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Abstract: To investigate the effect of glucose on the protein structure, physicochemical and processing
properties of liquid whole eggs (LWE) under homogenization, different concentrations of glucose
(0.01, 0.02, 0.04, 0.08 g/mL) were added into LWE, followed by homogenizing at different pressures
(5, 10, 20, 40 MPa), respectively. It was shown that the particle size and turbidity of LWE increased
with the increase in glucose concentration while decreasing with the increase in homogenization
pressure. The protein unfolding was increased at a low concentration of glucose combined with
homogenization, indicating a 40.33± 5.57% and 165.72± 33.57% increase in the fluorescence intensity
and surface hydrophobicity under the condition of 0.02 g/mL glucose at 20 MPa, respectively.
Moreover, the remarkable increments in foaming capacity, emulsifying capacity, and gel hardness
of 47.57 ± 5.1%, 66.79 ± 9.55%, and 52.11 ± 9.83% were recorded under the condition of 0.02 g/mL
glucose at 20 MPa, 0.04 g/mL glucose at 20 MPa, and 0.02 g/mL glucose at 40 MPa, respectively.
Reasonably, glucose could improve the processing properties of LWE under homogenization, and
0.02 g/mL–0.04 g/mL and 20–40 MPa were the optimal glucose concentration and homogenization
pressure. This study could contribute to the production of high-performance and stable quality
of LWE.

Keywords: liquid whole eggs; glucose; homogenization; processing property; functional properties;
protein structure; particle size distribution; turbidity; protein analysis; protein unfolding-aggregation

1. Introduction

Liquid eggs are a type of egg product served in liquid form by removing the eggshell,
which are generally homogenized and pasteurized before being packaged. Compared
with traditional shell eggs, liquid eggs show the strengths of high safety, convenience,
and compound diversity [1,2]. Liquid whole eggs (LWE) are a type of liquid egg, and
they are mostly used in the raw material supply of bakery products. Meanwhile, the
pleasant taste of processed foods benefits from the promising and diversified processing
properties of LWE [3]. In industrial production, homogenization has almost become
a must for egg product manufacturers. LWE may contain sedimentation of heavy or
coagulated particles after pasteurization. The particles and fat globules can be ruptured by
homogenization and a more stable LWE with a uniform composition could be produced [4].
Additionally, studies have proved that homogenization could increase the foaming capacity
of liquid eggs and prevent decomposition during storage in egg products [5]. When
the fluid is being homogenized, liquids are propelled to pass through a cabined valve.
The structure and physicochemical properties of proteins were potentially modified by
the shear force and rising temperature [6,7], and the protein unfolding and aggregation
occurred frequently [8,9].

According to different product requirements, sugars, salts, and/or other ingredients
are added to the LWE. Previous studies have shown the addition of sugars might have
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an impact on the interactions, such as hydrophobic and electrostatic interactions between
proteins and other molecules [10]. Glucose, one of the simplest monosaccharides, is widely
found in various processed and unprocessed foods. It is also the most abundant sugar in
egg whites, accounting for 98% of their carbohydrates [11]. The temperature rises during
homogenization, creating favorable conditions for the Maillard reaction between glucose
and proteins [12]. In addition, there are many hydrogen bonds in the secondary structures
of proteins. As a typical polyhydroxy aldose, glucose may interact with egg proteins
through hydrogen bonds during homogenization, thus affecting protein structure [13,14].
How to generate high-performance and stable-quality products is an urgent issue in LWE
production. Actually, a considerable number of studies have proved that processing
properties are closely related to the structure and physicochemical properties of food
proteins [12,15]. In this study, the effect of glucose on the quality of LWE under the
homogenization conditions of industrial production was studied. Glucose was added
according to the common requirements of enterprises; the amounts were 0.01, 0.02, 0.04, and
0.08 g/mL, respectively. LWE was homogenized under different pressures (5, 10, 20, and
40 MPa), which were simulated the conditions of industrial production. All measurements
were repeated in triplicate and a multivariate ANOVA with SPSS software was performed.
This study aimed to optimize the glucose addition and homogenization conditions so as to
provide scientific and theoretical information for liquid egg manufacturers.

2. Materials and Methods
2.1. Materials

Fresh chicken eggs were procured from a supermarket named Wang Zhong Wang
(Lao Nan Gou, Nanchang, Jiangxi, China). Glucose was purchased from XiLong Scientfic
Co., Ltd. (Guangzhou, Guangdong, China). Phosphate buffered saline (PBS), sodium
dodecyl sulfate (SDS), tris-(hydroxymethyl)-aminomethane (Tris), and ethylene diamine
tetraacetic acid (EDTA) were obtained from Beijing Solarbio Technology Co., Ltd. (Beijing,
China). Bovine serum albumin (BSA), 8-Anilino-1-naphthalenesulfonic acid (ANS) and 5,5′-
Dithiobis-(2-nitrobenzoic acid) (DTNB) were obtained from Sigma Chemicals, (St. Louis,
MO, USA). Coomassie brilliant blue G250 was supplied from Wuhan Seville Biological
Technology co., ltd. (Wuhan, Hubei, China). The vegetable oil was procured from COFCO.
ELISA plates were purchased from Shenzhen Jin Can Hua Industrial Co., Ltd. (Shenzhen,
Guangdong, China).

2.2. Sample Preparation

Fresh chicken eggs were washed first and then removed the eggshells. The LWE was
collected and stirred magnetically at 300–500 r/min for 30 min, followed by filtering to re-
move egg ribbons. Glucose with different concentrations (0.01 g/mL, 0.02 g/mL, 0.04 g/mL,
and 0.08 g/mL) were added into the LWE, respectively, followed by pouring into a homog-
enizer and homogenizing for 45 s at 5 MPa, 10 MPa, 20 MPa, and 40 MPa, respectively.

2.3. Turbidity Measurement

Turbidity could be used to investigate the protein aggregation in samples. The turbid-
ity was measured according to the method of Liu et al. [16] with some modifications. The
samples were diluted using 0.01 mol/mL PBS (pH = 7.4) to a ratio of 1:200. Then, 200 µL of
diluted sample was added into each well of a 96-well microtiter plate, and the absorbance
was measured at 600 nm.

