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ABSTRACT Monitoring and controlling the freezing
process and thermal properties of foods is an important
means to understand and maintain product quality. Sac-
charides were used in this study to regulate the gelation of
liquid egg yolks induced by freeze‒thawing; the selected
saccharides included sucrose, L-arabinose, xylitol, treha-
lose, D-cellobiose, and xylooligosaccharides. The regulatory
effects of saccharides on frozen egg yolks were investigated
by characterizing their thermal and rheological properties
and structural changes. The results showed that L-arabi-
nose and xylitol were effective gelation regulators. After
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freeze‒thawing, the sugared egg yolks exhibited a lower
consistency index and fewer rheological units than those
without saccharides, indicating controlled gelation.
Weaker aggregation of egg yolk proteins was confirmed by
smaller aggregates observed by confocal laser scanning
microscopy and smaller particle sizes. Saccharides allevi-
ated the freeze-induced conversion of a-helices to b-sheets
in egg yolk proteins, exposing fewer Trp residues. Overall,
L-arabinose showed the greatest improvement in regulat-
ing the gelation of egg yolks, followed by xylitol, which is
correlated with its low molecular weight.
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INTRODUCTION

Egg yolk contains approximately 50 wt% water, 30
wt% lipids, 16 wt% proteins, and some other substances
in minor quantities (Ma et al., 2023). It can be regarded
as an extremely complex natural supramolecular assem-
bly of lipids and proteins (Zhao et al., 2024). Egg yolk is
composed of insoluble protein aggregates (granules, pri-
marily high-density lipoproteins (HDL) and phosvitins)
suspended in a transparent yellow matrix (plasma) that
contains soluble livetins and low-density lipoproteins
(LDL) (Anton, 2013; Liu et al., 2023a). Egg yolks are
increasingly employed in the food industry due to their
remarkable nutritional, organoleptic, and functional
properties (Chi and Ma, 2023; Liu, et al., 2023b; Liu, et
al., 2024). Recently, the development and application of
liquid egg yolk products have gained more popularity
than shell eggs in terms of standardized processing and
easier handling and transportation (Chi and Ma, 2023;
Liu et al., 2024; Zhao et al., 2024). However, extending
the shelf-life of liquid egg yolks is still challenging
because they are highly perishable, and the major pro-
teins in egg yolks (LDL) are susceptible to external proc-
essing conditions such as thermal pasteurization; only
mild pasteurization is applied, thus limiting the possibil-
ities for bacterial decontamination (Zhao et al., 2023a;
Zhao et al., 2023b).
The long transportation radius of China is one of the

key issues hindering the flexible circulation of primary
agricultural products. The development of cold chain
techniques has brought enormous benefits to human
beings in terms of prolonging shelf-life and maintaining
food freshness (Ma et al., 2023). Freezing, one of the
most frequently used cold chain techniques, has been
utilized in the food industry for more than a century
(Tian et al., 2020). However, the water/ice transition
during freezing inevitably leads to dehydration and dis-
ruption of food components, thus causing quality degra-
dation of food products (Lu et al., 2023; Lu et al., 2024).
Maintaining and improving the quality of frozen foods is
conducive to the sustainable development of the frozen
food industry.
In some cases, liquid egg yolks are commercially frozen

(�18°C) to extend their shelf-life (up to a year), and fro-
zen egg products with a longer sale radius can be put on
the market (even overseas) pertinently during periods of
low egg production to compensate for the shortage of
fresh shell eggs. However, quality degradation of frozen
egg yolks has also been reported, as manifested by a loss
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in fluidity and a gel-like texture after freeze−thawing
(Ma et al., 2021; Ma et al., 2023). This phenomenon has
been termed frozen egg yolk gelation. The gelation of
frozen-thawed egg yolks is not conducive to the develop-
ment of the egg processing industry. Numerous research-
ers have attributed this undesirable phenomenon to the
denaturation and aggregation of lipoproteins (mainly
LDLs) caused by ice crystallization (Primacella et al.,
2018; Wang et al., 2020; Wang et al., 2021a).

Investigating the factors that control ice crystalliza-
tion and growth in food materials during freezing is
interesting and meaningful. Monitoring and controlling
the freezing process and thermal properties of foods is an
important means of understanding and maintaining
product quality. The thermal properties of frozen foods,
including the initial freezing point (Tif), crystallization
temperature (Tc), onset of ice melting (Tm’), apparent
specific heat capacity (Capp), etc., are required to regu-
late the freezing processes, and provide the ideal frozen
storage and transportation conditions (Kumar et al.,
2018). Cryoprotectants have been widely used in food
freezing to regulate the freezing process of foods.
Although there are already some reports on the use of
sugars or other biomolecular additives to improve the
gelation deterioration of frozen egg yolks, to the best of
our knowledge, none of these publications have focused
on the thermal properties/freezing behaviors of yolk
freezing (Fei et al., 2021; Li et al., 2023; Xu et al., 2024).
Our previous study has confirmed that saccharides could
alter the water behaviors of egg yolks (Ma et al., 2023),
but the thermal properties/freezing behaviors of yolk
freezing are still unclear. Therefore, this study mainly
investigated how saccharides regulate the gelation
behaviors of frozen egg yolks by monitoring their ther-
mal properties. Saccharides, including L-arabinose, xyli-
tol, trehalose, D-cellobiose, and xylooligosaccharides,
were selected from previous studies due to their cryopro-
tective abilities in other food systems or their low-calorie
properties (Zhang et al., 2019; Ankita and Nain, 2020;
Su et al., 2020; Scettri and Schievano, 2022; Tan et al.,
2022), and sucrose was used as a control. To evaluate
the regulatory effect of these saccharides, the rheological
and structural properties of the egg yolks were also mon-
itored to characterize the gelation degree. Overall, our
findings can be used to regulate the gelation behaviors of
frozen egg yolks, develop new frozen egg yolk formulas,
and optimize processing conditions.
MATERIALS AND METHODS

Materials

Fresh hen eggs (approximately 70−80 eggs in each
batch) were purchased from a local market and pre-
served at 4 § 2°C for a maximum of 7 d. L-arabinose
(molecular weight (Mw): 150.13) and trehalose (Mw:
342.297) were obtained from Jiangsu Caiwei Biotechnol-
ogy Co., Ltd. (Xuzhou, China). Sucrose (Mw: 342.297)
was obtained from Guangzhou Fuzheng Donghai Food
Co., Ltd. (Guangzhou, China). Xylitol (Mw: 152.146),
D-cellobiose (Mw: 342.29), xylooligosaccharides (aver-
age Mw: 300.28−1050.9), and Nile red were obtained
from Shanghai Yuanye Bio-Technology Co., Ltd.
(Shanghai, China). Sodium chloride (NaCl) was
obtained from Tianjin Kaitong Chemical Reagent Co.,
Ltd. (Tianjin, China). Urea was obtained from Tianjin
Aopusheng Chemical Co., Ltd (Tianjin, China). Sodium
dodecyl sulfate (SDS) and bicinchoninic acid (BCA)
protein assay kits were obtained from Beijing Solarbio
Science & Technology Co., Ltd. (Beijing, China). Nile
blue was obtained from Shanghai Macklin Biochemical
Technology Co., Ltd. (Shanghai, China).
Preparation of Egg Yolk Samples

