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Abstract: The study investigated the effects of different microwave vacuum freeze-drying powers
(100-500 W) on the emulsifying properties and structural characteristics of egg white protein, which is
of great significance in enhancing the added value of EWP and promoting its application. Emulsifica-
tion analysis revealed that the emulsification performance was significantly influenced by microwave
power and reached its maximum at 300 W. Fourier-transform infrared spectroscopy (FT-IR) and
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analyses showed that mi-
crowave vacuum freeze-drying treatment altered the secondary structure of EWP without changing
its peptide structure. Fluorescence measurements indicated that the maximum fluorescence emission
intensity decreased, and the maximum emission wavelength shifted towards blue as the power
increased. Particle size, zeta potential, scanning electron microscopy (SEM), and differential scanning
calorimetry (DSC) analyses showed that the average particle size of EWP reached the minimum
value of 1203.66 nm, the absolute value of zeta potential reached the maximum value of 41.35 mV,
and the thermal stability was strongest, with a more uniform and loose structure observed at 300 W.
Texture profile analysis (TPA) showed that appropriate power treatment significantly enhanced the
chewiness and viscoelasticity of egg white protein. Therefore, appropriate power treatment could
effectively improve the emulsifying properties and stability.

Keywords: egg white protein; microwave power; emulsification properties; thermal properties;
freeze-drying; structure properties

1. Introduction

China is the world’s largest producer of eggs, accounting for nearly 40% of global
production. The global egg market is dominated by whole eggs, which occupy the majority
of the market share, while egg white and yolk products have a smaller market share.
Egg white products are mainly used in sports nutrition and medical applications. Eggs
contain many proteins, phosphorus, lecithin, and vitamins that are necessary for human
metabolism. All types of proteins in eggs can be found in the egg white protein (EWP),
which is composed of 90% water and 10% protein [1]. Due to eggs having a short shelf
life, they are prone to spoilage, which can result in protein waste. Egg white powder has
been extensively studied because of its good processing properties and ease of storage. In
the production and processing of egg white powder, the drying method is one of the most
important factors affecting its functional properties. Hence, the utilization of appropriate
drying methods to dry egg whites and develop higher-quality egg white powder is of great
market value to expand its applications.

At present, drying EWP has numerous applications in food preparation, such as
that of baked, confectionery, and meat products, because of its microbiological safety
and lower volume when compared with unshelled or liquid EWP. Egg whites are a food
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ingredient with multiple functional properties, such as foaming, emulsification, heat-set
gelatin, and binding adhesion [2,3]. Yang Yinyue et al. [4] investigated the emulsification
behavior of EWP complexes with rhamnolipids, Sun Jun et al. [5] studied the effect of tea
polyphenols on the emulsification and antioxidant properties of EWP, Yu Yali et al. [6]
explored the changes in emulsification properties by subjecting EWP to extreme acid and
alkaline treatments, and Chenying Wang et al. [7] found that glycosylation of modified
EWP resulted in enhanced emulsification properties.

Many scholars have used different drying methods to dry egg whites. Our team [8,9]
has studied this topic using four drying methods: microwave vacuum freeze-drying,
vacuum freeze-drying, hot air drying, and spray drying at the same level, and concluded
that microwave vacuum freeze-drying is the most effective. Compared to traditional hot-air
drying, microwave drying is faster, more uniform, and more energy-efficient. In recent
years, microwave vacuum freeze drying has been investigated as a potential method for
obtaining high-quality dried food products [10]. Sun et al. [11] found that microwave
treatment significantly increased the protein digestibility of pigeon pea flour by changing
starch and protein structure, reducing particle size, and increasing zeta potential, making
it a promising approach for improving pigeon pea protein quality and utilization. Liu
et al. [12] microwave freeze-drying was better than spray drying in terms of color, emulsion
stability, foam stability, water/oil absorption capacity, and thermal stability. Dong et al. [13]
suggested microwave vacuum freeze drying of sauerkraut and found that different powers
affected the fresh concentration values (flavor intensity) of sauerkraut and that higher
powers and vacuum levels had a positive effect on its freshness. Ren et al. [14] studied
the effect of glass transition temperature during microwave freeze-drying of mushrooms
and found that microwave power had a significant effect on product quality and drying
efficiency. Fan et al. [15] optimized microwave vacuum freeze-drying parameters using
the response surface method. When the microwave power increases, the drying efficiency
also increases significantly. The studies indicate that microwave vacuum freeze-drying
significantly reduces drying time and energy consumption, making it a highly efficient
method for drying liquid materials. Sai et al. [16] found that microwave treatment could
improve the digestibility of soymilk and alter its secondary structure. It demonstrated
potential applications in reducing trypsin inhibitor activity and improving the digestibility
of soymilk by changing the secondary structures of related proteins. Cao et al. [17] found
that microwave heating (MWH), compared to traditional conductive heating, can inhibit
the activity of tissue proteinase L and the hydrolysis of the myosin-heavy chain during the
degradation stage of fish mince gel, which is beneficial for gel preservation. In summary,
microwave vacuum freeze-drying has the potential to dry high-quality EWP powder, but
the effect of microwave heating on the natural structure and functional properties of the
EWP is unclear.

Current research on the emulsification of EWP focuses on the preparation of emulsions,
the investigation of the effect of modifications on EWP, and using protein emulsification as
a fat substitute for meat products [18]. The effect of different powers on the emulsifying
properties and structural characteristics of egg white protein (EWP) was investigated using
microwave vacuum freeze-drying technology. This study is of great significance for the
production of high-quality egg white powder. High-quality EWP powder has stronger
emulsifying properties and a more stable system, with broad application prospects in fields
such as food, medicine, cosmetics, and others.