2.4. Particle Size Measurement

Particle size can be used to explore the distribution of particles in liquid samples. The
measurement of particle size was on the bases of the methods of Maghamian et al. [17]
and conducted by a Malvern Mastersizer 3000 (Malvern Instruments Ltd., Worcestershire,
UK). The obscuration range was 10–15%. The particle size was indicated as the droplet
volume-average diameter D[4,3]:
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D[4, 3] = ∑i nid4
i / ∑i nid3

i (1)

The di is the diameter of the droplet and ni is the amount. The changing regularity of
particle size was calculated according to the drawn particle size distribution diagram.

2.5. Solubility Determination

Solubility is one of the important characteristics of egg production, which impacts
the processing properties of proteins. The measurement of protein solubility was mod-
ified according to the method of Wu [8]. Coomassie brilliant blue method was used to
determine the protein concentration in samples before and after centrifugation. Uncen-
trifuged samples were diluted with PBS at a ratio of 1:1000 (v/v), the supernatant of the
centrifuged samples (for 4 min at 10,000× g and 4 ◦C) were diluted by the same method.
Similarly, 20 µL uncentrifuged (A0) and centrifuged sample (A1) were separately mixed
with 200 µL Coomassie Brilliant Blue G-250 solution. Finally, they were kept in the dark-
ness for 10 min, followed by measuring their absorbances at 595 nm. The solubility was
identified by the ratio of the protein concentration in supernatant before (A0) and after the
centrifugation (A1).

2.6. Intrinsic Fluorescence Spectroscopy Determination

The chromophores on aromatic amino acid residues such as tryptophan and tyro-sine
were particularly sensitive to changes in environmental polarity. The intrinsic fluorescence
spectroscopy could show the tertiary structure change process of protein [18]. The sample
was diluted to 1 mg/mL by PBS (1:120) and its fluorescence intensity was scanned under
the following conditions: excitation and emission wavelengths were separately 250 nm and
270–400 nm, light step 1 nm, test time for 200 ms, slit width 5 nm.

2.7. Surface Hydrophobicity Determination

Surface hydrophobicity is closely related to foaming and emulsifying properties of
proteins. The determination of surface hydrophobicity was performed by the method
described by Mir [19]. The sample was diluted to 1 mg/mL by PBS (1:120). Then 200 µL
of the sample and 40 µL of 5 mM ANS solution were mixed in 96-well microtiter plates
at room temperature, followed by detecting the fluorescence intensity after the mixture
were placed in the dark for 1 h. The excitation wavelength was 350 nm and the emission
wavelength range was 400~700 nm, where the scan speeds, the optical path. the slit width
and the response time were 120 nm/min, 1 cm, 5 nm, and 0.5 s, respectively.

2.8. Free Sulfhydryl Content Determination

Free sulfhydryl content could be used for investigating the changes in protein structure.
The free sulfhydryl content was measured using the methods of Zhang [20] with some
modifications. A total of 500 µL sample was evenly dispersed in 5 mL SDS-Tris-Gly buffer.
Then, 4 mL of the prepared sample was mixed with 40 µL of Ellman reagent (0.04 g
DTNB, 10 mL Tris-Gly buffer), followed by being kept in darkness for 30 min, and it was
centrifugated for 20 min (8000× g, 4 ◦C). The free sulfhydryl content was calculated by
Formula (2). The SDS-Tris-glycine buffer was the blank control.

Free sulfhydryl content: SH (µmol/g) = 75.53 × A412 × D/C (2)

75.53 was calculated from unit conversion (106/1.36 × 104 mol/L−1·cm−1), C is the
concentration of protein sample, the unit is mg/mL, A412nm = absorbance of sample added
Ellman reagent-absorbance of the sample without Ellman reagent, D is the dilution factor
of the sample, D = 10, C = 10.

2.9. Foaming Properties

The foaming properties were measured according to the previous study with some
modifications [21,22]. The 4 mL sample was diluted with 36 mL PBS buffer (0.01 M). The
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diluted samples were poured into the same measuring cylinder and the foam heights before
and after being whisked at 10,000× g for 30 s were recorded. Continue standing for 30 min,
the foam height H2 was measured. The tests were repeated in triplicate.

Foaming capacity, FC = (H1 − H2)/H0×100% (3)

H0 is the original height of the sample before stirring.
H1 is the starting height of foam after stirring.

Foaming stability, FS = H2/H1×100% (4)

H2 is the foam height after stirring for 30 min.

2.10. Emulsifying Properties

The emulsifying properties were determined using the method described by Mozafar-
pour [23]. The samples were diluted with PBS to 10% (v/v). Vegetable oil was added at a
ratio of 3:1 (v/v), and the samples were agitated by the high-speed disperser for 2 min at
8000× g. In total, 50 µL of the sample pipetted from the bottom of the container was mixed
in 5 mL of 0.1% SDS to obtain the emulsion. In total, 200 µL of the emulsion was added
to each well in a 96-well microtiter plate, and the absorbance measured at 500 nm wave-
length was expressed as A0. Then the sample was let stand for 10 min and the absorbance
measured at 500 nm wavelength was expressed as A10. The emulsifying activity index and
emulsifying stability index are calculated according to the following formula:

emulsifying activity index, EAI =
2× 2.303×A0 ×D
(1−ϕ)×C× 104 (5)

C represents the sample concentration before emulsification (g/mL). ϕ represents the
oil volume fraction of the emulsion (v/v), where it is 0.25. D is the dilution factor.

emulsifying stability index, ESI =
A10

A0
×100% (6)

A0 is the absorbance measured at 500 nm 0 min after emulsification.
A10 is absorbance measured at 500 nm 10 min after emulsification.

2.11. Gelling Properties

LWE samples were made into thermal-denatured gels by water bath heating for 30 min
at 90 ◦C. The hardness of the gel was determined by using a universal TA. XT plusC Texture
Analyser (Stable Micro Systemsc Ltd., Godalming, Surrey, UK). Each gel was compressed
twice to half of its original height at a crosshead speed of 1 mm/s with a trigger point load
of 5 g, and the period was 5 s. The hardness was the peak force (N) required amid the initial
compression cycle [24]. The water holding capacity (WHC) was measured by the method
of Khemakhem with some modifications [25]. The gel samples were centrifuged at 4000× g
for 10 min, and the weights of the gel before and after centrifugation were recorded to
calculate the WHC as follows:

Water holding capacity, WHC =
m1

m0
×100% (7)

m0 is the gel weight before centrifugation.
m1 is the gel weight after centrifugation.