Liquid egg yolks were collected by breaking shell eggs
(approximately 750−800 mL in each batch) manually
and the collected egg yolks (without yolk membranes)
were then carefully stirred until homogenization
(ES35A-Pro, LabTech, Inc., Beijing, China). The sac-
charides (5 wt%) were then mixed with homogenized
egg yolks and slowly stirred until they were fully dis-
solved. The bubbles in the egg yolks (if any) were
removed by mild sonication (KQ-800DE, Kunshan
Ultrasonic Instruments Co., Ltd., Kunshan, China).
Egg yolk samples mixed with saccharides were labeled
as EYsucrose, EYarabinose, EYxylitol, EYtrehalose,
EYcellobiose, and EYxylooligosaccharides. Egg yolks with-
out additives were denoted as FEY.
Freezing and Thawing of Egg Yolk Samples

The prepared egg yolk samples (30 g) were transferred
to 50-mL centrifuge tubes and placed in a freezer
(BCD�258WTPZM, Hefei Midea Refrigerator Co.,
Ltd., Hefei, China) at �18°C for 3 d, after which they
were subsequently thawed at ambient temperature for
12 h before analysis.
Characterization of the Thermal Properties of
Unfrozen Egg Yolk Samples

Monitoring the Freezing Process by Freezing Curve
Method. Measurements were conducted using a temper-
ature recorder (T20BL-EX, Shenzhen Huahanwei Tech-
nology Co., Ltd., Shenzhen, China). The prepared egg
yolks (unfrozen, 30 g) were transferred to 50-mL centri-
fuge tubes, and the subsidiary temperature sensor was
inserted and fixed in the center of the samples. The sam-
ples were then stored in the same freezer above at �18°C
with the temperature recorded every 60 s. The Tif and
the time required to pass through the maximum ice crys-
tal formation zone (tz) were obtained.
Monitoring the Freezing Process by Differential Scan-

ning Calorimetry (DSC) Method. A differential scanning
calorimeter (DSC250, TA Instrument-Waters Ltd., DE)
was used to monitor the DSC thermograms of egg yolk
samples. Before measurements, the DSC was calibrated
for temperature and heat flow using indium (melting
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temperature (Tm) = 156.6°C, enthalpy of melting
(DHm) = 28.60 J/g). Briefly, the prepared egg yolk sam-
ples (unfrozen, 5−10 mg) were transferred to aluminum
pans and then hermetically sealed. An empty pan was
used as a reference. The experiments were carried out in
a nitrogen medium with a flow rate of 50 mL/min. The
samples were first equilibrated at 25°C for 2 min, fol-
lowed by a cooling program to �40°C at 10°C/min.
After being held at �40°C for 2 min, the samples were
then heated to 25°C at 10°C/min. The Tc, enthalpy of
crystallization (DHc), Tm’, Tm, Tif, and DHm were ana-
lyzed using built-in software (TRIOS, TA Instruments).

Determination of Capp. The Capp of unfrozen egg yolk
samples was determined using the same DSC above
based on the method described by Ding, et al. (2015).
The experiments were carried out in a nitrogen medium
with a flow rate of 50 mL/min. The samples were first
equilibrated at 20°C for 2 min, followed by a cooling pro-
gram to �80°C at 5°C/min. After being held at �80°C
for 10 min, the samples were then heated to 20°C at 2°
C/min. The freeze‒thaw procedure was carried out on a
blank pan, a standard material (sapphire), and egg yolk
samples, respectively. The Capp of egg yolks was calcu-
lated using the equation below:

Capp ¼ mstd

mEY
� DSCEY � DSCb

DSCstd � DSCb
� Cp�std ð1Þ

where mstd is the weight of the sapphire, mg; mEY is the
weight of the egg yolk sample, mg; DSCEY is the heat
flow of the egg yolk sample, mW; DSCb is the heat flow
of the blank pan, mW; DSCstd is the heat flow of the sap-
phire, mW; and Cp-std is the specific heat capacity (Cp)
of standard sapphire, J/(g¢°C).
Characterization of the Rheological
Properties of Egg Yolk Samples

The rheological properties of the egg yolk samples
were measured by a Modular Rotating Rheometer
(HAAKE MARS60, Thermo Fisher Scientific (China)
Co., Ltd., Shanghai, China).

Flow Behavior. The prepared egg yolks (unfrozen and
frozen-thawed) were tiled on a parallel plate geometry
(diameter, 35 mm). The parameters were set as follows:
temperature, 20°C; gap distance, 0.3 mm; equilibrium
time, 180 s; and shear rate, 0.1 to 100 1/s. The apparent
viscosity and shear rate were fitted with the following
power-law equation (Ma et al., 2021):

h ¼ K ¢ _gn�1 ð2Þ
where h is the apparent viscosity (Pa¢s); K is the consis-
tency index (Pa¢sn); ɣ̇ is the shear rate (1/s); and n is the
flow index.

Viscoelasticity. The prepared egg yolks (unfrozen and
frozen-thawed) were tiled on a parallel plate geometry
(diameter, 35 mm). The parameters were set as follows:
temperature, 20°C; gap distance, 0.3 mm; equilibrium
time, 180 s; frequency: 0.1 to 10 Hz. An oscillatory
dynamic sweep was performed at a constant strain of
0.1% (within the linear viscoelastic region). The storage
modulus (G’) and loss modulus (G") were recorded. The
complex modulus (G*) and the loss tangent (tan d) were
calculated by using the following equations:

G� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G0ð Þ2 þ G

00� �2q
ð3Þ

tan d ¼ G}=G0 ð4Þ
In addition, the obtained G* was fitted with the fol-

lowing power-law equation (Gabriele, et al., 2001):

G� ¼ AF ¢v1=z ð5Þ
where G* is the complex modulus in Pa; v is the fre-
quency in Hz; z is the number of rheological units corre-
lated with one another in the 3D structure; and AF (Pa¢
s1/z) is the strength of the interactions between those
units.
Characterization of the Structural Properties
of Egg Yolk Samples

Molecular Interactions Maintaining the Egg Yolk
Matrix. The molecular interactions maintaining the egg
yolk samples were determined using the method
described by Wang et al. (2021b). In total, 1 g of the pre-
pared egg yolk samples (unfrozen and frozen-thawed)
was dissolved in 3 denaturants (30 mL): 1 wt% NaCl
solution (S1), 1 mol/L urea solution (S2), and 1 wt%
SDS solution (S3). The mixtures were vortexed (LP,
Thermo Fisher Scientific (China) Co., Ltd., Shanghai,
China) until the samples were completely dispersed.
Subsequently, the mixtures were centrifuged (5810R,
Eppendorf AG, Hamburg, Germany) at 8,000 £ g (4°C,
15 min), and the protein content in the supernatant was
measured using a BCA protein assay kit with a micro-
plate reader (SpectraMax reg iD3, Molecular Devices
(Shanghai) Co., Ltd., Shanghai, China). The rate of
change in protein concentration after treatment with
different denaturants was quantified according to the
following equation:

Change rate ð%Þ ¼ ðC1 � C0

�
=C0 � 100% ð6Þ

where C0 and C1 represent the protein concentrations in
distilled water and various denaturants, respectively.
All measurements were performed at least thrice.
Macro- and Micro-observations. The macroscopic

appearance of frozen-thawed egg yolk samples was
observed by recording their fluidity. Briefly, unfrozen egg
yolk samples were transferred to glass vials and frozen in
the same freezer at �18°C for 3 d before thawing (the
vials were inverted) at ambient temperature for 4 h. The
fluidity of the samples was recorded and compared. FEY
without freeze‒thawing was also used for comparison.
The microappearance of frozen-thawed egg yolk sam-

ples was observed by confocal laser scanning microscopy
(CLSM) (TCS SP8, Leica Microsystems, Wetzlar, Ger-
many) by consulting Wang et al. (2021a). Egg yolk
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samples (1 g) were dispersed in 15 mL of distilled water
and vortexed for 15 min. When the mixture was being
vortexed, Nile blue (15 mL, 1 mg/mL in propyl alcohol)
and Nile red (15 mL, same concentration in the same
buffer above) were added and mixed in the dark. The
stained egg yolk samples (10 mL) were pipetted onto a
microscope slide and covered with special cover glass. The
surrounding of the cover glass was then sealed with film-
forming liquids (the main active ingredient: nitrocellulose)
to avoid any leakage of the samples. The prepared micro-
scope slides were then observed by the CLSM using an
objective lens (40 £). FEY without freeze‒thawing was
also used for comparison. Nile red was excited at 488 nm,
and the emission wavelength was between 500 and
540 nm. Nile blue was excited at 640 nm, and the emis-
sion wavelength was between 650−700 nm.

Particle size. The particle size of frozen-thawed egg
yolk samples was measured using the method described
in our previous studies (Ma et al., 2021; Zang et al.,
2023). Frozen-thawed egg yolk samples were dispersed
in distilled water at a sample concentration of 0.2% (w/
v). The dispersions were then magnetically stirred until
homogenization. The diluted samples were subjected to
particle size measurements using a particle size and
shape analyzer (Sync, Microtrac Inc., FL). FEY without
freeze‒thawing was also used for comparison.

Fourier Transform Infrared Spectrum (FTIR). The
prepared egg yolk samples (unfrozen and frozen-thawed)
were lyophilized (pilot10-15EP, BoYiKang (Beijing)
Instrument Co., Ltd., Beijing, China) and scanned using
an FTIR Spectrometer (Nicolet iS 50, Thermo Fisher
Scientific (China) Co., Ltd., Shanghai, China) equipped
with an attenuated total reflection (ATR) scanning
attachment to record FTIR spectra. The scans were con-
ducted between 4,000 and 400/cm. The raw FTIR spec-
tra were processed using OMNIC software (9.2, Thermo
Figure 1. Changes in the freezing curves and Capp of egg yolks. Note:
(B), maximum ice crystal formation zone (C), and Capp (D).
Fisher Scientific Inc., MA). The second derivatives of
the amide I spectra (1,700/cm−1,600/cm) were
obtained using Origin software (OriginPro 2021, Origin-
Lab Co., MA).
Intrinsic Fluorescence Spectrum. The intrinsic fluo-

rescence spectrum of egg yolk samples was measured by
consulting Wang et al. (2021a). The prepared egg yolk
samples (unfrozen and frozen-thawed) were dissolved in
0.01 mol/L PBS buffer (pH 7.2−7.4). The diluted sam-
ples (protein concentration: 1 mg/mL) were scanned
with a fluorescence spectrophotometer (F-7,100, Hitachi
Hi-Tech Co., Ltd., Kyoto, Japan) 3 times. Before test-
ing, the spectrophotometer was zeroed using the PBS
buffer mentioned above. The parameters were set as fol-
lows: excitation wavelength, 280 nm; emission wave-
length, 300 to 420 nm; scan speed, 60 nm/min; emission
and excitation slit width, 5 nm; and response, 8.0 s.
Statistical Analysis

At least 3 replicates were used for each measurement,
and all the results are presented as the means § stan-
dard deviations (SDs). SPSS software (26.0, SPSS Inc.,
Chicago, IL) was used to perform the statistical analysis,
including analysis of variance (ANOVA) and Student’s
t test, with a significant difference of P < 0.05. OriginPro
2021 was used to plot the figures.
RESULTS AND DISCUSSION

Thermal Properties of Egg Yolk Samples

Freezing Curve. The freezing curves of the egg yolk
samples were obtained by real-time temperature moni-
toring. Figure 1A displays the typical freezing curve of a
food system (FEY as an example). We can see that the
typical freezing curve of FEY (A), freezing curves of sugared egg yolk



Table 1. Thermal parameters of egg yolk samples obtained by freezing curve and DSC thermogram.

Freezing curve DSC thermogram

Tif /°C tz / min Tc /°C DHc / J/g Tm’ /°C Tm /°C DHm Tif /°C

FEY �0.97 § 0.06a 69.33 § 5.03a �16.82 § 0.95a 114.41 § 3.97a �8.63 § 0.51a �0.33 § 0.31a 108.28 § 3.47a �1.02 § 0.10a

EYsucrose �2.05 § 0.15b 45.50 § 4.58b �20.64 § 2.80b 102.86 § 3.65b �11.69 § 0.97b �1.45 § 0.10b 94.08 § 3.09b �1.86 § 0.10b

EYarabinose �2.58 § 0.38c 36.00 § 8.49b �21.39 § 0.39b 101.46 § 0.56b �14.13 § 0.15cd �2.35 § 0.25d 92.70 § 2.79b �2.78 § 0.16c

EYxylitol �2.80 § 0.34c 40.67 § 2.31b �21.68 § 1.77b 101.70 § 4.31b �14.31 § 0.33d �2.06 § 0.46cd 90.99 § 4.43b �2.74 § 0.13c

EYtrehalose �1.90 § 0.30b 45.00 § 2.65b �21.67 § 1.04b 101.94 § 3.42b �12.28 § 0.65b �1.44 § 0.16b 94.56 § 1.66b �1.78 § 0.13b

EYcellobiose �2.00 § 0.30b 40.33 § 10.41b �21.51 § 2.07b 100.21 § 2.57b �12.33 § 0.62b �1.63 § 0.25bc 93.84 § 4.22b �2.05 § 0.40b

EYxylooligosaccharides �1.77 § 0.15b 47.67 § 7.23b �21.28 § 1.13b 101.65 § 5.47b �12.94 § 1.24bc �1.50 § 0.23b 92.95 § 4.61b �1.82 § 0.18b

Different lowercase letters indicate statistically significant differences among different egg yolk samples in the same column (P < 0.05).