2. Materials and Methods
2.1. Material

The fresh eggs were purchased from Dazhang supermarket in Luoyang, China. All
chemicals and pure standards were purchased from Macklin (Shanghai, China).
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2.2. Preparation of Microwave Vacuum Freeze-Dried (100~500 W) EWP Powder

A multifunctional microwave dryer was developed by Duan et al. [19]. Fresh eggs
were cleaned of surface stains and separated into egg whites and yolks. The egg white was
clarified by filtration through filter paper, removing suspended impurities and insoluble
substances, resulting in an egg white solution. The egg white solution was stirred and
naturally fermented at room temperature 25 °C for 48 h for desugarization. Next, the
egg white solution was pasteurized at 45 °C for 30 min under 100 KPa before drying.
The egg white protein solution was placed on a plate and pre-chilled (—18 °C) for 3 h in
the refrigerator freezer. Before starting the vacuum pump, the blower and cooler were
cleaned, and the cold trap temperature was reduced to —40 °C. The freeze-drying machine
parameters were set at a fixed vacuum of 160 Pa, loading capacity of 200 g, and different
microwave powers (100 W, 200 W, 300 W, 400 W, 500 W) for design experiments. After
6 h of microwave vacuum freeze-drying, the material trays were removed and weighed
every half hour, and drying was stopped when the difference between two consecutive
measurements did not exceed 0.01 g. The protein concentration of EWP after microwave
vacuum freeze-drying was determined to be 0.264 g/100 mL by the Kjeldahl method.

2.3. Preparation of EWP Emulsions

The method was slightly modified by referring to Wang [20]. A total of 0.2 g of EWP
powder treated with different powers was weighed and dissolved in 100 mL of water.
Stirring was carried out using a high-speed mixer (JJ-1, China Precision Instrument Factory)
at 1000 rpm for 1 h at 25 °C. A total of 15 mL of the stirred protein solution was then mixed
with 5 mL of soybean oil (purchased from Dazhang Supermarket, Luoyang, China) and
emulsified at 13,500 r/min for 2 min under a high-speed emulsifying homogenizer (FSH-2A,
Jintan City Kexing Instrument Factory, Jintan, China) to obtain the emulsion. Emulsions
were mainly used for zeta potential determination and particle size determination.

2.4. Determination of Emulsification Activity Index (EAI) and Emulsion Stability Index (ESI)

EAI and ESI of the EWP powder were measured based on the method of Xue Xi-
uheng [21] with some modifications. The protein powder sample (0.2 g) was dissolved in
distilled water (100 mL). The suspension (30 mL) was then added to soybean oil (10 mL)
and homogenized (FSH-2A, Jintan City Kexing Instrument Factory, China) for 3 min at
room temperature. The prepared emulsion was mixed and homogenized with 5 mL of
SDS at a concentration of 0.1%. A UV-Vis spectrophotometer (722 N, Shanghai, China) was
used to record the absorbance of the solution instantly (Ap) and at 10 min (Aj) after the
emulsion against SDS solution (0.1% w/v). The constant 2.303 is a constant with a natural
logarithmic base, and the constant 0.25 indicates that a 4-fold dilution is required during
the EAI determination. The control group with 0 W microwave power under the same
conditions was prepared using samples that had been vacuum freeze-dried. EAIl and ESI
were calculated as follows:

Ap x 2 x2.303
EAI(mZ/g) = OT 1)
ESI(min) = ﬁ x 10 )

2.5. Zeta Potential Determination

The emulsion prepared in 2.3 was taken as a sample. The samples were diluted
50 times with 10 mmol/L pH 7.0 phosphate buffer, the relative refractive index of the
emulsion was set to 1.450, and it was measured three times at room temperature using a
zeta potential analyzer (Malvern Instruments Co., Ltd., London, UK). The control group
with 0 W microwave power under the same conditions was prepared using samples that
had been vacuum freeze-dried.
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2.6. Particle Size Determination

The emulsion prepared in Section 2.3 was taken as a sample. The particle size of the
samples was determined using a laser particle size meter (Malvern Instruments Co., Ltd.,
UK), with measurements taken in units of nanometers (nm). Emulsions of 100 uL were
diluted 50 times with distilled water and equilibrated at 25 °C for 2 min. When the test was
started, each sample was measured three times in parallel. The control group with 0 W
microwave power under the same conditions was prepared using samples that had been
vacuum freeze-dried.

2.7. Fourier Infrared Spectroscopy (FT-IR)

FT-IR spectroscopy was carried out to analyze the chemical structure and secondary
structure content of the protein samples. First, the dried protein sample was mixed and
pressed with KBr powder in a ratio of 1:200. Then it was analyzed by FT-IR spectropho-
tometer (Equinox55, Bruker Co., Berlin, Germany) at 500-4000 cm ! wavelength using
scan 16 with a resolution of 4 cm~!. In addition, the infrared spectra of the amide I band
(1600-1700 cm ') were analyzed using Peakfit software to obtain the secondary structure
contents of the EWP samples based on the sub-peak area. The control group with 0 W
microwave power under the same conditions was prepared using samples that had been
vacuum freeze-dried. When the test was started, each sample was measured three times in
parallel.

2.8. Sodium Dodecyl Sulfate—Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) analysis
of EWP was performed following the discontinuous buffer system of Laemmli [22] at 5%
stacking gel and 10% separating gel by using an electrophoresis equipment (DYC-Mini4,
Yucheng, China). The molecular weight markers (Fermentas, St. Leon-Rot, Germany)
were run simultaneously to determine the molecular weight. The gels were stained with
a solution containing 1% Coomassie Brilliant Blue R-250, 30% methanol, and 8% acetic
acid (v/v). The control group with 0 W microwave power under the same conditions was
prepared using samples that had been vacuum freeze-dried.

2.9. Scanning Electron Microscopy (SEM) Analysis

Retrieve the sample and perform gold sputtering on it. Then, use conductive silver
adhesive to affix the sample onto the scanning electron microscope sample stage. Then, the
sample was placed under a scanning electron microscope (Shimadzu, Japan), set with an
accelerating voltage of 20 kV and a vacuum pressure of 400 Pa, and the microstructure of
the sample was observed under a magnification of x2000 and x5000. The control group
with 0 W microwave power under the same conditions was prepared using samples that
had been vacuum freeze-dried.