2.12. Statistical Analysis

All measurements were repeated in triplicate. A multivariate ANOVA and Duncan’s
multiple comparisons with SPSS software (Version 24.0, SPSS Inc., Chicago, IL, USA))
were performed to determine whether statistical differences existed between different
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experimental groups. Figures were plotted by Origin software (Version 9.0, OriginLab,
Northampton, MA, USA).

3. Results and Discussion
3.1. Structure Analysis of Protein in LWE
3.1.1. Intrinsic Fluorescence Spectroscopy

The chromophores on aromatic amino acid residues such as tryptophan and tyrosine
were particularly sensitive to changes in environmental polarity, and they could show the
tertiary structure change process of protein [18]. The endogenous fluorescence emission
spectra of each LWE sample are shown in Figure 1. The fluorescence intensity of the
control was 154 ± 2.77 AU. In comparison with control, λmax shifted indistinctively while
the intensity showed an increase in varying degrees and reached the maximum value
of 218.9 ± 12.34 AU under the condition of 0.02 g/mL glucose at 20 MPa. On the one
hand, when the homogenous pressure was from 0 MPa to 40 MPa, the hydrophobic bonds
were broken by a stronger shear force, and the protein structure was more unfolded [26],
which made the tryptophan residues in the internal hydrophobic structure be exposed to
a polar environment [27,28]. Moreover, the fluorescence intensity increased at first and
then decreased due to the effect of glucose, and the maximum one was at 0.02 g/mL of
glucose, indicating that the protein structure in LWE would be unfolded when glucose
was added at 0.01–0.02 g/mL. However, glucose at excessive addition (0.04–0.08 g/mL)
might be grafted on the tryptophan and tyrosine residues, which affects the vibration of
the tryptophan group, resulting in fluorescence quenching [29,30].
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Figure 1. The intrinsic fluorescence spectra of LWE under different homogenization pressure treat-
ment and glucose concentrations. (a–e) Presented the intrinsic fluorescence spectra of the LWE after
adding 0 g/mL, 0.01 g/mL, 0.02 g/mL, 0.04 g/mL, and 0.08 g/mL glucose in turn.

3.1.2. Surface Hydrophobicity

ANS could be bonded to the hydrophobic groups of the protein structure [31], so it
is usually applied to measure the protein surface hydrophobicity [32,33]. The exogenous
fluorescence spectrum of LWE was shown in Figure 2. There was no obvious blueshift or
redshift phenomenon presented in the emission spectrum as the homogenization pressure
and glucose concentration both rose. The fluorescence intensity increased remarkably,
indicating that the surface hydrophobicity of the samples could be enhanced by both
homogenization and glucose, and the maximum was 0.02 g/mL of glucose at 20 MPa.
When the pressure increased from 0 MPa to 40 MPa, the fluorescence intensity rose to
the highest point at 20 MPa and then showed a slight decline at 40 MPa, where the trend
was similar to the results of Yu’s study [34]. With the increase in the homogenization
pressure, some aggregations became smaller. Moreover, the hidden hydrophobic groups
were gradually exposed due to turbulence and shear. However, it should be noted that
slight protein aggregation might be triggered by excessive pressure [34].
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Figure 2. The exogenous fluorescence spectra of LWE under different homogenization pressure
treatment and glucose concentrations. (a–e) Presented the exogenous fluorescence spectra of the LWE
after adding 0 g/mL, 0.01 g/mL, 0.02 g/mL, 0.04 g/mL, and 0.08 g/mL glucose in turn.

An inverted V-shaped change trend of the fluorescence intensity was found with the
increase in glucose concentration, and the highest point was at 0.02 g/mL, which was
consistent with the endogenous fluorescence spectra (Figure 1). Collectively, the surface
hydrophobicity was all higher than the control. A previous study had proved that the
addition of polysaccharides can enhance the hydrophobicity of the soy protein [35], and
our results tended to be consistent with it, although the protein types were different. The
inverted V-shaped change trend in surface hydrophobicity was attributed to the glycosy-
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lation that occurred in LWE under homogenization. In the early stages of glycosylation,
more hydrophobic groups might be exposed. While in the later stage, large amounts of
-OH of glucose were grafted onto the protein, and glucose may interact with egg proteins
through a hydrogen bond, leading to a rapid decrease in surface hydrophobicity [14,36].

3.1.3. Free Sulfhydryl

It was found that glucose lower than 0.02 g/mL would reduce the free sulfhydryl
content in LWE (Figure 3), which implied that more disulfide bonds were formed in
the protein. With the continuous increase of concentration, especially at 0.04 g/mL, the
free sulfhydryl groups in LWE increased, which might be related to the reducibility of
glucose, leading to the reduction of disulfide bonds in the protein structure [37]. Moreover,
protein structure was unfolding after adding lower concentration glucose, and part of
embedded sulfhydryl groups were exposed according to the fluorescence spectroscopy
results (Figures 1 and 2). Additionally, more free sulfhydryl groups in LWE were formed
by homogenization. Some researchers reported that the disulfide could be broken by
mechanical force. Based on the previous work and the analysis of changes in protein
structure in this study, it was shown that disulfide bonds were partially enclosed in the
tertiary structure of the protein [38], and it was consequently hard to contact with the
oxidizing agent or reducing agent [39]. However, the observation of intrinsic and exogenous
fluorescence spectrums (Figures 1 and 2) implied that the tertiary structure of the protein
was destroyed by homogenization and exposed to the surface [40], which made the disulfide
bonds more easily reduced to -SH by glucose molecules.
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3.2. Physicochemical Properties of LWE
3.2.1. Particle Size