Figure 2. DSC thermograms of egg yolks.
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removal of sensible heat during freezing will lead to sub-
zero temperatures in the system until the critical mass of
nuclei is reached for crystallization (Charoenrein and
Harnkarnsujarit, 2017). In this stage, no ice crystals are
formed because nucleation is necessary for crystalliza-
tion and this temperature is termed nucleation tempera-
ture. When the system begins to nuclei, latent heat is
released, leading to an abrupt increase in temperature
until a maximum temperature is reached (Tif). One of
the most crucial characteristics of frozen food systems is
their freezing point, which is required for the forecasting
of thermophysical properties, which are necessary to
model and anticipate various technical elements of the
freezing process (Rahman et al., 2009). The Tif of pure
water is 0°C, however, it is obvious that the Tif of a food
system is lower than 0°C, which is determined by the
number of dissolved solute molecules; this phenomenon
is called freezing point depression (Sviech et al., 2021).
As shown in Table 1, the Tif of the egg yolk samples
ranged from �0.97 § 0.06°C (FEY) to �2.80 § 0.34°C
(EYxylitol), indicating that saccharides can effectively
decrease the Tif of egg yolks. Due to the increased mixing
entropy of the smaller molecules, the presence of low-
molecular-weight compounds is what primarily deter-
mines the freezing point depression of water as a colliga-
tive feature. (Sviech et al., 2021). Our previous study
has confirmed that adding saccharides to egg yolks
decreases the total water content (increased total solids)
(Ma et al., 2023), which could lead to decreased Tif
described in this section. Furthermore, the molecular
weight of xylitol (152.146) is the second lowest in
selected saccharides (L-arabinose has the lowest molecu-
lar weight, 150.13), which might explain their greatest
freezing point depression phenomenon (the Tif of EYara-

binose is �2.56 § 0.38°C) (Kumar et al., 2021). Decreased
partial Tif is often correlated to inhibited ice growth and
less damage to the system (Tian et al., 2020), indicating
suppressed denaturation of frozen egg yolk proteins in
the presence of xylitol or L-arabinose.

Further analysis of the antigelation outcome of sug-
ared egg yolks revealed that, as shown in Figures 1B and
1C, the addition of saccharides greatly affected the freez-
ing curves of the samples. From 0 to �5°C, the freezing
curves of the egg yolk samples flattened. At this stage,
nearly 80% of the water in foods was frozen, which was
termed the maximum ice crystal formation zone. Mini-
mizing the time taken for this stage (tz) is conducive to
generating small and regular ice crystals and improving
the quality of frozen food (Cen et al., 2023). In particu-
lar, the addition of saccharides decreased the tz values
(Table 1, P < 0.05), indicating that these saccharides
could preserve the quality of frozen egg yolks, although
no significant differences were detected between sugared
egg yolks. EYarabinose had the shortest tz (36 § 8.49
min), which was 48% lower than that of FEY (69.33 §
5.03 min). L-arabinose was found to be one of the active
components of antifreeze polysaccharides (Zhao et al.,
2022), suggesting that L-arabinose is a promising excipi-
ent for preserving the quality of frozen egg yolks. Over-
all, both L-arabinose and xylitol exhibited excellent
regulatory effects on the freezing behaviors of egg yolks.
DSC Thermogram. DSC measurements were per-

formed to further clarify the difference in egg yolk sam-
ples with different saccharides during freeze−thawing.
The DSC thermograms of the egg yolk samples are
shown in Figure 2.
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As displayed in Figure 2, all the samples exhibited
exothermic crystallization and endothermic melting
peaks. The temperatures corresponding to the 2 peaks
are taken as Tc and Tm respectively. Ice nucleation, ice
crystal development, and recrystallization may all be
influenced by altering the Tc of foods (Tian et al., 2020).
In the cooling stage, we observed a small change in the
temperature line, indicating a small increase in the sam-
ple temperature during cooling. This increase in sample
temperature, which signals the start of ice crystalliza-
tion, is caused by the self-heating of the samples during
freezing (Aubuchon, 2007; Charoenrein and Harnkarn-
sujarit, 2017; Ma et al., 2023). FEY had the highest Tc
(�16.82 § 0.95°C, P < 0.05), and saccharides decreased
the Tc of the egg yolks. The lowest Tc was observed for
EYxylitol (�21.68 § 1.77°C), although no significant dif-
ferences were found between sugared egg yolks, which is
consistent with previous findings (Zhu et al., 2023). Sim-
ilar results were also observed for DHc, where the highest
DHc was observed for FEY (114.41 § 3.97 J/g, P <
0.05) and sugared egg yolks had comparable DHc values
(P > 0.05). Generally, decreased Tc and DHc values often
indicate decreased Tif values and less ice crystal forma-
tion (Ma et al., 2023; Zhu et al., 2023).

In the heating stage, endothermic melting peaks
were observed. In the DSC thermogram (Figure 2),
the peak temperature of the endotherm peak is
marked as Tm, and the onset temperature of ice melt-
ing (Tm’), as its name implies, is the temperature
when the ice starts to melt and is taken as the inter-
section point of the baseline with the left side of the
endotherm. The DSC method can also be used to
determine the Tif of food systems, and a tangent to
the left side of the endothermic curve is drawn to
identify the Tif (Syamaladevi et al., 2009). As shown
in Table 1, the Tm’, Tm, DHm, and Tif values of the
egg yolks exhibited similar decreasing trends with the
addition of saccharides. As a unique characteristic of
food products, Tm’ depends on the Mw of the product
(Rahman et al., 2005). A negative correlation
between Tm’ and the solid content has been reported
by Rahman (2004) and Rahman et al. (2005), and
Tm’ of sugared egg yolks may increase with the
increasing Mw of saccharide (Flores-Ramírez, et al.,
2019). The decreased Tm values of sugared egg yolks
can also be explained by the colligative freezing point
depression, as indicated by the Tif values (Tee and
Siow, 2014). The Tif values obtained from the DSC
method were not significantly different from the Tif
values obtained from the freezing curve (P > 0.05,
data not shown). The DHm values are often corre-
lated with the freezable water content, and decreased
DHm values indicate that saccharides can decrease
the freezable water content, leading to decreased ice
crystal formation (Ma et al., 2023). Overall, the pres-
ence of saccharides regulated the thermal behaviors
of egg yolks and inhibited the denaturation of egg
yolk proteins. L-arabinose and xylitol had superior
regulatory effects due to their relatively low Mw
values. Considering their low caloric content,
L-arabinose and xylitol are both promising excipients
in sugared egg yolk formulations.
Apparent Specific Heat Capacity (Capp). Based on the

Capp of foods, the specific heat during phase shift and is
strongly related to the structure and energy of food, it is
possible to construct frozen storage devices and analyze
the thermal stresses that occur during freezing using this
information (Ding et al., 2015).
As displayed in Figure 1D, the Capp increased dramat-

ically with increasing temperature (approaching Tif),
which is associated with increased melting of ice (Kumar
et al., 2021). Water movement changes during phase
transition, which affects its capacity to store internal
energy and accounts for the variation in the Capp value
(Kumar et al., 2018). The highest Capp was observed for
FEY, and saccharides significantly decreased the Capp

values; the lowest Capp was observed for EYxylitol, fol-
lowed by EYarabinose. This is due to the higher water con-
tent and Tif of FEY, which hinder ice melting and the
loss of latent heat of fusion (Kumar et al., 2021). As the
egg yolks were completely melted, the Capp value
decreased with increasing temperature because of the
instantaneous loss of latent heat of fusion. Furthermore,
we can see that the Capp values in the range of 0−20°C
were greater than those in the ranges of �80°C and
�20°C, presumably because water has a larger Cp value
than ice (Kumar et al., 2021).
Rheological Properties of Egg Yolk Samples
Subjected to Freeze‒Thawing