2.10. Endogenous Fluorescence Spectroscopy Analysis

According to the method of Zhao et al. [23], 120 uL of the emulsion sample was
dissolved in 8 mL of 0.01 mol/L pH 7.0 phosphate buffer solution shaken thoroughly, and
the excitation wavelength was set at 290 nm, and a high voltage of 800 V was used to scan
the evanescence spectrum in the range of 300-400 nm with the excitation and emission slit
widths of 5 nm. The control group with 0 W microwave power under the same conditions
was prepared using samples that had been vacuum freeze-dried. When the test was started,
each sample was measured three times in parallel.

2.11. Differential Scanning Calorimetry (DSC) Analysis

Determination was performed according to Liu et al. [24]. The thermal properties of
EWP treated with different microwave powers were analyzed by DSC. The temperature
range was 30-110 °C, the heating rate was 10 °C/min, the sample dosage was 5-8 mg each
time, and the nitrogen flow rate was 60 mL/min. The control group with 0 W microwave
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power under the same conditions was prepared using samples that had been vacuum
freeze-dried. When the test was started, each sample was measured three times in parallel.

2.12. Texture Profile Analysis (TPA) Analysis

Emulsion gels were prepared and subjected to texture profile analysis (TPA) according
to the method of Han [25]. The measurements were conducted in TPA mode using a P50
probe with a pre-test speed of 1.0 mm/s, a test speed of 1.0 mm/s, and a post-test speed of
1.0 mm/s. The interval between the two measurements of the probe was 1.00 s, and the
compressive deformation was set to 50% of the sample. The thixotropic force was 1.0x g,
and the detection temperature was room temperature. The texture properties, including
hardness, adhesiveness, chewiness, resilience, and water loss rate, were recorded. Each
sample was measured three times in parallel. The control group with 0 W microwave
power under the same conditions was prepared using samples that had been vacuum
freeze-dried.

2.13. Statistical Analysis

The measurements involved in the experiment were made in three replicates, and
the experimental data were plotted using Origin 8.5 software. Statistical significance was
analyzed using DPS 7.5 software. Data analysis was conducted using Omnic 2021 and
PeakFit 8.2.0 software.

3. Results
3.1. EWP Emulsification Properties Analysis

As shown in Table 1, as the microwave power increased, the emulsifying activity index
(EAI) and emulsion stability index (ESI) of EWP powder significantly increased, reaching
their maximum values of 61.35 m?- g’l and 33.53 min at 300 W (p < 0.05). However, as the
microwave power continued to increase, both EAI and ESI began to decrease significantly
(p < 0.05). This was due to the moderate microwave effect disrupting hydrogen bonds
and van der Waals forces in EWP, causing its structure to become looser and exposing the
internal functional groups, which improved protein adsorption to fat. Yalcin et al. [26]
found that the emulsification activity of microwave-treated wheat gluten proteins was
also improved, which was consistent with the results of this study. Additionally, as the
microwave power increased, the average particle size significantly decreased, and the
absolute value of the zeta potential significantly increased. When the power was 300 W,
the average particle size reached its minimum value of 1203.66 nm, and the absolute value
of the zeta potential reached its maximum value of 41.35 mV. As the power continued to
increase to 500 W, the average particle size began to significantly increase, and the absolute
value of the zeta potential began to significantly decrease. This was likely due to the fact
that too high a microwave power caused the proteins to aggregate and form larger protein
molecules, leading to decreased emulsion stability [27,28].

Table 1. Emulsification properties of egg albumin at different power.

Microwave Absolute Value
P W EAl/m2.g~1 ESI/min Particle Size/nm of the Zeta
oOwWer, .

Potential/mV

0 3527 +0.29 ¢ 26.51 + 0.84 ¢ 1507.23 4+ 14.88 d 35.57 + 0.89 4

100 3340 + 0.31f 26.92 +1.144 1619.01 & 16.52 ¢ 3453 +1.33¢
200 51.19 & 0.59 € 29.91 4+ 1.13° 1494.11 & 38.65 ¢ 37.93 +0.99¢
300 61.35 + 0.58 2 33.53 + 0.62 2 1203.66 + 13.66 4135+ 1.612
400 58.88 + 0.86 P 23.17 £ 0.95¢ 1668.33 + 28.82 P 39.37 + 1.38P
500 4817 +0.254 20.09 + 0.88 f 1923.67 + 16.49 2 29.57 +0.33 f

All the data are expressed as mean + SD, and the letters within the same line denote significant differences

(p < 0.05).
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From Figure 1, it can be observed that the particle size distribution of EWP powder
varies under different power treatments. By examining the peaks in Figure 1 in conjunction
with Table 1, it can be analyzed that the peak at 300 W is closest to 0 nm, indicating the
smallest average particle size. Moreover, when the power is set to 300 W, the width of the
particle size distribution peak is the smallest. A smaller width of the peak in the particle
size distribution indicates greater uniformity in the size of the protein, implying stronger
stability of the protein. This result is consistent with the findings from DSC and SEM in
this study.

a-0W
. b-100W
c-200W
d-300W
o5 e-400W
-500W
78 20
S
~—)
S 15 -
7]
)
Ay
10 1
5 -
0 T T T T ) _'
0 500 1000 1500 2000

Particle size (nm)
Figure 1. Particle size distribution of EWP treated at different powers.

3.2. Structural Properties of EWP
3.2.1. FT-IR Spectroscopic Analysis

The study of the secondary structure information of EWP treated with different
microwave powers and vacuum drying was performed using FT-IR. Changes in the peak
position of amides I (1700-1600 cm '), II (1530-1550 cm 1), and III (1260-1300 cm~1)
indicate the transformation of protein structures [29]. The structure of the protein molecule
determines its function. Analysis of peak position changes in Figure 2 showed that the
amide I band of EWP powder treated with 300 W was red-shifted in the direction of a
high wave number compared to the other power levels of the EWP amide I band. The
intensity of the OH absorption peak gradually increased with increasing power, and when
the power reached 500 W, the intensity of the absorption peak decreased. This was likely
due to excessive power causing OH to fracture. The results indicated that the microwave
drying power caused a shift change in the peak position of the secondary structural unit
composition in the protein molecule.