The particle size distribution (PSD) and volume—average particle size of LWE were
investigated under different processing conditions. All figures distinctly evinced that LWE
had a bimodal distribution, with one distinct size distribution peak at about 1 µm and
the other at about 10 µm (Figure 4a). The volume fraction of the particle size at around
1 µm gradually decreased when the glucose concentration increased, while it increased
at around 10 µm. Especially when the glucose concentration was 0.08 g/mL, the fraction
of 10 µm particles was the highest. Regarding homogenization, the fraction of 10 µm
particles decreased significantly (p < 0.05) when pressure was 5–10 MPa. By contrast,
LWE almost showed a single peak distribution as pressure was 20–40 MPa. The particle
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components in LWE showed a more uniform distribution with higher pressure, which
gave rise to the depolymerization of aggregations around 10 µm [41], and even decreased
the diameter of some protein particles [42]. The actual size of a single droplet in the LWE
could be reflected by D[4,3] (Figure 4f). The volume-average particle size of the control was
2.3 ± 0.06 µm. Under different homogenization pressures, the particle size of LWE was
decreased to different degrees and dropped to the lowest size (0.934 ± 0.01 µm) under the
treatment condition of 0.01 g/mL glucose-40 MPa. Some structures of biomacromolecules,
such as proteins and lipids in LWE, might be destroyed by the high-speed shearing force
and turbulence induced by homogenization [43], resulting in a reduction in particle size. A
similar decline in D[4,3] caused by homogenization was observed in the previous studies
on scallop protein [8] and myofibrillar protein [44]. Additionally, it was manifested that
homogenization led to the change from a bimodal distribution to a unimodal distribution,
and the volume of the particle size at around 10 µm was significantly reduced, which also
explained the reduction of D[4,3] effectively. A lower concentration (0.01–0.02 g/mL) of
glucose had no significant effect on the particle size of LWE. However, the particle size
of LWE was significantly increased when the concentration reached 0.04 g/mL, and the
largest size was at 0.08 g/mL, which could be 2.6 times larger than the control. From the
analysis of particle size distribution, it could be seen that the proportion of 10 µm particle
distribution was increased by the addition of glucose, which might be attributed to the
thermodynamic incompatibility effect; consequently, the hydrophobic interaction between
protein particles was strengthened and ultimately caused the aggregation [45].
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3.2.2. Turbidity

It was demonstrated that the turbidity of LWE gradually decreased with the increase
in the homogenization pressure and reached its lowest at 40 MPa when the glucose con-
centration was constant (Figure 5a). These results showed that homogenization reduced
the turbidity of LWE. It might be the reason that the decreasing of protein particle size
and the enhancement in the electrostatic repulsion between proteins triggered by higher
pressure, make their droplets difficult to aggregate (Figure 4). The turbidity of LWE was
increased with the increased glucose concentration when the homogenization pressure
was constant. The glucose-induced emptying interactions between proteins resulted in the
droplets around glucose attracting each other to aggregate, and the strength of interaction
was linearly correlated with the concentration [46]. Overall, the turbidity of LWE was the
highest at 0.08 g/mL glucose under 0 MPa and the lowest at 0 g/mL glucose under 40 MPa.
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3.2.3. Solubility

Protein plays a remarkable role in food in the form of protein-solvent. Therefore its
solubility is one of the important characteristics of processing and production [47]. Many
studies have demonstrated that the structure of the protein, the formation of the hydration
layer, and the strength of the electrostatic interaction are all critical factors impacting
protein solubility [48,49]. The results showed that the solubility was significantly decreased
(p < 0.05) under the two treatments with 0.02 g/mL of glucose at 5 MPa and 0 g/mL of
glucose at 20 MPa, while it was increased (p < 0.05) under three treatment conditions with
0.04 g/mL of glucose at 10 MPa, 0.01 g/mL of glucose at 40 MPa, and 0.04 g/mL of glucose
at 40 MPa (Figure 5b).

Moreover, it was shown that there was no significant change in solubility with the
increase in glucose concentration, and the general trend was upward. More oxygen atoms
and hydrogen atoms from glucose are grafted on the proteins, and the hydrogen bonding
and hydration between proteins and water molecules are enhanced accordingly [50]. When
the pressure was at a lower level, the protein structure in LWE became partially unfolded by
homogenization, and their internal hydrophobic groups were more exposed and distributed
on the surface (Figures 1 and 2). Accordingly, the solubility of the samples treated below
10 MPa observably reduced. When the pressure was over 10 MPa, the solubility was
markedly increased. Actually, previous studies suggested that the high-speed shearing
of homogenization prevented protein aggregation by blocking the formation of hydrogen
bonds and affecting their surface charge states [8,51]. Moreover, the particle size of LWE
was turned to be smaller by homogenization, which could improve the solubility of protein
by strengthening the contact with water.

3.3. Processing Properties of LWE
3.3.1. Foaming Properties

Many studies have shown that foam generation is influenced by the protein solubility,
the surface tension of the gas-liquid interface [51], the liquid viscosity, and the absorbability
of the protein at the phase interface [52]. It was shown that the foamability was the strongest
under the condition of 0.02 g/mL glucose at 20 MPa (p < 0.05), which was 47.57 ± 5.1%
higher than the control (Figure 6a). Except for the conditions of 0.01 g/mL glucose at
0 MPa and 0.01 g/mL glucose at 5 MPa, the foamability of LWE in other conditions was
all enhanced.

Regarding homogenization, the foamability of the treated group was reduced at 5 MPa
except for the LWE without glucose. When the pressure was increased to 5 MPa, the
decrease in foamability corresponded to the decrease in solubility (Figure 5b). Meanwhile,
the lipids competed with proteins for adsorption at the gas-liquid interface, and thereby
the protein concentration in the interface was reduced [53]. The foamability was increased
when the pressure reached 10 MPa. It was found that the protein structure was unfolded
appropriately, and nonpolar regions were exposed on the surface (Figures 1 and 2). How-
ever, the particles in LWE were smaller (Figure 4) when pressure was higher (20–40 MPa),
leading to migration to the gas-liquid interface easier and faster, followed by a reduction
in interfacial tension, and the foamability obtained a certain rebound accordingly. On the
other hand, the foamability also showed a V-shaped change trend as glucose concentration
increased, and it was the lowest at 0.01 g/mL. The viscosity of the liquid was higher than
the control when glucose was at a lower level, making it harder for the air to pass through
the interface [54]. On the contrary, the foamability showed a significant rebound (p < 0.05)
when the glucose concentration was more than 0.02 g/mL. The phenomenon could be
explained by an increase in protein concentration at the interface, which was caused by
mutual repulsion between the proteins and glucose when glucose concentration was at
a higher level [55]. Accordingly, the increased foamability was due to the reduction in
interfacial tension.