Apparent viscosity. Liquid egg yolk is made up of a
variety of biological macromolecules with different rheo-
logical properties (Zhao et al., 2024). Understanding the
rheological properties of liquid egg yolks/egg yolk pro-
teins is conducive to food engineering. The rheological
performances of the egg yolk samples were observed to
define their degrees of gelation. The results are shown in
Figure 3A.
According to Figure 3A, both unfrozen and frozen-

thawed egg yolk samples exhibited shear-thinning
behaviors, where increased shear rates led to decreased
apparent viscosity values, suggesting that the egg yolk
samples were non-Newtonian (pseudoplastic) fluids.
Most non-Newtonian fluids possess the characteristic of
a molecular chain structure, which tends to orient in
planes of maximal tension resulting in a decrease in vis-
cosity with increasing velocity gradient (Van Canneyt
and Verdonck, 2014). Interestingly, unfrozen FEY had
low initial-shear-rate apparent viscosity values (below
3.75 Pa¢s), and the addition of saccharides further
decreased the apparent viscosity of the egg yolks. Sac-
charides have also been reported to decrease the viscos-
ity of batters and dough (Figoni, 2010). Saccharides are
hygroscopic to some extent, indicating that they can
attract and bond to water (Figoni, 2010). Water mole-
cules were drawn away from egg yolk particles in the
presence of saccharides, which also increased the amount
of free (bulk) water in suspension and decreased the



Figure 3. Changes in the apparent viscosity (A) and viscoelasticity (B) of unfrozen and frozen-thawed egg yolks.
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amount of physically connected water (thick water
layer) (Falkowski and Szafran, 2016). A fluid flows easily
and is deemed thin if its molecules or particles can easily
pass through one another (Figoni, 2010), which might
explain the relatively lower apparent viscosity of sug-
ared egg yolks. In addition, viscosity is a function of the
internal friction of a fluid under force (Van Canneyt and
Verdonck, 2014), and it was inferred that saccharides
decreased the internal friction of egg yolks before freez-
ing. This finding agrees with our results regarding the
molecular interactions in sugared egg yolks; saccharides
decreased the molecular forces between egg yolk proteins
before freezing.

After the egg yolk samples were freeze‒thawed, their
apparent viscosity drastically increased. The frozen-
thawed FEY had the highest initial-shear-rate apparent
viscosity (1,302.26 Pa¢s), indicating severe gelation. The
apparent viscosity of frozen-thawed sugared egg yolks
ranged from 41 to 203 Pa¢s, indicating that the gelation
of frozen-thawed egg yolk samples was regulated to vari-
ous degrees with the addition of saccharides. To further
quantify the flow behaviors of the egg yolk samples, a
powder-law equation was used to fit the apparent viscos-
ity and shear rate data. The parameters obtained from
the model are shown in Table 2.

The consistency index K provides information on the
viscosity of the fluid, and the flow behavior index n indi-
cates the degree of structuring of the sample (Ma et al.,
2021). The sugared egg yolk samples exhibited signifi-
cantly lower K values and significantly higher n values
than FEY (P < 0.05), which can be attributed to the
hygroscopic and protein-stabilizing nature of saccha-
rides (Figoni, 2010; Zhu et al., 2021). Lower K values
indicate less viscous samples, and higher n values indi-
cate less structured samples. Among the unfrozen sam-
ples, the lowest K value was observed for the EYtrehalose
samples (1.770 § 0.162 Pa¢sn). Trehalose may be more
hydrating and easier to replenish water molecules sur-
rounding proteins (Wang et al., 2023), yet there was no
discernible difference between EYsucrose, EYarabinose, and
EYtrehalose (P > 0.05). The type of saccharides did not
appear to have a major impact on the fluidity of the sug-
ared egg yolk samples before freezing, as evidenced by
the lack of significant differences observed between the n
values of the unfrozen sugared egg yolk samples.
However, after the egg yolk samples were freeze‒

thawed, a tremendous increase in the K value was
observed (P < 0.001), indicating a sharp increase in the
viscosity of the frozen-thawed samples. In addition, the
n values exhibited the opposite decreasing trend, sug-
gesting that freeze‒thaw treatment led to more struc-
tured egg yolk samples with less fluidity. Freeze-induced
protein denaturation may result in the formation of pro-
tein aggregates with higher Mw and less solubility
(Tian, et al., 2022). It is believed that the viscosity of
egg yolks may be influenced by the Mw of the dispersed
phase in terms of the molecular length and degree of
aggregation (Wang et al., 2021a). The sugared egg yolk
samples exhibited significantly lower K values and sig-
nificantly greater n values than FEY, even after freeze‒
thawing treatment (P < 0.05). All of these results con-
firmed the gelation behaviors of frozen-thawed egg
yolks, but the presence of saccharides alleviated the
degree of gelation. The thermal properties described pre-
viously indicated that saccharides could decrease the Tif

and DHm of egg yolks, thus leading to limited ice crystal
formation. Small ice crystals cause less damage to pro-
tein molecules and the unfolding of protein molecules is
limited. The molecular chains were less entangled and
had a limited molecular length. The lowest K values
were detected for the EYarabinose samples (36.447 §
1.202 Pa¢sn), and no significant differences were detected
between EYarabinose and EYxylitol (P > 0.05). The n val-
ues suggested that EYarabinose had the best fluidity, fol-
lowed by EYxylitol. The remaining sugared egg yolk
samples exhibited comparable fluidity, indicating that
L-arabinose and xylitol were more effective at regulating
the gelation of frozen-thawed egg yolks. L-arabinose was



Table 2. Power-law equation parameters of egg yolk samples regarding viscosity.

Unfrozen samples Frozen-thawed samples

K / Pa¢sn n r K / Pa¢sn n r

FEY 3.349 § 0.141a 0.868 § 0.005b 0.987 353.367 § 28.217A, *** 0.318 § 0.014D, *** 0.987
EYsucrose 1.966 § 0.142bc 0.900 § 0.011a 0.984 76.187 § 2.623B, *** 0.508 § 0.001C, *** 0.951
EYarabinose 1.941 § 0.081bc 0.898 § 0.005a 0.994 36.447 § 1.202C, *** 0.544 § 0.003A, *** 0.962
EYxylitol 2.187 § 0.124b 0.895 § 0.001a 0.993 53.967 § 0.555C, *** 0.534 § 0.003B, *** 0.957
EYtrehalose 1.770 § 0.162c 0.901 § 0.009a 0.994 93.383 § 2.817B, *** 0.503 § 0.003C, *** 0.944
EYcellobiose 2.165 § 0.233bc 0.889 § 0.004a 0.990 81.167 § 6.475B, *** 0.505 § 0.007C, *** 0.948
EYxylooligosaccharides 1.933 § 0.069b 0.879 § 0.006a 0.996 95.493 § 8.509B, *** 0.498 § 0.005C, *** 0.947

Different lowercase letters indicate statistically significant differences among unfrozen samples (0 d) within the same column (P < 0.05); different
uppercase letters indicate statistically significant differences among frozen-thawed samples (3 d) within the same column (P < 0.05); *** indicates statisti-
cally significant differences between the same parameter of unfrozen and frozen-thawed samples within the same row (P < 0.001).
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found to be most effective at decreasing tz values, and
xylitol was effective at decreasing the Tif of egg yolks.
Therefore, ice crystals caused less damage in the EYarabi-

nose and EYxylitol samples. Furthermore, our previous
study on the aggregation rate of frozen-thawed egg yolk
samples also indicated that EYarabinose and EYxylitol had
low aggregation rates during freezing (Ma et al., 2023).
In addition, large saccharide molecules have been
reported to have an inferior protein stabilizing effect due
to steric hindrance, and insufficient water-substituting
interactions with proteins can occur (Izutsu, 2018).
Among the tested saccharides, L-arabinose and xylitol
had the lowest Mw values (150.13 and 152.146, respec-
tively), which explains their exceptional gelation-regu-
lating effects over the other saccharides used in this
study.