As shown in Table 2, with the increase in microwave power, the content of each
composition in the secondary structure changed significantly. The content of the secondary
structure can be analyzed by combining the peak width and peak intensity of the amide
band in the Fourier-transform infrared spectrum. With the increase of power, the relative
content of a-helix significantly increased and reached the maximum value of 29.90% at
200 W, followed by a gradual decrease. When the power increased from 400 W to 500 W,
the relative content of x-helix significantly decreased by 12.54% (p < 0.05). As the power
increased from 100 W to 200 W, the relative content of the 3-sheet decreased. From 200 W
to 400 W, the content increased, but it decreased significantly from 400 W to 500 W. The
relative content of 3-fold reached the maximum value of 42.27% at 400 W (p < 0.05). The
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hydrogen bond between the carbonyl and amino groups of the polypeptide chain is the
main force to maintain the stability of the o-helix [30]. The reason for this phenomenon
may be that the temperature in the drying chamber increased with the increase in power
during microwave drying, and the molecular structure unfolded, destabilizing the alpha-
helix structure and leading to a decrease in the ratio. When the microwave power was
500 W, the o-helix content secondary structure of the egg protein powder dropped to the
lowest. The reason for this may be due to the high microwave power and radiation energy,
resulting in a non-spiral phenomenon in the EWP powder. The effect of microwave power
300 W on EWP powder 3-fold content increased significantly. The reason may be that the
proper microwave power radiation makes the protein structure more diffused, resulting in
a [3-rotation angle of transformation and the structure increased [31]. The unfolding of the
protein structure facilitates the exposure of the groups wrapped inside the protein molecule
and the enhancement of the surface activity, thus improving its emulsification properties.
This was in line with the previous section where EAI and ESI were maximum when the
power was 300 W.

Amide [

OH™
P T T T TR N S T

4000 3500 3000 2500 2000 1500 1000 500

Wave number/cm!

Figure 2. The FI-IR curves for different power.

Table 2. Secondary structure content of EWP powder with different microwave treatments.

l\;ljlocvr:)evl\‘r/ize Secondary Structure Content/%
a-helix B-fold [-rotation angle  Irregularconvolution

0 37.19 +0.022 32.71 +£0.02f 15.67 + 0.04 ¢ 1427 +£0.01 f
100 28.28 + 0.01 40.81 + 0.04°¢ 11.89 + 0.04 d 18.10 £ 0.03 ¢
200 29.90 + 0.04 P 33.29 +0.03© 19.44 +0.02 17.34 £0.02¢
300 28.79 4+ 0.03 ¢ 4158 +0.01° 25.83 4+ 0.03 2 18.21 + 0.07°
400 26.75 £ 0.01 ¢ 4227 4+ 0.052 1147 +£0.04f 17.51 +0.03 d
500 1621 £0.02f 38.71 +0.024 1152 £ 0.05¢ 19.25 £ 0.012

All the data are expressed as mean + SD, and the letters within the same line denote significant differences

(p < 0.05).
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3.2.2. SDS-PAGE Analysis

The main proteins in egg white protein are ovalbumin (45 kDa), ovotransferrin
(72-90 kDa), and lysozyme (11-17 kDa). As can be seen from Figure 3, most of the bands in
each lane of the A, B, and C plots appeared at 75 kDa, 43 kDa, and 16 kDa. This indicated
that no significant changes in the primary structure of EWP in terms of protein number
were found after the EWP was freeze-dried by microwave vacuum. The reason for this
may be that the microwave vacuum freeze-drying treatment could not destroy the peptide
structure of EWP. The color of the MFD band around 245 kDa was darker than that of
the FD band, indicating that EWP tended to aggregate after microwave treatment, and a
certain degree of aggregation was beneficial for gel properties. The lysozyme content in
EWP was lower at 100 W and 500 W compared to other powers. The reason for this was a
long heating time at low power and the high heat temperature of the egg white protein at
high power, resulting in the denaturation and aggregation of EWP lysozyme. This was also
responsible for the reduced emulsification of egg white powder.

M MFD FD

M P, P, P3 Py Ps 245
. _Hem-

-~ 1 v
= - <
o—
"

v 43 —
[ -
—
oud 25 -

11 — -

Figure 3. SDS-PAGE of egg white powder protein with different microwave power. M is the standard
protein. Py to P5 are EWP powders treated at 0 W, 100 W, 200 W, 300 W, 400 W, and 500 W, respectively.
MFD is Py, and FD is Pj.

3.2.3. SEM Analysis

By comparing the micrographs shown in Figures 4A and 5a, we found that the EWP
powder structure was relatively regular and dense with fine local pores and a surface full of
particles of uneven size (x2000), and the pore and particle distribution was uneven (x5000)
under 100 W treatment. As the power increased, the pores became denser, the structure
became more uniform, and the surface particles decreased. However, at higher powers
(400 W and 500 W), the structure became uneven, with larger pores and more surface
particles. This may be due to enhanced protein interactions resulting from the frictional
effect of polar molecules at overpowered microwave treatment. However, by examining all
ten figures, we observed that at 300 W, the pore structure was more uniform and regular.
This is consistent with the finding that the average particle size was the smallest and the
absolute value of the zeta potential was the largest at 300 W, indicating a more stable system.
The molecular flexibility of protein molecules [32] may be responsible for this phenomenon,
as it makes them more likely to unfold and change shape under appropriate microwave
irradiation. Overall, suitable microwave irradiation could enhance the cross-linking of
protein powder, which contributes to a more stable structure.
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H D44 x20k  30um HL D53 x2.0k  30um

HL D52 x20k  30um

HM D45 x20k  30um

HL D51 x20k 30pm

Figure 4. SEM of EWP powder after different microwave treatment (x2000).
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HM D4.1 x5.0k 20 um TV D3O x5 0K 20

HM D4.0 x5.0k

HM D4.0 x5.0k 20 um HM D3.7 x5.0k 20 pm

Figure 5. SEM of EWP powder after different microwave treatment (x5000).

