pre-
treatment demonstrated superior outcomes compared to
microwave treatment.'**

Some technologies, such as enzymatic hydrolysis, have been
used for the development and utilization of SEW in food pro-
cessing.’®*® Yang et al.*** discovered that SEW can serve as
a new water-retaining agent to replace phosphate in shrimp
treatment after slight hydrolysis by protease or acid, enhancing
phosphorus residue without compromising texture. However,
the desalination technology has significant drawbacks,
including higher cost, high protein loss rate, and low desalting
efficiency,"” limiting its suitability for large-scale production.
Therefore, there is an urgent need to explore alternative
approaches for transforming surplus SEW into valuable
ingredients.

Currently, SEW protein is utilized as a food additive to
partially replace salt and enhance the gelling properties of
various food products.®*'** A recent study has revealed the
potential application of SEW in high-protein food production.
For example, bioactive compounds like lysozyme can be
extracted from SEW to create value-added products such as
high-protein noodles."***** Furthermore, research has shown
that using SEW as an alternative source for producing yellow
alkaline noodles is more appealing than fresh duck egg
albumen. Products made with SEW have higher protein content
and improved color, aroma, and texture compared to yellow
alkaline noodles without or with salt (1% of flour weight).**
Moreover, SEW, with a 20% inclusion, has also been used in
steamed bread to enhance the rheological properties, volume
and texture of bread, suggesting its potential for food industry
application. Further research is needed on the nutritional
properties, volatile components, and shelf life of SEW-enriched
steamed bread. Moreover, the use of SEW shows promise in
enhancing the overall quality of bakery products.**® Further
research is needed to explore its nutritional properties, volatile
components, and shelf life in potential products like SEW-
enriched meringue.

Desalted SEW can also serve as a suitable fat substitute in
mayonnaise at levels below 30%, according to Wang et al.®®
Additionally, combining «k-carrageenan with SEW shows

© 2024 The Author(s). Published by the Royal Society of Chemistry
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potential in modifying protein structure and gel properties
while enhancing the effectiveness of SEW as an additive for
surimi and related products.**>**

Therefore, the high-value utilization of SEW should focus on
the ultimate effect of salt content on human health and its
impact on protein structure and enzymatic hydrolysates. This is
because these factors occur before dietary intake and greatly
affect the structure and activity of the final product.

4.4 Value-added applications of SEY

The enhanced elevated protein and amino acid content of SEY
contribute to nutritious and easily digestible food options.**®
Furthermore, producers have shown significant interest in
utilizing the alluring flavor and aroma characteristics of SEY in
various consumables like pasta and noodles.>*'**

EY protein hydrolysate is an innovative protein source used
for culinary advancements, and modifying this ingredient is
crucial in developing flavor compounds.***** However, limited
attention has been given to the similarity in flavor between SEY
flavorings and traditional pickled EY within the food industry.
Additionally, little research has been conducted on the effects of
the Maillard reaction and lipid oxidation on forming SEY flavor
from fresh EY. Therefore, exploring new methods for
manufacturing high-quality processed SEY flavoring from
separated fresh EY with greater efficiency would expand its
applications within the food industry.

5. Challenges of salted egg
processing and prospects

The technical challenges include prolonged pickling duration,
lack of quality control, excessive salt content in SEW, and
insufficient knowledge about post-processing techniques. To
achieve mass production of salted eggs, it is crucial to have
precise control over the entire processing procedure to ensure
consistent adherence to acceptable quality standards. Addi-
tionally, limitations arise from a limited range of value-added
applications. Researchers must further investigate the aspects
mentioned above based on the evidence presented.