Viscoelasticity. Based on the structural characteris-
tics of foods, semisolid foods can be either viscoelastic
solids or fluids, while the majority of fluid foods exhibit
a relatively high proportion of viscous to elastic behavior
(Zheng, 2019). In our case, the egg yolk samples pre-
pared in our study were either fluids or semisolids; there-
fore, investigating their viscoelastic behaviors can help
us to better understand their physical properties. The
viscoelasticity results are shown in Figure 3B.

The elastic (solid-like) behavior of materials is repre-
sented by the storage modulus (G0), whereas the viscous
(fluid-like) behavior is represented by the loss modulus
(G00) (Zheng, 2019). Viscoelastic solids, which are elas-
tic-dominant materials, have tan d values less than 1,
whereas viscoelastic fluids, which are viscous-dominant
materials, have tan d values greater than 1. According to
Table 3. Power-law equation parameters of egg yolk samples regardin

Unfrozen samples

A / Pa¢s1/z z r2

FEY 11.072 § 0.198a 1.142 § 0.008a 0.99
EYsucrose 4.948 § 0.181b 1.081 § 0.017c 0.99
EYarabinose 4.416 § 0.039b 1.078 § 0.003c 0.99
EYxylitol 4.551 § 0.030b 1.076 § 0.007c 0.99
EYtrehalose 3.493 § 0.081c 1.076 § 0.012c 0.99
EYcellobiose 4.415 § 0.952b 1.093 § 0.024bc 0.99
EYxylooligosaccharides 3.711 § 0.140c 1.115 § 0.011b 0.99

Different lowercase letters indicate statistically significant differences amo
uppercase letters indicate statistically significant differences among frozen-thaw
cally significant differences between the same parameter of unfrozen and frozen
Figure 3B, for the unfrozen samples, all the G00 values
surpassed the G0 values, indicating that the unfrozen
samples exhibited more viscosity than elasticity. All tan
d values greater than 1 also confirmed that the unfrozen
samples were viscous-dominant materials, and the low-
est tan d values were observed for FEY (P < 0.05).
After freeze‒thawing, the modulus patterns of the

samples changed significantly. Most samples (excluding
EYarabinose and EYxylitol) exhibited higher G0 values than
G00 values (tan d < 1), suggesting that most egg yolks
were viscoelastic solids after freeze‒thawing. EYarabinose
and EYxylitol were the only 2 samples exhibiting tan d >
1, which in turn confirmed our results of apparent viscos-
ity.
To further investigate the structured degree of egg

yolk samples, the obtained G0 and G00 values were used
to calculate the complex modulus (G�) (data not
shown). G� is regarded as a measure of the general rigid-
ity of semisolid foods, and was subsequently fitted with
a power law equation (Gabriele et al., 2001; Zheng,
2019). The results of the fitting are presented in Table 3.
The decreased AF values of the sugared egg yolk samples
compared to those of the FEY samples can be attributed
to their weakened structure. However, the nearly
unchanged z values among the unfrozen egg yolk sam-
ples suggested that the saccharide type did not have a
significant effect on the extension of the egg yolk sam-
ples.
After the egg yolks were freeze‒thawed, all the AF and

z values increased significantly (P < 0.001), suggesting
that interactions between rheological units became
stronger and more correlated in the 3-dimensional
g viscoelasticity.

Frozen-thawed samples

A / Pa¢s1/z z r2

9 1428.885 § 25.768A, *** 5.556 § 0.062A, *** 0.999
9 298.218 § 0.175C, *** 2.195 § 0.007D, *** 0.999
9 117.669 § 5.127D, *** 1.637 § 0.003F, *** 0.999
9 174.343 § 2.352D, *** 1.757 § 0.003E, *** 0.999
9 409.247 § 5.782B, *** 2.580 § 0.037B, *** 0.999
9 313.815 § 4.605C, *** 2.336 § 0.005C, *** 0.999
9 400.629 § 8.686B, *** 2.538 § 0.026B, *** 0.999

ng unfrozen samples (0 d) within the same column (P < 0.05); different
ed samples (3 d) within the same column (P < 0.05); *** indicates statisti-
-thawed samples within the same row (P < 0.001).
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structure of the egg yolk samples after freeze‒thaw
treatment. Our results regarding the intermolecular
forces maintaining the egg yolk lipoprotein matrix also
confirmed that the interactions between egg yolk par-
ticles were intensified after freeze‒thaw treatment. Fro-
zen-thawed FEY undoubtedly had the highest AF and z
values (1428.885 Pa¢s1/z and 5.556, respectively), and
the addition of saccharides contributed to the weak net-
work of sugared egg yolk samples. Although the AF val-
ues of EYarabinose and EYxylitol were not significantly
different (same strength), a significant difference was
found in the network extension, as manifested by the rel-
atively lower apparent viscosity of EYarabinose compared
to that of EYxylitol.
Structural Properties of Egg Yolk Samples
Subjected to Freeze‒Thawing

Molecular Interactions. Intermolecular (cohesive)
forces play a crucial role in fluid viscosity (Sahin and
Sumnu, 2006). Protein aggregation and gelation are con-
trolled by intermolecular force balances (Wang et al.,
2020). To determine how saccharides influence the vis-
cosity of unfrozen egg yolks and the aggregation/gela-
tion behaviors of frozen-thawed egg yolk proteins, we
investigated the intermolecular forces involved in egg
yolk samples using 3 shielding agents, NaCl, SDS, and
urea. NaCl can cause protein molecules to repel each
other electrostatically, SDS can shield hydrophobic
interactions, and urea can eliminate hydrogen bonding
(Wang et al., 2020; Wang et al., 2021b). The intermolec-
ular forces involved in unfrozen and frozen-thawed egg
yolk samples are shown in Figure 4.

As shown in the figure, protein solubility was the
highest in the presence of SDS, followed by that in the
presence of NaCl and urea. Saccharide addition
decreased the intermolecular forces of egg yolk proteins
before freezing, thus explaining the reduced viscosity of
unfrozen sugared egg yolk samples compared to that of
unfrozen FEY. The viscosity of a liquid is a function of
the intermolecular forces that restrict molecular motion
(Sahin and Sumnu, 2006). The decrease in intermolecu-
lar forces because of the addition of saccharides may
Figure 4. Changes in the intermolecular forces of unfrozen and fro-
zen-thawed egg yolk proteins.
have promoted the molecular motion of the egg yolk par-
ticles, thus decreasing the viscosity.
After the egg yolk samples were freeze‒thawed, pro-

tein solubility increased significantly in the presence of
shielding agents (P < 0.001), especially SDS, indicating
intensified molecular interactions. The formation of ice
crystals during freezing can damage protein integrity,
exposing more hydrophobic groups. Hydrophobic inter-
actions were dominant in freezing-induced egg yolk gela-
tion; additionally, strong LDL-granule interactions
driven by hydrophobic interactions were observed in fro-
zen-thawed egg yolks (Au et al., 2015; Primacella et al.,
2018; Wang et al., 2021b).
As described in the Introduction, whole egg yolks can