3.2.4. Endogenous Fluorescence Spectroscopy Analysis

Endogenous fluorescence spectra can determine protein conformational changes and
reflect changes in side chains by analyzing spectral changes. The endogenous fluorescence
of proteins mainly originates from tryptophan which is more sensitive to microenviron-
mental changes. The surface-exposed tryptophan residues of proteins can act as surfactants
during the emulsification process, reducing interfacial tension and stabilizing emulsions,
which is closely related to the emulsifying properties of proteins [33]. Figure 6 shows the
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effect of different microwave treatments on the endogenous fluorescence of EWP powder.
As the microwave power increased, the fluorescence intensity gradually decreased. The
maximum fluorescence intensity at 500 W was 190.54 compared to 229.93 at 100 W, a
decrease of 13.92%. Amax shifted blue from 343.07 nm to 330 nm. This might be due to
the polymerization precipitation of protein molecules by high microwave power so that
the Trp residues exposed on the surface of protein molecules were wrapped inside the
protein [34]. When the power was 500 W, the fluorescence intensity decreased. Combined
with the results of scanning electron microscopy and the increase in average particle size, it
was found that EWP had undergone aggregation.

a-0W
2751 b-100W
250 c-200W
225 L d-300W
e-400W
> -
= 200 £-500W
§175
E
5 150
§ 125
= 100 \
E N
50
25+

0
310 320 330 340 350 360 370 380 390 400
Wavelength/nm

Figure 6. The FS curves for different power. a. 0 W, b. 100 W, c. 200 W, d. 300 W, e. 400 W, and
f. 500 W.

3.2.5. DSC Analysis

DSC is commonly used in the thermodynamic study of the thermal denaturation pro-
cess of proteins. The thermal denaturation process occurs when a protein absorbs energy by
heat, hydrogen bonds break, and the protein molecule unfolds into a disordered structure.
The peak temperature (Tp) represents the degree of thermal stability and aggregation of
the protein. The size of the enthalpy (AH) usually reflects the change in protein structure;
the lower the enthalpy, the more complete the unfolding of the protein structure.

As shown in Figure 7, the peak temperature of egg white protein increased and then
decreased with increasing power, with insignificant changes between 100 W and 300 W.
The decrease in peak temperature between 400 W and 500 W indicated that the protein
molecules are more sensitive to heat. The enthalpy value of egg white protein significantly
decreased with the increase of power, reaching the minimum value of 245.70 ] /g at 300 W,
and then increased with the further increase of power. The decrease in enthalpy indicated
that the degree of protein denaturation increased with increasing power, the side chains of
the protein structure unfolded, and the gel hardness increased. It indicated that the protein
molecules unfolded most completely at this time, the «-helix structure was destroyed, the
sulfhydryl groups inside the molecules were exposed, and the surface hydrophobicity
increased [35]. The increase in enthalpy between 400 W and 500 W may be due to the
high drying efficiency and short drying time, where protein molecules do not unfold
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significantly and more energy is required for structural stabilization. It may be due to
the high temperature at the end of drying, where non-covalent bonding between protein
molecules aggregates, resulting in higher energy requirements. Zehra et al. [36] found that
microwave treatment had a significant impact on the physicochemical properties of carob
flour. They found that the total phenolic content, total antioxidant activity, browning index,
and UV absorption of carob flour increased.

U771 Peak temperature

[ | Enthalpy value
300 - 300
de d =

250 - = * f 250
%) =
E )
E 200 - 200 =
=
g >
Z

é‘ 150 - 150
g g
=< c be ab =
ef f =

é 100 7_ ;%7 - 100

50 - - 50
0 T T T T T 0
0 100 200 300 400 500
Microwave/W

Figure 7. Effect of microwave power on thermodynamic properties of EWP. Different letters indicate
a significant difference at a 95% confidence level.

3.2.6. TPA Analysis

As can be seen from Table 3, the emulsion gel hardness of EWP increased and then
decreased as the microwave power increased. When the microwave power was increased
to 300 W, the emulsion gel hardness of EWP reached a maximum value of 369.62 +=4.19 g
and was significantly different compared to other powers (p < 0.05). The emulsion gel
hardness of EWP was 353.55 + 3.92 g and 289.46 £ 5.34 g at 400 and 500 W, respectively,
which was significantly lower than that at 300 W. As the power increased, the bonding
force and chewiness both tended to increase and then decrease. The change in bonding
force was not significant, while the change in chewiness was significant (p < 0.05). The
resilience decreased and then increased with increasing power and did not change sig-
nificantly between 200 W and 300 W. The interaction between non-covalent bonds is the
key to maintaining the spatial structure of protein molecules. An increase in microwave
power increases the temperature at the end of drying; the greater the degree of molecular
unfolding, the easier the inter-molecular aggregation reactions, facilitating the formation of
a regular protein network structure, thus contributing to the increase in the hardness of the
EWP emulsion gel. Appropriate microwave power treatment of EWP emulsion gels can
enhance their gel hardness, viscoelasticity, and chewiness and reduce their water loss. Jiang
et al. [37] found that microwave heating promotes glycosylation of x-lactalbumin, resulting
in higher levels of browning, free amino groups, and reaction rates. The glycosylation
products showed increased surface hydrophobicity, antioxidant capacity, and x-glucosidase
inhibitory activity. This facilitates subsequent product development regarding EWP.
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Table 3. Effect of microwave power on texture characteristics of egg white powder.

Microwave Hardness/g Adhesiveness Chewiness Resilience Water Looss
Power/w Rate/%
0 307.28 £247¢  0.689 +£0.02°  201.271+287°  0.076+0.002° 3421 +0.07°
100 22657 +4.44F  0733+003b 15733442159  0.077£0.001* 3643 +£0.082
200 299.77 £5.01¢  0751£0.02° 176342 £544°¢  0.067 £0.003¢  31.07£0.10¢
300 369.62 £4.19* 0764 +£0.032 220.737 £3.312 0.064 +0.002 f 29.14 +0.09 f
400 35355 +£3.92> 0740024 152583 +4.13¢  0.069 +£0.001¢ 2967 £0.11°
500 289.46 +5.34 ¢ 0.675 +£0.01 114.847 +251f  0.072 £0.002¢ 33.92 £ 0.07 ¢
All the data are expressed as mean + SD, and the letters within the same line denote significant differences
(p <0.05).