(1) The mechanism underlying the formation of unclear
quality in salted egg processing, including the impact of
different processes on lipid status and distribution, is still not
fully understood. Previous studies have primarily concentrated
on the effects of lipid migration during emulsification heating
and yolk fat distribution. Appropriate control should also be
exercised over lipid oxidation during processing. However,
comprehensive research has been limited regarding SEY lipids
and their precise influence on quality and flavor formation
induced by various levels of oxidation. It is necessary to conduct
further investigations to examine mass transfer, explore the
effects of salt, temperature, and post-curing methods on salted
eggs synergistically, and further develop low-sodium salted egg
processing. Furthermore, to meet diverse consumer demands,
it is essential to develop various flavors of salted duck egg
products with medicinal and healthy benefits, achieving
a harmonious blend of delectable nutrition and sustainable
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well-being. Additionally, the use of advanced techniques, such
as isotope labeling in characterizing salted egg flavor, is highly
recommended. This will help evaluate the flavor formation
process to precise localization of critical points of change in the
flavor of salted eggs and provide a foundation for precise flavor
control. In addition, the specific salt threshold that affects the
texture and flavor of salted eggs is still limited and should be
elucidated in the future.

(2) Besides technical challenges, it is crucial to acknowledge
the need for theoretical research on quality degradation in
relation to safety risks and precise control of salted eggs. A
systematic investigation is required to explore the causes of oily
and gritty texture, outer black circles, inner hard-cores in the
yolk, as well as the “muddy” texture and related techniques.

(3) The limitations in the current research on combined
processing technology, key technologies, and equipment for
rapid production of salted eggs need to be addressed. Sugges-
tions should also be made to optimize related parameters and
further promote the development of mechanization and stan-
dardization, ultimately achieving large-scale production of sal-
ted eggs. Furthermore, there is an urgent need to develop
techniques that ensure the overall high quality of final prod-
ucts. Additionally, it is imperative to investigate post-curing,
cooking, preserving mechanisms, and methods for salted eggs
in order to prevent any degradation in quality and provide
convenient post-processing technologies for extended storage.

(4) Production of reduced-NaCl salted eggs poses challenges
in process techniques and equipment. With increasing
consumer demand for low-salt foods due to health concerns,
further research is necessary on developing low-sodium pick-
ling agents and equipment, establishing a rapid pickling
process to meet future requirements. The exploration of
a separate production technology of SEY is also a potential
research direction.

(5) Moreover, it is imperative to prioritize exploring the high-
value utilization of salted eggs, especially SEW. Economical and
efficient desalinating technologies are required for SEW to
facilitate the mass production of egg by-products. It is essential
to explore an efficient extraction method and gain a deeper
understanding of the functional properties of bioactive ingre-
dients in order to optimize dietary utilization and further
explore potential applications for promoting good health.
Additionally, future focus on synergistic effects achieved
through combining other bioactive components will be crucial
in functional product development, with effectiveness evalua-
tions and clinical applications being necessary steps towards
enhancing dietary utilization and advancing the processing
capabilities for salted eggs.

(6) Finally, a comprehensive examination of the accept-
ability, feasibility, stability, and potential safety concerns asso-
ciated with salted eggs and their derivatives is imperative.

6. Conclusions

In recent years, the increasing market demand for salted eggs,
especially SEY, necessitates more precise information to effec-
tively control processing procedures, enhance processing
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efficiency, improve product quality with a low-sodium concept,
and explore value-added applications.

The formation mechanism of quality in salted eggs was
comprehensively evaluated, including water and salt mass
transfer, protein conformation changes, and synthesis of small
molecules. This evaluation aimed to further understand the
unique characteristics of salted eggs. Additionally, various
pickling-assisted physical technologies and chemical additives
were developed and assessed for efficient processing and
improved quality. Furthermore, potential value-added applica-
tions of salted eggshells, SEW, and SEY were extensively
summarized.

However, further studies are needed to clarify various
aspects of salted egg processing, such as the mechanisms of
quality formation, challenges related to reduced-NaCl produc-
tion techniques and equipment, insufficient theoretical
research on quality degradation and safety risks, and precise
control over the final product's quality. Additionally, it is rec-
ommended that high-value utilization technologies for salted
eggs be explored to fully exploit their potential in developing
environmentally friendly nutritional egg products with
enhanced value-added benefits.
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