be fractionated into plasma (supernatant) and granules
(sediment) via moderate centrifugation. The insoluble
granules are assembled from HDLs and phosvitin via
phosphocalcic bridges (Anton, 2007). SDS works as an
effective protein denaturant by eliminating hydrophobic
interactions between proteins; it can dissolve all egg
yolk proteins, including apo-HDL and apo-LDL (Wang
et al., 2022), leading to the highest extraction of egg
yolk protein content, as observed in this study. Further-
more, the self-assembly of egg yolk granules is primarily
governed by attractive phosphocalcic bridges and repul-
sive electrostatic interactions (Li et al., 2022). In con-
trast, NaCl dissolves yolk granules with ionic strengths
greater than 0.3 mol/L at neutral pH (Anton, 2007). In
this study, 1% NaCl (0.17 mol/L) could only partially
dissolve yolk granules, which explains the relatively
lower protein change rate in the presence of NaCl. Usu-
ally, 8 mol/L urea is used to eliminate hydrogen bonds
between proteins. The screening of intramolecular
hydrogen bonds, including hydrogen bonds with polar
protein moieties (in particular peptide groups), is trig-
gered by direct contact with urea (Bennion and Daggett,
2003). Additionally, high urea concentrations affect pro-
tein stability (Zou et al., 1998). Therefore, we used only
1 mol/L urea in our study. Although the rate of change
in protein solubility in urea-treated egg yolks was the
lowest, its value increased considerably after freeze‒
thawing.
Following the freeze−thawing of egg yolk samples, an

increase in intermolecular interactions between egg yolk
proteins was observed in the presence of saccharides; the
egg yolk samples exhibited less aggregation or gelation
than FEY after freeze‒thawing. Similar results were also
observed in �18°C and �40°C-treated egg yolks (Wang,
et al., 2021b). The authors reported that egg yolks fro-
zen at �40°C exhibit less gelation behavior than those
frozen at �18°C; however, �40°C-treated egg yolks
exhibit an increase in the rate of change in protein solu-
bility in the presence of these 3 shielding agents. We
believe that more in-depth studies should be performed
to further elucidate this issue.
Aggregation Characteristics. Visual observation pro-

vides intuitive information on the appearance of egg
yolks. CLSM and particle size distribution (PSD) have
been widely used to characterize protein aggregation in
egg yolk proteins (Wang et al., 2021a; Wang et al.,



Figure 5. Changes in the macro-appearance, micro-appearance,
and PSD of frozen-thawed egg yolks.

Figure 6. Changes in FTIR spectra and secondary structure of
unfrozen and frozen-thawed egg yolk proteins (freeze-dried samples).
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2023). Our turbidity results indicated that the aggrega-
tion behavior of the unfrozen egg yolk proteins was not
sufficiently distinct (Ma et al., 2023), in this section,
only unfrozen FEY and frozen-thawed egg yolk samples
were involved. Visual observation, CLSM, and PSD of
egg yolk samples are shown in Figure 5.

The unfrozen FEY had good fluidity; after freeze‒
thawing, only EYarabinose and EYxylitol exhibited fluidity;
however, many remained on the wall of the vial, indicat-
ing increased viscosity. Other samples had poor fluidity,
which was consistent with the apparent viscosity data.
For CLSM observation, proteins were stained with Nile
blue, which is shown in green, while lipids were stained
with Nile red, which is shown in red. The unfrozen FEY
exhibited vague signals in the CLSM images, with a vol-
ume average particle diameter (D [4,3]) of 33.80 §
0.83 mm. After freeze‒thawing, all samples showed
aggregation, suggesting that freeze‒thaw treatment led
to the unfolding of egg yolk proteins and favored protein
aggregation. The aggregates gave strong signals in the
CLSM images. The PSD of the frozen-thawed samples
shifted to larger particle sizes, which also confirmed
aggregation. Frozen-thawed FEY had the largest D [4,3]
value (P < 0.05), and EYarabinose had the smallest D [4,3]
value, followed by EYxylitol, which is consistent with our
results on turbidity (Ma et al., 2023). As reported, sac-
charides can replace the water molecules that normally
surround protein surfaces, thereby maintaining the pro-
tein structure during freezing (Tian et al., 2022). There-
fore, the sugared egg yolk samples formed smaller
aggregates after freeze‒thawing. Furthermore, particle
size has been reported to have effects on the material
properties of egg yolks, such as viscosity (Primacella et
al., 2018). The decreased particle size and weaker aggre-
gation may have contributed to the decreased apparent
viscosity and increased viscous behavior of egg yolk sam-
ples after freeze‒thawing.
FTIR Spectrum and Secondary Structure. Protein

denaturation involves changes in its secondary and ter-
tiary structures by breaking bonds and interactions that
stabilize the protein conformation (Charoenrein and
Harnkarnsujarit, 2017). FTIR spectroscopy has emerged
as a useful tool for characterizing the functional groups
of biological molecules and the secondary structure of
proteins (Uysal and Boyaci, 2020; Qing, et al., 2023).
The FTIR spectra are shown in Figure 6.
According to Figure 6, the spectra of the egg yolk

samples exhibited a series of characteristic peaks at sev-
eral wavenumber ranges. The stretching of O−H and N
−H vibrations was found in the range of 3,700 to 3,000/
cm, which is attributed to the water molecules at the
protein−lipid interface remaining within egg yolk par-
ticles after lyophilization and the Amide A band of pro-
teins coupled with hydrogen bonding (Krilov et al.,
2009). A bathochromic shift of this band was found
between the FEY and the sugared egg yolk samples; a
hypsochromic shift was found between the unfrozen and
frozen-thawed samples. The presence of hydroxyl groups
in saccharides could lead to a shift to higher wavenum-
bers (Fuertes et al., 2017). Furthermore, freeze‒thaw
treatment intensified the hydrogen bonding of egg yolk
samples, and the band moved to lower wavenumbers
when a protein’s N−H group was involved in hydrogen
bonding (Nagarajan et al., 2012). The bands appearing
at 2,921/cm and 2,852/cm can be assigned to the C−H
stretching vibrations from lipid chains (both asymmetric
and symmetric) (Krilov, et al., 2009; Uysal and Boyaci,
2020). The band at 1,742/cm is attributed to C = O
stretching from ester bonds in phospholipids (Krilov et
al., 2009). The broad band between 1,700 and 1,600/cm



Figure 7. Changes in the intrinsic fluorescence spectra, FImax, and
λmax of unfrozen and frozen-thawed egg yolk proteins.
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is the Amide I band, which mainly contains C=O
stretching vibrations of protein peptide bonds; the band
between 1,600 and 1,500/cm is the Amide II band, which
is mainly caused by C−N stretching vibrations and N−H
deformation of protein peptides (Liu et al., 2023a). The
former is more frequently used to analyze protein sec-
ondary structures, which will be discussed later. The
band at 1,467/cm is attributed to the bending vibrations
of the CH2 groups in the acyl chains of lipids. The adja-
cent band on the right is the composite band corre-
sponding to the symmetric bending of CH3 groups at
1,378/cm and the CH2 wagging vibration at 1,367/cm
(Krilov, et al., 2009). In addition, 3 lipid-associated
bands could be observed in the approx. 1,234, 1,162, and
1,085/cm regions (Fuertes, et al., 2017).