3.2.7. Correlation Analysis

According to Figure 8, EAI was positively correlated with hardness and negatively
correlated with viscoelasticity and water loss, with correlation coefficients of 0.99, —0.89,
and —0.96, respectively. ESI was negatively correlated with the average particle size but
positively correlated with the zeta potential, x-helix folding, and thermal denaturation
temperature, with correlation coefficients of —0.97, 0.74, 0.71, and 0.91, respectively. As
the ESI increased, the zeta potential decreased, and the greater the absolute value of the
zeta potential, the higher the stability and thermal stability of the system. The emulsifying
properties and internal structural changes of EWP were closely related.
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EAI 0.20 -0.38 0.60 0.055 0.14 -0.22 0.99 0.084 040 -0.89 -0.96
0. 80
ESI -0.97 0.74 071 -0.14 091 028 099 096 -0.56 -0.40
Particle size \ -0.85 -0.72 -0.059 -0.79 -0.47 -0.93 -1.00 0.65 0.55 0. 60
Zeta potential ’ ’\ 0.82 0.18 0.47 0.67 0.71 0.86 -0.69 -0.77 - 0. 40
a-helix ’ \ , 0.020 0.67 0.14 0.77 0.70 -0.24 -0.31 o, 20
B-fold -0.27 026 -0.19 0.072 0.15 -0.052
— 0.0
peak temperature / \ ’ -0.15 095 0.77 -0.19 0.0061
— —0. 20
Hardness / . ’ 0.16 0.49 -0.88 -0.96
Adhesiveness /\ ’ , / 0.92  -0.45 -0.31 — —0.40
Chewiness / \ / ’ ’ / -0.67  -0.57 ~0. 60
Resilience \ ‘ ’ ‘ \ . ‘ 0.94
—0. 80
‘Water loss rate \ \ \ ‘ ’
& o -1.0
Q?} 519 & s ° é@"’e o‘"p &
¢ o & NN
L & < & & ¢ & X

Figure 8. Correlation between emulsifying properties and structural characteristics changes of EWP.
The ellipse represents the degree of correlation.

4. Conclusions

Through SDS-PAGE, we found that microwave vacuum freeze-drying did not break
down the peptide structure of EWP, but it had an effect on the secondary structure and
could make the porous structure of EWP more uniform and regular. When the microwave
power was 300 W, the average particle size of the protein powder emulsion was the smallest,
and the absolute value of the zeta potential was the largest. The emulsion gel made from
EWP was the hardest and had the best chewiness and viscoelasticity. The microstructure of
the powder was looser, the thickness of the emulsion droplets was more uniform, and the
thermal stability was greater at 300 W. Microwave vacuum freeze-drying had a significant
impact on the emulsification properties of EWP powder. Increasing the microwave power
changed the molecular conformation of the protein, which affected the emulsification



Foods 2023, 12,1792 14 0of 15

activity and emulsion stability of the powder. However, when the microwave power
was too high, the interaction between the proteins was enhanced, and the proteins were
less stretched, making the protein structure rougher and less homogeneous. The droplet
diameter of the emulsion was larger and less stable. Therefore, treatment with 300 W
microwave power can improve the emulsification properties and system stability of EWP
powder. The correlation analysis showed that there was a significant correlation between
the emulsification properties and structural characteristics of EWP. This study can provide
a reference for the production of EWP powder using microwave vacuum freeze-drying.

Author Contributions: Conceptualization, L.L. and S.C.; methodology, K.S.; software, K.S.; valida-
tion, L.L., W.C. and B.X.; formal analysis, K.S.; investigation, X.P.; resources, X.Z.; data curation,
K.S.; writing—original draft preparation, K.S.; writing—review and editing, L.L.; visualization, L.L.;
supervision, L.L.; project administration, L.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the 2021 Luoyang Social Development Special Project (No.
2101021A), Major science and technology projects in Henan Province (No. 221100110500), Leading
Talent Program for Science and Technology Innovation in Central China (234200510020) and National
Key Ré&D Program of China (No. 2022YFF1101600).

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare that they do not have any conflict of interest.

References

1.  Xue, H,; Liu, H,; Zhang, G.; Tu, Y.; Zhao, Y. Formation mechanism of salted egg yolk mudding during storage: Protein oxidation,
gel structure, and conformation. Food Chem. 2023, 413, 135632. [CrossRef] [PubMed]

2. Liu,J,; Luo, D; Li, X,; Xu, B.; Zhang, X.; Liu, J. Effects of inulin on the structure and emulsifying properties of protein components
in dough. Food Chem. 2016, 210, 235-241. [CrossRef] [PubMed]

3. Guan, J.J,; Zhang, T.B.; Hui, M.; Yin, H.-C.; Qiu, A.-Y.; Liu, X.-Y. Mechanism of microwave-accelerated soy protein isolate—
saccharide graft reactions. Food Res. Int. 2011, 44, 2647-2654. [CrossRef]

4. Yang, Y.; Li, J.; Su, Y,; Gu, L,; Yang, Y.; Chang, C. Composite emulsifying behavior of egg white protein and rhamnolipid:
Properties of the constructed high internal phase emulsions. Food Hydrocoll. 2022, 123, 106913. [CrossRef]

5. Sun,],; Liu, T;; Zhang, F; Huang, Y.; Zhang, Y.; Xu, B. Tea polyphenols on emulsifying and antioxidant properties of egg white
protein at acidic and neutral pH conditions. LWT 2022, 153, 112537. [CrossRef]

6. Yu, Y; Guan, Y,; Liu, J.; Hedi, W.; Yu, Y.;; Zhang, T. Molecular structural modification of egg white protein by pH-shifting for
improving emulsifying capacity and stability. Food Hydrocoll. 2021, 121, 107071. [CrossRef]