Foam stability refers to the ability of proteins to stabilize foam under the action of
mechanical force and gravity. It was shown that the stability under the condition of 0 g/mL
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glucose at 10 MPa was dramatically improved (p < 0.05) (Figure 6b). The toughness of
proteins was increased by unfolding, resulting in a thickness increment of the protein film
formed on the foam surface.
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3.3.2. Emulsifying Properties

To maintain the stability of the emulsion, the hydrophilic and hydrophobic groups in
the protein molecular structure are usually rearranged, and a thick film is formed on the
surface of oil droplets [56]. The formation of an emulsion is both affected by the ability of
the emulsifier to migrate to the interface and its adsorption strength at the interface [57,58].
Except for the samples without glucose addition and with 0.01 g/mL glucose at 10 MPa
treatment, the EAI was improved significantly by higher pressure (20–40 MPa) and glucose
(p < 0.05) (Figure 6c,d). Of which, the EAI was the highest at 0.04 g/mL glucose at 20 MPa
(Figure 6c). Regarding homogenization, a downward trend in the EAI existed when
pressure was at 0–10 MPa. It was probable that the protein hydrophobic regions were likely
to be exposed (Figures 1 and 2) and the solubility decreased. (Figure 5b) R. Marco-Molés
reported that EAI of homogenized LWE was decreased with the increase of pressure (in the
range from 0 to 250 MPa) [59]. However, the emulsibility of LWE was markedly enhanced
in this work when the pressure was increased to 20 MPa–40 MPa. It may be probable
that the range of homogenization pressure was different. Previous studies suggested that
the relationship between protein unfolding degree and emulsibility is not linear, while
moderate protein structure modification is more beneficial for emulsification. The moderate
unfolding made it easier for the hydrophobic to be embedded into the oil layer, which
was conducive to the formation of a protein film [60]. Furthermore, more low-density
lipoproteins (LDLs) might be released from the yolk after homogenization. Benefiting from
the characteristics of lipoproteins, the binding between protein and oil droplets could be
enhanced by LDLs during emulsification [61].

The emulsibility of LWE was improved by glucose. With the increase in glucose
concentration, EAI showed a significant increasing trend. The reasons could be explained
as follows: more -OH was introduced by glucose, and the hydrophilicity of the protein
was raised [28]. Simultaneously, the viscosity of the LWE was also increased by glucose.
Given that, the protein could better adhere to the surface of droplets, and thereby stronger
protein films were formed. The best emulsibility was shown at 0.04 g/mL glucose at
20 MPa, which verified the moderate protein modification state mentioned earlier. The
protein was unfolded more properly at 0.04 g/mL glucose under 20 MPa when compared
with the conditions (no glucose or 0.08 g/mL glucose, no homogenization, or 40 MPa). Its
hydrophilicity and hydrophobicity were almost kept in a state of equilibrium [60], and the
best emulsifying ability was shown in this condition, undoubtedly.

Both the homogenization and the glucose addition significantly enhanced the emulsi-
fication stability of the LWE (p < 0.05), and it reached its highest value under the condition
of 0.08 g/mL glucose at 20 MPa, which was nearly four times higher than the control. The
emulsification stability showed no remarkable change when the homogenization pressure
was at a lower level (0–10 MPa) (Figure 6d), but it was enhanced as the pressure rose to
a higher level (10–20 MPa). The enhancement might be that the protein structure was
unfolded and better absorbed at the oil-water interface to maintain the emulsion stability.
However, as the pressure further increased to 40 MPa, the stability was slightly weakened.
It was well known that high pressure will lead to excessive exposure to the hydropho-
bic structure in protein, which causes the droplet’s agglutination to destroy the stability.
Glucose had a more conspicuous effect on improving the emulsification stability in com-
parison with homogenization. The stability was enhanced with the increase in glucose
concentration, especially at a high level (0.04–0.08 g/mL). It was reported that emulsions’
stability made from a mixture of protein and polysaccharides were not easily destroyed
by flocculation [62]. Additionally, studies have found that saccharides will change the
protein film thickness at the oil-water interface [63]. Therefore, the adhesion rate of the
glucose to the protein increased, and the surface adsorption layer of oil droplets formed
by the glucose–protein combination was thicker. In this way, the steric hindrance of the
emulsifier increased [64], which led to the enhancement of repulsive interaction between
the oil droplets. This phenomenon was also reflected in the related research on soy protein
performed by Tran and Rousseau [65].
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3.3.3. Gelling Properties

The LWE could be heated to form a thermally induced gel [66]. The formation of the
gel network was mainly affected by hydrophobic interaction, electrostatic interaction, and
the formation of some covalent bonds between proteins [67]. Hardness is often defined
as one of the important indicators to evaluate the quality of the gel. It was shown that a
lower concentration of glucose (0–0.02 g/mL) and homogenization markedly improved
the hardness of LWE gel (p < 0.05) (Figure 6e).

Regarding homogenization, the hardness of the LWE gel increased first and then
decreased with the increase in the pressure when the pressure was less than 20 MPa.
Once the pressure reached 40 MPa, the hardness with a low concentration of glucose
(0.01–0.02 g/mL) increased remarkably (p < 0.05). The protein structure was properly
unfolded when pressure was below 20 MPa. The hydrophobic structure was partially
exposed and hydrophobic interaction was enhanced, which was conducive to the formation
of the gel network. Moreover, LDLs were released from the egg yolk and distributed more
evenly in LWE after homogenization, and it was proved to dominate the gelation of egg
yolk [68]. The fat molecules could fill more voids in the gel structure of egg yolk and lead
to a reinforcement of the protein gel network since LDLs could promote the interaction
between oil droplets and proteins [69]. Studies have shown that the formation of more
stable and permanent chemical cross-linking in the gel grid could be promoted by disulfide
bonds [70]. Therefore, when the pressure is increased to 10–20 MPa, the decrease in
hardness might be due to the breakage of disulfide bonds by high pressure (Figure 3).
Interestingly, the hardness of some samples rebounded when the pressure increased to
40 MPa, which was caused by the change in particle size. The lipid and protein were
evenly mixed, and the particles became smaller after shearing, which further reduced
the steric hindrance of cross-linking and made it easier to form a uniform and compact
network structure.

Regarding the addition of glucose, the changing trend of hardness was increased
firstly and then decreased, and it reached a maximum at 0.02 g/mL. The results of free
sulfhydryl content showed that more disulfide bonds were formed at 0.02 g/mL (Figure 3),
resulting in the gel network more rigid. It was found that there was competitive hydration
between glucose and protein, protein dehydration, as well as large-scale aggregation when
the glucose concentration was higher (0.04–0.08 g/mL) [71]. Therefore, the gel was less
uniform and more fragile (p < 0.05).