The Amide I region (1,700−1,600/cm) of the FTIR
spectrum is the most beneficial for determining the sec-
ondary structure of proteins. Figure 6 presents the sec-
ond-derivative spectra of the Amide I region of the egg
yolk samples. Five prominent peaks can be found in the
figure. Two distinct peaks were observed at 1,656/cm
and 1,629/cm, which are assigned to a-helices and intra-
molecular b-sheets of proteins, respectively (Liu et al.,
2023a), indicating that the secondary structure of egg
yolk proteins is dominated by a-helices and intramolecu-
lar b-sheets. Regarding the a-helices of the unfrozen egg
yolk samples, the intensity at 1,656/cm exhibited an
increasing trend between the FEY and sugared egg yolk
samples, indicating that the lyophilized sugared egg yolk
samples had more a-helix structures than FEY. We
believe that pretreating unfrozen egg yolk samples with
lyophilization played a role and that protein denatur-
ation occurred in the unfrozen samples. When the tem-
perature decreased below the Tif of egg yolks, the water
inside the egg yolks expanded and formed ice crystals,
which damaged protein integrity, as manifested by
changes in protein structure. In other words, the a-helix
of egg yolk proteins was preserved to various degrees
during lyophilization in the presence of saccharides since
the presence of saccharides decreased the Tif of egg
yolks. Similar results were reported by Wang et al.
(2023), who investigated the effect of disaccharides on
egg yolk lipoprotein structure during lyophilization.
EYarabinose had the highest a-helix content, followed by
EYxylitol, indicating that L-arabinose was the most effec-
tive in preserving the secondary structure of egg yolk
proteins and that the least protein denaturation was
detected. This finding is consistent with our data on rhe-
ology and aggregation behavior. The conversion from
a-helices to b-sheets of proteins after freezing has also
been observed by many scholars (Wang et al., 2020). In
our case, fewer a-helical structures of egg yolk samples
were involved in such a conversion; therefore, a decrease
in intensity at 1656 cm�1 corresponding to intramolecu-
lar b-sheets was observed for egg yolk samples.

For frozen-thawed egg yolks, we believe that these
samples may be regarded as those subjected to 2 freeze‒
thaw cycles since 2 freezing processes were involved. By
comparing unfrozen FEY and frozen-thawed samples,
the intensity at 1,656/cm increased, indicating increased
a-helix content. Li et al. (2018) also reported that the
a-helix content of egg yolk proteins exhibited an overall
increasing trend during 0−9 freeze‒thaw cycles. How-
ever, the a-helix content of frozen-thawed egg yolk sam-
ples did not increase as much as that of FEY, further
supporting the cryoprotective effect of saccharides.
Although L-arabinose and xylitol were less effective in
frozen-thawed samples, we believe our results regarding
unfrozen samples may be more applicable in the practi-
cal production of frozen egg yolks since frozen egg yolk
(as a product) is suggested to be consumed within 3 d
once thawed, and freeze‒thaw cycles are highly unrec-
ommended.
Intrinsic Fluorescence Spectra and Tertiary Struc-

ture. Intrinsic fluorescence spectroscopy is a common
and useful tool to evaluate changes in the tertiary struc-
ture of proteins, mainly by monitoring the microenviron-
ment of tryptophan (Trp) (Ma et al., 2022; Liu, et al.,
2023c). The indole group of Trp absorbs near 280 nm,
and emits near 340 nm; the emission spectrum of indole
is highly sensitive to solvent polarity, which can be used
as an indicator of the folded and unfolded state of pro-
teins in solutions (Lakowicz, 2006a). The intrinsic fluo-
rescence spectra of the samples are shown in Figure 7.
Among the unfrozen samples, FEY had the highest

maximum fluorescence intensity (FImax) (3,722 § 66),
and the addition of saccharides decreased the FImax of
the egg yolks (ranging from 2,479 to 3,116). We believe
this could be attributed to saccharide-induced fluores-
cence quenching of Trp residues in proteins (Das et al.,
2017; Kong et al., 2020). Our previous study indicated
that saccharides could molecularly contact the protein
surface (Ma et al., 2023). Upon contact, the fluorophore
returned to the ground state without photon emission,
and quenching occurred (Lakowicz, 2006c). This obser-
vation indicated that some of the Trp residues existed
on the protein surface; if all the Trp residues were buried
inside the protein, quenching was not expected to occur
(Lakowicz, 2006b). The values of the wavenumbers
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corresponding to FImax (lmax) were all greater than
330 nm, which also indicated that the Trp residues of
the proteins were mostly assigned to an overall polar
environment (Vivian and Callis, 2001). Furthermore,
the λmax of the samples exhibited a slight hypsochromic
shift with saccharide addition (from 335.4 to 333.3 nm),
and the λmax shifted toward lower wavelengths, indicat-
ing that the environment of the Trp residues became
hydrophobic (Ma et al., 2022). This could result from
the compaction effect of saccharides on protein confor-
mation (Das et al., 2017), which can decrease the parti-
cle size of protein molecules (data not shown) and cause
internal Trp residues to become relatively more buried,
thus leading to decreased λmax values. The compact state
of proteins is conducive to withstanding unfolding and
denaturation, and the presence of saccharides is indis-
pensable.

After the egg yolks were freeze‒thawed, the FImax of
the egg yolks further decreased. Unlike the saccharide-
induced decrease in FImax, this decrease in FImax of the
samples indicated that the proteins were unfolded due
to freeze-induced denaturation (Wang et al., 2021a).
During freezing, water was gradually converted to ice
crystals, accompanied by an increase in system volume;
due to the restriction of the container, a hump in frozen
egg yolks (without thawing) was observed (data not
shown), which can be caused by the extrusion of ice crys-
tals. The expanded ice crystals could cause physical
damage to protein molecules, which were forced to
unfold and denature. A bathochromic shift was observed
in the λmax of the samples after freeze‒thawed. This indi-
cated that the buried Trp residues were exposed to a
hydrophilic environment, that is, the Trp residues were
more exposed to the solvent. As discussed above, the
presence of saccharides could decrease the vulnerability
of proteins to freeze-induced unfolding and denatur-
ation. Furthermore, the thermal properties of the sam-
ples indicated that the sugared egg yolks tended to have
smaller ice crystals, thus leading to limited expansion of
protein molecules. EYarabinose had the lowest λmax value,
indicating that L-arabinose can effectively inhibit the
unfolding of egg yolk proteins caused by freeze‒thawing,
which agrees with our previously described findings.
CONCLUSIONS

In this study, saccharides were used to regulate the
gelation behaviors of egg yolks by monitoring their ther-
mal, rheological, and structural properties. The results
showed that saccharides could shorten the tz and
decrease the Tif, DH, and Capp values of egg yolks, indi-
cating limited ice crystal formation in these samples,
which is related to the Mw of the additive saccharides.
Rheological analyses revealed that L-arabinose and xyli-
tol were able to maintain the viscous behavior of frozen-
thawed egg yolks, which can be attributed to controlled
aggregation and a decreased degree of protein structural
changes. Saccharides can contact the protein surface to
replace partial water molecules accessible to the protein
surface and enhance the compactness of proteins to
withstand freeze-induced unfolding and denaturation.
Saccharides themselves can also attract water molecules
and hinder the growth of large ice crystals. Overall, low-
molecular-weight and low-calorie L-arabinose and xyli-
tol have great potential for replacing sucrose in frozen
egg yolk formulas. We hope that our findings can be
used to develop new egg yolk products, optimize process-
ing conditions, and inhibit the gelation behaviors of fro-
zen egg yolks.
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