7. Wang, C;Li,J.; Li, X; Chang, C.; Zhang, M.; Gu, L.; Su, Y.; Yang, Y. Emulsifying properties of glycation or glycation-heat modified
egg white protein. Food Res. Int. 2019, 119, 227-235. [CrossRef]

8.  Duan, L.L,; Duan, X.; Ren, G.Y. Evolution of pore structure during microwave freeze-drying of Chinese yam. Int. |. Agric. Biol.
Eng. 2018, 11, 208-212. [CrossRef]

9.  Liu, L;Shi, S.; Zhang, Y.; Li, Y.; Guo, ].; Zhang, M. Effect of microwave freeze drying on moisture migration and gel characteristics
of egg white protein. ]. Food Process. Preserv. 2022, 46, €16899. [CrossRef]

10. Le, X.-N.; Hu, S.-C.; Zheng, J.-L.; Cui, E.L.; Zhu, Y.-H.; Zhu, M.-Q. The influence of different drying methods on bioactive
components of Eucommia ulmoides Oliver male flower and the comprehensive assessment for industrial application. Ind. Crops
Prod. 2022, 177, 114469. [CrossRef]

11.  Sun, X.; Ohanenye, I.C.; Ahmed, T.; Udenigwe, C.C. Microwave treatment increased protein digestibility of pigeon pea (Cajanus
cajan) flour: Elucidation of underlying mechanisms. Food Chem. 2020, 329, 127196. [CrossRef]

12.  Liu, L; Dai, X; Kang, H.; Xu, Y.; Hao, W. Structural and functional properties of hydrolyzed/glycosylated ovalbumin under
spray drying and microwave freeze drying. Food Sci. Hum. Wellness 2020, 9, 80-87. [CrossRef]

13. Dong, ], Yi, J,; Li, X; Duan, X,; Ren, G.Y,; Li, L.; Wang, ].L.; Han, X.Y.; Gao, Y. Effect of microwave vacuum freeze-drying on the
flavor of sauerkraut. Food Ferment. Ind. 2023, 2, 12. [CrossRef]

14. Ren, G.Y;; Zeng, FL.; Duan, X,; Liu, L.L.; Duan, B.; Wang, M.M.; Liu, Y.H.; Zhu, W.X. The Effect of Glass Transition Temperature
on the Procedure of Microwave-Freeze Drying of Mushrooms (Agaricus bisporus). Dry. Technol. 2015, 33, 169-175. [CrossRef]

15. Fan, L.; Ding, S.; Liu, Y.; Ai, L. Dehydration of crude protein from Ginkgo biloba L. by microwave freeze drying. Int. ]. Biol.
Macromol. 2012, 50, 1008-1010. [CrossRef] [PubMed]

16. Vanga, S.K.; Wang, J.; Raghavan, V. Effect of ultrasound and microwave processing on the structure, in-vitro digestibility and
trypsin inhibitor activity of soymilk proteins. LWT 2020, 131, 109708. [CrossRef]

17.  Cao, H.; Zhu, H.; Wang, Q.; Fan, D.; Huang, J.; Zhao, J.; Jiao, X.; Yan, B.; Zhou, W.; Zhang, H. Intervention on activity and

structure of cathepsin L during surimi gel degradation under microwave irradiation. Food Hydrocoll. 2020, 103, 105705. [CrossRef]


https://doi.org/10.1016/j.foodchem.2023.135632
https://www.ncbi.nlm.nih.gov/pubmed/36745943
https://doi.org/10.1016/j.foodchem.2016.04.001
https://www.ncbi.nlm.nih.gov/pubmed/27211643
https://doi.org/10.1016/j.foodres.2011.05.015
https://doi.org/10.1016/j.foodhyd.2021.106913
https://doi.org/10.1016/j.lwt.2021.112537
https://doi.org/10.1016/j.foodhyd.2021.107071
https://doi.org/10.1016/j.foodres.2019.01.047
https://doi.org/10.25165/j.ijabe.20181106.4250
https://doi.org/10.1111/jfpp.16899
https://doi.org/10.1016/j.indcrop.2021.114469
https://doi.org/10.1016/j.foodchem.2020.127196
https://doi.org/10.1016/j.fshw.2020.01.003
https://doi.org/10.13995/j.cnki.11-1802/ts.034144
https://doi.org/10.1080/07373937.2014.942912
https://doi.org/10.1016/j.ijbiomac.2012.02.027
https://www.ncbi.nlm.nih.gov/pubmed/22405845
https://doi.org/10.1016/j.lwt.2020.109708
https://doi.org/10.1016/j.foodhyd.2020.105705

Foods 2023, 12,1792 150f 15

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Katidi, A.; Xypolitaki, K.; Vlassopoulos, A.; Kapsokefalou, M. Nutritional Quality of Plant-Based Meat and Dairy Imitation
Products and Comparison with Animal-Based Counterparts. Nutrients 2023, 15, 401. [CrossRef]

Xu, D;; Liu, L,; Ren, G.Y.; Zhu, W.X. Microwave Freeze Drying of Type I Collagen from Bovine Bone. Dry. Technol. 2013, 31,
1701-1706. [CrossRef]

Wang, J.; Zhao, M.; Yang, X,; Jiang, Y. Improvement on functional properties of wheat gluten by enzymatic hydrolysis and
ultrafiltration. J. Cereal Sci. 2006, 44, 93—-100. [CrossRef]

Xue, X.; He, H;; Liu, C.; Han, Y.; He, J.; Zhou, J.; Guo, X.; Wang, J.; Cheng, J. Effects of zein modifying polar amino acids as surface
stabilizers on the emulsification stability of milk cream diacylglycerol. LWT 2022, 165, 113676. [CrossRef]

Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 1970, 227, 680-685.
[CrossRef]

Zhao, Z.; Shi, T.; Chu, Y.; Cao, Y.; Cheng, S.; Na, R.; Wang, Y. Comparison of the interactions of flupyrimin and nitenpyram with
serum albumins via multiple analysis methods. Chemosphere 2022, 289, 133139. [CrossRef] [PubMed]

Liu, L.; Zhang, X.; Zhang, M.; Zhang, M.; Cheng, W.; Xu, B. Effect of Catechin on Yolk Immunoglobulin Structure and Properties:
A Polyphenol-Protein Interaction Approach. Foods 2023, 12, 462. [CrossRef]

Han, T.; Li, EG.; Li, C. Preparation and properties of emulsion gels based on glucomannan and gelatin. J. Food Saf. Qual. Test.
2022, 13, 7524-7529.