The WHC would be enhanced by both homogenization and glucose and reached the
maximum at 0.08 g/mL glucose-40 MPa (Figure 6f), which might be related to the increase
in the number of charged groups in protein. Lipids released from yolk also enhanced the
homogeneity of the protein gel matrix, and there were some “pockets structure” that could
bind large amounts of water, resulting in an increase in WHC [67].

4. Conclusions

Homogenized LWE had better performance on the processing properties after the
glucose addition. Remarkable increments of 47.57 ± 5.1% and 66.79 ± 9.55% in foaming
capacity (0.02 g/mL glucose at 20 MPa) and emulsifying capacity (0.04 g/mL glucose at
20 MPa) were found in the treated LWE, respectively, and the generated LWE gel under
the condition of 0.02 g/mL glucose at 40 MPa had high hardness and strong WHC. In fact,
under these treatment conditions, protein structure and physicochemical properties were
modified to a more appropriate degree, including moderate protein unfolding, surface
hydrophobicity, and particle size.

Glucose was added into LWE before homogenization for flavor improvement. How-
ever, processing properties might be worse under some improper treatment conditions.
In this work, it was found that both protein structure and physicochemical properties
were affected by glucose and homogenization, and the proper glucose addition improved
the quality of LWE under homogenization treatment. Furthermore, the optimal glucose
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concentration and treatment pressure (0.02–0.04 g/mL and 20–40 MPa) could be referenced
to improve the processing properties and overall quality of industrial LWE products.

Author Contributions: Conceptualization, H.C. and J.G.; methodology, W.H.; software, W.H.; valida-
tion, W.H.; formal analysis, W.H.; investigation, W.H.; resources, J.G. and P.T.; data curation, W.H.;
writing—original draft preparation, W.H.; writing—review and editing, W.H., P.T., Y.W. and H.C.;
visualization, W.H.; supervision, P.T.; project administration, P.T.; funding acquisition, J.G. and H.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Key Research and Development Program of
China [No. 2018YF00400304].

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

8-Anilino-1-naphthalenesulfonic acid (ANS); absorbance units (AU); bovine serum albumin
(BSA); 5,5′-Dithiobis-(2-nitrobenzoic acid) (DTNB); emulsifying stability index (EAI); ethylene di-
amine tetraacetic acid (EDTA); emulsifying activity index (ESI); foaming capacity (FC); foaming stabil-
ity (FS); low-density lipoproteins (LDLs); liquid whole eggs (LWE); phosphate buffered saline (PBS);
particle size distribution (PSD); sodium dodecyl sulfate (SDS); Tris-(hydroxymethyl)-aminomethane
(Tris); water holding capacity (WHC).

References
1. Necidová, L.; Bursová, Š.; Ježek, F.; Harustiakova, D.; Vorlová, L.; Golian, J. Effect of preservatives on the shelf-life and sensory

characteristics of pasteurized liquid whole egg stored at 4 ◦C. Poult. Sci. 2019, 98, 5940–5948. [CrossRef] [PubMed]
2. Rossi, M.; Casiraghi, E.; Primavesi, L.; Pompei, C.; Hidalgo, A. Functional properties of pasteurised liquid whole egg products as

affected by the hygienic quality of the raw eggs. LWT-Food Sci. Technol. 2010, 43, 436–441. [CrossRef]
3. Lechevalier, V.; Guérin-Dubiard, C.; Anton, M.; Beaumal, V.; Briand, E.D.; Gillard, A.; Le Gouar, Y.; Musikaphun, N.; Tanguy, G.;

Pasco, M.; et al. Pasteurisation of liquid whole egg: Optimal heat treatments in relation to its functional, nutritional and allergenic
properties. J. Food Eng. 2017, 195, 137–149. [CrossRef]

4. Patrignani, F.; Lanciotti, R. Applications of High and Ultra High Pressure Homogenization for Food Safety. Front. Microbiol. 2016,
7, 1132. [CrossRef] [PubMed]

5. Gaillard, R.; Marciniak, A.; Brisson, G.; Perreault, V.; House, J.D.; Pouliot, Y.; Doyen, A. Impact of Ultra-High Pressure
Homogenization on the Structural Properties of Egg Yolk Granule. Foods 2022, 11, 512. [CrossRef] [PubMed]

6. Zhou, L.; Feng, X.; Yang, Y.; Chen, Y.; Wang, J.; Wei, S.; Li, S. Effects of high-speed shear homogenization on properties and
structure of the chicken myofibrillar protein and low-fat mixed gel. LWT 2019, 110, 19–24. [CrossRef]

7. Ma, L.; Li, A.; Li, T.; Li, M.; Wang, X.; Hussain, M.A.; Qayum, A.; Jiang, Z.; Hou, J. Structure and characterization of laccase-
crosslinked α-lactalbumin: Impacts of high pressure homogenization pretreatment. LWT 2020, 118, 108843. [CrossRef]

8. Wu, F.; Shi, X.; Zou, H.; Zhang, T.; Dong, X.; Zhu, R.; Yu, C. Effects of high-pressure homogenization on physicochemical,
rheological and emulsifying properties of myofibrillar protein. J. Food Eng. 2019, 263, 272–279. [CrossRef]

9. Saricaoglu, F.T. Application of high-pressure homogenization (HPH) to modify functional, structural and rheological properties
of lentil (Lens culinaris) proteins. Int. J. Biol. Macromol. 2020, 144, 760–769. [CrossRef]

10. Babaei, J.; Khodaiyan, F.; Mohammadian, M. Effects of enriching with gellan gum on the structural, functional, and degradation
properties of egg white heat-induced hydrogels. Int. J. Biol. Macromol. 2019, 128, 94–100. [CrossRef]

11. Sisak, C.; Csanádi, Z.; Rónay, E.; Szajáni, B. Elimination of glucose in egg white using immobilized glucose oxidase. Enzym.
Microb. Technol. 2006, 39, 1002–1007. [CrossRef]

12. Li, R.; Hettiarachchy, N.; Rayaprolu, S.; Davis, M.; Eswaranandam, S.; Jha, A.; Chen, P. Improved functional properties of
glycosylated soy protein isolate using D-glucose and xanthan gum. J. Food Sci. Technol. 2015, 52, 6067–6072. [CrossRef] [PubMed]

13. Nasiri, R.; Bahrami, H.; Zahedi, M.; Moosavi-Movahedi, A.A.; Sattarahmady, N. A theoretical elucidation of glucose interaction
with HSA’s domains. J. Biomol. Struct. Dyn. 2010, 28, 211–226. [CrossRef] [PubMed]

14. De, D.; Pawar, N.; Gupta, A.N. Glucose-induced structural changes and anomalous diffusion of elastin. Colloids Surf. B Biointerfaces
2020, 188, 110776. [CrossRef]

15. Martínez-Padilla, L.P.; García-Rivera, J.L.; Romero-Arreola, V.; Casas-Alencáster, N.B. Effects of xanthan gum rheology on the
foaming properties of whey protein concentrate. J. Food Eng. 2015, 156, 22–30. [CrossRef]

http://doi.org/10.3382/ps/pez378
http://www.ncbi.nlm.nih.gov/pubmed/31328771
http://doi.org/10.1016/j.lwt.2009.09.008
http://doi.org/10.1016/j.jfoodeng.2016.10.007
http://doi.org/10.3389/fmicb.2016.01132
http://www.ncbi.nlm.nih.gov/pubmed/27536270
http://doi.org/10.3390/foods11040512
http://www.ncbi.nlm.nih.gov/pubmed/35205989
http://doi.org/10.1016/j.lwt.2019.04.061
http://doi.org/10.1016/j.lwt.2019.108843
http://doi.org/10.1016/j.jfoodeng.2019.07.009
http://doi.org/10.1016/j.ijbiomac.2019.11.034
http://doi.org/10.1016/j.ijbiomac.2019.01.116
http://doi.org/10.1016/j.enzmictec.2006.02.010
http://doi.org/10.1007/s13197-014-1681-3
http://www.ncbi.nlm.nih.gov/pubmed/26345030
http://doi.org/10.1080/07391102.2010.10507354
http://www.ncbi.nlm.nih.gov/pubmed/20645654
http://doi.org/10.1016/j.colsurfb.2020.110776
http://doi.org/10.1016/j.jfoodeng.2015.01.018


Foods 2022, 11, 2521 16 of 17

16. Liu, J.; Shim, Y.Y.; Shen, J.; Wang, Y.; Reaney, M.J.T. Whey protein isolate and flaxseed (Linum usitatissimum L.) gum electrostatic
coacervates: Turbidity and rheology. Food Hydrocoll. 2017, 64, 18–27. [CrossRef]

17. Maghamian, N.; Goli, M.; Najarian, A. Ultrasound-assisted preparation of double nano-emulsions loaded with glycyrrhizic acid
in the internal aqueous phase and skim milk as the external aqueous phase. LWT 2021, 141, 110850. [CrossRef]

18. Steiner-Browne, M.; Elcoroaristizabal, S.; Ryder, A.G. Using polarized Total Synchronous Fluorescence Spectroscopy (pTSFS)
with PARAFAC analysis for characterizing intrinsic protein emission. Chemom. Intell. Lab. Syst. 2019, 194, 103871. [CrossRef]

19. Mir, N.A.; Riar, C.S.; Singh, S. Physicochemical, molecular and thermal properties of high-intensity ultrasound (HIUS) treated
protein isolates from album (Chenopodium album) seed. Food Hydrocoll. 2019, 96, 433–441. [CrossRef]

20. Zhang, M.; Li, J.; Chang, C.; Wang, C.; Li, X.; Su, Y.; Yang, Y. Effect of egg yolk on the textural, rheology and structural properties
of egg gels. J. Food Eng. 2019, 246, 1–6. [CrossRef]

21. Sheng, L.; Ye, S.; Han, K.; Zhu, G.; Ma, M.; Cai, Z. Consequences of phosphorylation on the structural and foaming properties of
ovalbumin under wet-heating conditions. Food Hydrocoll. 2019, 91, 166–173. [CrossRef]

22. Gouda, M.; Zu, L.; Ma, S.; Sheng, L.; Ma, M. Influence of bio-active terpenes on the characteristics and functional properties of
egg yolk. Food Hydrocoll. 2018, 80, 222–230. [CrossRef]

23. Mozafarpour, R.; Koocheki, A.; Milani, E.; Varidi, M. Extruded soy protein as a novel emulsifier: Structure, interfacial activity and
emulsifying property. Food Hydrocoll. 2019, 93, 361–373. [CrossRef]

24. Cheng, Y.; Donkor, P.O.; Ren, X.; Wu, J.; Agyemang, K.; Ayim, I.; Ma, H. Effect of ultrasound pretreatment with mono-frequency
and simultaneous dual frequency on the mechanical properties and microstructure of whey protein emulsion gels. Food Hydrocoll.
2019, 89, 434–442. [CrossRef]

25. Khemakhem, M.; Attia, H.; Ayadi, M.A. The effect of pH, sucrose, salt and hydrocolloid gums on the gelling properties and water
holding capacity of egg white gel. Food Hydrocoll. 2019, 87, 11–19. [CrossRef]

26. Hata, H.; Nishiyama, M.; Kitao, A. Molecular dynamics simulation of proteins under high pressure: Structure, function and
thermodynamics. Biochim. Biophys. Acta-Gen. Subj. 2020, 1864, 129395. [CrossRef] [PubMed]

27. Tao, X.; Cai, Y.; Liu, T.; Long, Z.; Huang, L.; Deng, X.; Zhao, Q.; Zhao, M. Effects of pretreatments on the structure and functional
properties of okara protein. Food Hydrocoll. 2019, 90, 394–402. [CrossRef]

28. Xi, C.; Kang, N.; Zhao, C.; Liu, Y.; Sun, Z.; Zhang, T. Effects of pH and different sugars on the structures and emulsification
properties of whey protein isolate-sugar conjugates. Food Biosci. 2020, 33, 100507. [CrossRef]

29. Yang, X.; Su, Y.; Li, L. Study of soybean gel induced by Lactobacillus plantarum: Protein structure and intermolecular interaction.
LWT 2020, 119, 108794. [CrossRef]

30. Ai, M.; Xiao, N.; Jiang, A. Molecular structural modification of duck egg white protein conjugates with monosaccharides for
improving emulsifying capacity. Food Hydrocoll. 2021, 111, 106271. [CrossRef]

31. Chen, G.; Wang, S.; Feng, B.; Jiang, B.; Miao, M. Interaction between soybean protein and tea polyphenols under high pressure.
Food Chem. 2019, 277, 632–638. [CrossRef]