Yalcin, E.; Sakiyan, O.; Sumnu, G.; Celik, S.; Koksel, H. Functional properties of microwave-treated wheat gluten. Eur. Food Res.
Technol. 2008, 227, 1411-1417. [CrossRef]

Yan, B.; Jiao, X.; Zhu, H.; Wang, Q.; Huang, J.; Zhao, J.; Cao, H.; Zhou, W.; Zhang, W.; Ye, W.; et al. Chemical interactions involved
in microwave heat-induced surimi gel fortified with fish oil and its formation mechanism. Food Hydrocoll. 2020, 105, 105779.
[CrossRef]

Schmitt, C.; Bovay, C.; Vuilliomenet, A.M.; Rouvet, M.; Bovetto, L.; Barbar, R.; Sanchez, C. Multiscale characterization of
individualized f-lactoglobulin microgels formed upon heat treatment under narrow pH range conditions. Langmuir 2009, 25,
7899-7909. [CrossRef]

Matheis, G. Phosphorylation of food proteins with phosphorus oxychloridea improvement of functional and nutritional properties:
A review. Food Chem. 1991, 39, 13-26. [CrossRef]

Li, X,; Liu, T.; Song, L.; Zhang, H.; Li, L.; Gao, X. Influence of high-molecular-weight glutenin subunit composition at Glu-A1 and
Glu-D1 loci on secondary and micro structures of gluten in wheat (Triticum aestivum L.). Food Chem. 2016, 213, 728-734. [CrossRef]
[PubMed]

Barth, A. Infrared spectroscopy of proteins. Biochim. Biophys. Acta Bioenerg. 2007, 1767, 1073-1101. [CrossRef]

Singh, H. Aspects of milk-protein-stabilised emulsions. Food Hydrocoll. 2011, 25, 1938-1944. [CrossRef]

Teng, Y.T.; Freire, P.; Zamora, A.; Castillo, M. Tryptophan front-face fluorescence and functional properties of whey: A preliminary
study. LWT 2022, 163, 113589. [CrossRef]

Wang, Z.; Li, Y,; Jiang, L.; Qi, B.; Zhou, L. Relationship between Secondary Structure and Surface Hydrophobicity of Soybean
Protein Isolate Subjected to Heat Treatment. J. Chem. 2014, 2014, 1-10. [CrossRef]

Bai, X,; Shi, S.; Kong, B.; Chen, Q.; Liu, Q.; Li, Z.; Wu, K,; Xia, X. Analysis of the influencing mechanism of the freeze-thawing
cycles on in vitro chicken meat digestion based on protein structural changes. Food Chem. 2022, 399, 134020. [CrossRef] [PubMed]
Gunel, Z.; Torun, M.; Sahin-Nadeem, H. Sugar, D-pinitol, Volatile Composition, and Antioxidant Activity of Carob Powder
Roasted By Microwave, Hot Air, and Combined Microwave/hot Air. J. Food Process. Preserv. 2020, 44, e14371. [CrossRef]

Jiang, Z.; Yu, H.; Chen, W.; Gantumur, M.-A; Bilawala, A.; Hou, J.; Wang, H. Comparisons of characteristics, kinetics and
biological activities of glycosylated a-lactalbumin produced by microwave and conventional heating. LWT 2021, 151, 112111.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/nu15020401
https://doi.org/10.1080/07373937.2013.793704
https://doi.org/10.1016/j.jcs.2006.04.002
https://doi.org/10.1016/j.lwt.2022.113676
https://doi.org/10.1038/227680a0
https://doi.org/10.1016/j.chemosphere.2021.133139
https://www.ncbi.nlm.nih.gov/pubmed/34863729
https://doi.org/10.3390/foods12030462
https://doi.org/10.1007/s00217-008-0860-8
https://doi.org/10.1016/j.foodhyd.2020.105779
https://doi.org/10.1021/la900501n
https://doi.org/10.1016/0308-8146(91)90081-X
https://doi.org/10.1016/j.foodchem.2016.07.043
https://www.ncbi.nlm.nih.gov/pubmed/27451241
https://doi.org/10.1016/j.bbabio.2007.06.004
https://doi.org/10.1016/j.foodhyd.2011.02.022
https://doi.org/10.1016/j.lwt.2022.113589
https://doi.org/10.1155/2014/475389
https://doi.org/10.1016/j.foodchem.2022.134020
https://www.ncbi.nlm.nih.gov/pubmed/36037694
https://doi.org/10.1111/jfpp.14371
https://doi.org/10.1016/j.lwt.2021.112111

	Introduction 
	Materials and Methods 
	Material 
	Preparation of Microwave Vacuum Freeze-Dried (100~500 W) EWP Powder 
	Preparation of EWP Emulsions 
	Determination of Emulsification Activity Index (EAI) and Emulsion Stability Index (ESI) 
	Zeta Potential Determination 
	Particle Size Determination 
	Fourier Infrared Spectroscopy (FT-IR) 
	Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
	Scanning Electron Microscopy (SEM) Analysis 
	Endogenous Fluorescence Spectroscopy Analysis 
	Differential Scanning Calorimetry (DSC) Analysis 
	Texture Profile Analysis (TPA) Analysis 
	Statistical Analysis 

	Results 
	EWP Emulsification Properties Analysis 
	Structural Properties of EWP 
	FT-IR Spectroscopic Analysis 
	SDS-PAGE Analysis 
	SEM Analysis 
	Endogenous Fluorescence Spectroscopy Analysis 
	DSC Analysis 
	TPA Analysis 
	Correlation Analysis 


	Conclusions 
	References