32. Barros, A.E.B.; Carvalho, F.A.O.; Alves, F.R.; Carvalho, J.W.P.; Tabak, M. Denaturant effects on HbGp hemoglobin as monitored
by 8-anilino-1-naphtalene-sulfonic acid (ANS) probe. Int. J. Biol. Macromol. 2015, 74, 327–336. [CrossRef] [PubMed]

33. Wang, W.; Li, J.; Yan, L.; Huang, G.; Dong, Z. Effect of oxidization and chitosan on the surface activity of soy protein isolate.
Carbohydr. Polym. 2016, 151, 700–706. [CrossRef] [PubMed]

34. Yu, C.; Wu, F.; Cha, Y.; Zou, H.; Bao, J.; Xu, R.; Du, M. Effects of high-pressure homogenization on functional properties and
structure of mussel (Mytilus edulis) myofibrillar proteins. Int. J. Biol. Macromol. 2018, 118, 741–746. [CrossRef] [PubMed]

35. Wang, Y.; Zhou, Y.; Wang, X.-X.; Ma, F.; Xu, B.-C.; Li, P.-J.; Chen, C.-G. Origin of high-pressure induced changes in the properties
of reduced-sodium chicken myofibrillar protein gels containing CaCl2: Physicochemical and molecular modification perspectives.
Food Chem. 2020, 319, 126535. [CrossRef]

36. Báez, G.D.; Busti, P.A.; Verdini, R.; Delorenzi, N.J. Glycation of heat-treated β-lactoglobulin: Effects on foaming properties. Food
Res. Int. 2013, 54, 902–909. [CrossRef]

37. Jiang, W.; He, X.; Yang, H.; Xiang, X.; Hu, S.; Li, S.; Liu, Y. Histamine reduction by Maillard reaction with glucose. Food Control
2017, 82, 136–144. [CrossRef]

38. Chen, X.; Xiong, Y.L.; Xu, X. High-pressure homogenization combined with sulfhydryl blockage by hydrogen peroxide enhance
the thermal stability of chicken breast myofibrillar protein aqueous solution. Food Chem. 2019, 285, 31–38. [CrossRef]

39. Fujiwara, N.; Nakano, M.; Kato, S.; Yoshihara, D.; Ookawara, T.; Eguchi, H.; Taniguchi, N.; Suzuki, K. Oxidative modification to
cysteine sulfonic acid of Cys111 in human copper-zinc superoxide dismutase. J. Biol. Chem. 2007, 282, 35933–35944. [CrossRef]

40. Ma, W.; Wang, J.; Wu, D.; Xu, X.; Wu, C.; Du, M. Physicochemical properties and oil/water interfacial adsorption behavior of cod
proteins as affected by high-pressure homogenization. Food Hydrocoll. 2020, 100, 105429. [CrossRef]

41. Primozic, M.; Duchek, A.; Nickerson, M.; Ghosh, S. Formation, stability and in vitro digestibility of nanoemulsions stabilized by
high-pressure homogenized lentil proteins isolate. Food Hydrocoll. 2018, 77, 126–141. [CrossRef]

42. Zhang, A.; Chen, S.; Wang, Y.; Zhou, G.; Wang, L.; Wang, X.; Xu, N. Effect of different homogenization pressure on soy protein
isolate-vitamin D3 complex. Process Biochem. 2019, 87, 145–150. [CrossRef]

43. Li, Y.; Chen, X.; Xue, S.; Li, M.; Xu, X.; Han, M.; Zhou, G. Effect of the disruption chamber geometry on the physicochemical and
structural properties of water-soluble myofibrillar proteins prepared by high pressure homogenization (HPH). LWT 2019, 105,
215–223. [CrossRef]

http://doi.org/10.1016/j.foodhyd.2016.10.006
http://doi.org/10.1016/j.lwt.2021.110850
http://doi.org/10.1016/j.chemolab.2019.103871
http://doi.org/10.1016/j.foodhyd.2019.05.052
http://doi.org/10.1016/j.jfoodeng.2018.10.024
http://doi.org/10.1016/j.foodhyd.2019.01.023
http://doi.org/10.1016/j.foodhyd.2018.02.009
http://doi.org/10.1016/j.foodhyd.2019.02.036
http://doi.org/10.1016/j.foodhyd.2018.11.007
http://doi.org/10.1016/j.foodhyd.2018.07.041
http://doi.org/10.1016/j.bbagen.2019.07.004
http://www.ncbi.nlm.nih.gov/pubmed/31302180
http://doi.org/10.1016/j.foodhyd.2018.12.028
http://doi.org/10.1016/j.fbio.2019.100507
http://doi.org/10.1016/j.lwt.2019.108794
http://doi.org/10.1016/j.foodhyd.2020.106271
http://doi.org/10.1016/j.foodchem.2018.11.024
http://doi.org/10.1016/j.ijbiomac.2014.12.035
http://www.ncbi.nlm.nih.gov/pubmed/25546245
http://doi.org/10.1016/j.carbpol.2016.06.004
http://www.ncbi.nlm.nih.gov/pubmed/27474616
http://doi.org/10.1016/j.ijbiomac.2018.06.134
http://www.ncbi.nlm.nih.gov/pubmed/29959014
http://doi.org/10.1016/j.foodchem.2020.126535
http://doi.org/10.1016/j.foodres.2013.08.013
http://doi.org/10.1016/j.foodcont.2017.06.035
http://doi.org/10.1016/j.foodchem.2019.01.131
http://doi.org/10.1074/jbc.M702941200
http://doi.org/10.1016/j.foodhyd.2019.105429
http://doi.org/10.1016/j.foodhyd.2017.09.028
http://doi.org/10.1016/j.procbio.2019.09.011
http://doi.org/10.1016/j.lwt.2019.02.036


Foods 2022, 11, 2521 17 of 17

44. Ye, R.; Harte, F. High pressure homogenization to improve the stability of casein—Hydroxypropyl cellulose aqueous systems.
Food Hydrocoll. 2014, 35, 670–677. [CrossRef]

45. Guzey, D.; McClements, D.J.; Weiss, J. Adsorption kinetics of BSA at air–sugar solution interfaces as affected by sugar type and
concentration. Food Res. Int. 2003, 36, 649–660. [CrossRef]
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