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Editorial

Study on Physicochemical Properties of Food Protein
Shudong He

School of Food Science and Biological Engineering, Hefei University of Technology, Hefei 230009, China;
shudong.he@hfut.edu.cn

1. Introduction

As the global population continues to grow, the demand for sustainable and nutritious
food sources has never been higher. Edible proteins, derived from both plant and animal
sources, play a crucial role in providing essential amino acids and contributing to the
overall quality of our foods. Thus, the food industry has witnessed a surge of interest
in understanding and utilizing the physicochemical properties of proteins derived from
various sources, and the study of food protein properties is vital, which in turn, can
lead to the development of food products with improved nutritional profiles, enhanced
functionalities, and extended shelf lives [1]. Then, the solubility, viscosity, water/oil-
holding capacity, gelatinization, and emulsifying and foaming properties of the novel
nutritional proteins were widely explored regarding their potential roles in the presentation
of texture, flavor, color, and nutrition of foods [2].

Furthermore, recent studies found that the functionality of unfolded or hydrolyzed
proteins was different from that of unchanged proteins [3], which revealed the structure–
function relationship of proteins. From a structural perspective, studies regarding pro-
tein conformation, aggregation, molecular weight, isoelectric point, surface hydrophilic-
ity/hydrophobicity and protein binding characteristics are urgently needed to overcome
the knowledge gap between protein exploration and application [4]. Actually, the physical
and chemical actions during food processing, such as the mechanical functions, thermody-
namic actions, pressure effects, pH, and ionic strength, lead to structural changes in the
food proteins as the ingredients further influence the functionality and quality of the food
products. In recent research, the effects of novel thermal food processing technologies, such
as ultra-high temperature short-time (UHT) heating, extrusion, and microwave heating, as
well as non-thermal treatments including high hydrostatic pressure, ultrasound, gamma
irradiation, and high voltage electrical discharge, on whey and milk proteins have been
preferentially investigated, and the physicochemical and structural properties of related
proteins are well known [5]. Moreover, high hydrostatic pressure, ohmic heating, pulsed
electric fields, and other emerging processing treatments are called “green technologies”,
as they also bring new opportunities to avoid the excessive use of water, gas emissions,
and energy [6]. In order to improve or create new protein processing properties, physical,
chemical, and enzymatic treatments and combined processing have been widely applied in
protein modifications. The physical modifications, including temperature, pressure, shear,
pH, ions, and electrostatics, might induce structural perturbation in the thermodynamic
state of the protein. The chemical modifications have involved glycosylation, acetylation,
succinylation, phosphorylation, and lipophilization, which will change the net charge of
proteins via binding with amino acids. Enzymic modification is characterized by enzyme
specificity, hydrolysis degree, and protease action site, and the functional properties of
protein hydrolysates can be controlled under controlled proteolysis, while the protein
hydrolysates can also be used for further food development [7–9]. Also, in the past few
decades, a number of protein allergens have been identified in foods that induce IgE an-
tibody production and the occurrence of food allergies, and a better understanding of
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the protein structures and amino acid sequences of the epitopes is crucial for food safety
consumption [10].

In this Special Issue, “Study on Physicochemical Properties of Food Protein,” ten
outstanding articles were gathered presenting the latest research and innovations in the
related field of food science and technology, focusing on the modification, structure, and
application of proteins. The ten articles showcase the potential of proteins as functional
ingredients in food products, highlighting their impact on flavor, texture, and stability.
These studies not only contribute to our fundamental understanding of food proteins but
also offer valuable insights for the food industry in terms of food development and process
optimization.

2. An Overview of Published Articles

Rice protein is a quality, gluten-free, plant-based protein with high biological function-
alities and low allergenicity. Yang et al. (contribution 1) examined the factors contributing
to the limited solubility of rice protein, which included the abundance of hydrophobic
amino acid residues, disulfide bonds, and intramolecular hydrogen bonds, and raised the
corresponding modification strategies, such as glycosylation, interaction between polyphe-
nols and heterologous proteins, phosphate modification, protein deamidation, enzymatic
hydrolysis with the assistance of heating, ultrasound, microwave, ultra-high pressure, en-
zymes, and alkaline conditions. Moreover, the application of modified rice proteins in dairy,
meat, and baked food products was illustrated due to their good solubility, emulsifying
properties, gelling properties, water-holding capacity, and oil-holding capacity.

Low-frequency ultrasound (20–100 kHz, 1–1000 W/cm2), a cost-effective non-thermal
process, is increasingly employed in the food industry, and the electrical energy is trans-
muted into vibrational energy, which will generate an acoustic cavitation effect with sudden
localized heat and pressure within a liquid setting to promote bond disruption and for-
mation of–diverse covalent and non-covalent linkages, including hydrogen bonds and
hydrophobic affinities, with the release of significant energy (10–100 kJ/mol) and physical
shearing forces [11]. Liu et al. (contribution 2) explored the potential effects of ultra-
sonication on the structural integrity and self-assembly behavior of the extracted bone
collagen I. The article found that ultrasound (≤200 W, ≤15 min) uniformly disintegrated
collagen clusters, significantly escalating collagen self-assembly at a reduced yet consistent
fibril diameter and decreasing D periodicity, compared to untreated samples; simultane-
ously, ultrasound (≤200 W, ≤15 min) diminished viscoelasticity index and gel strength,
heightening thermal stability while fostering larger specific surface areas and increased
porosity in collagen fibril gels to manufacture novel collagen biomaterials with desirable
performances. In contribution 3, ultrasonic (240 W) and transglutaminase (20 U/g egg
white protein) treatments were applied to destroy the globular structure of egg white
protein, which has an abundance of hydrophobic amino acids and could be a potential
emulsifier after modification, and an egg white protein W1/O emulsion was created using
4 wt.% egg white protein gel particles diluted in 40% (v/v) soya oil. Then, 0.6% (v/v) of
chitosan solutions (W2) was incorporated into this Pickering emulsion to yield an egg white
protein–chitosan bilayer emulsion via high-speed homogenization, which would benefit
eco-friendly techniques in egg processing, packaging, and distribution.

Recent studies on this topic have researched flavor, color, and the bioactive properties’
promoting effects of Maillard reaction products (MRPs) derived from protein hydrolysates,
comprising a blend of peptides and amino acids [12]. The impact of ultrasound on the
characteristics of MRPs derived from hydrolyzed soybean meal was studied in contribution
4. Prior to the Maillard reaction, the Maillard reaction system, with the addition of cysteine
(2.0%), xylose (3.0%), VB1 (0.05%), and enzymatically hydrolyzed lard (1.0%) into the
soybean meal enzymatic hydrolysis, was sonicated at 300 W (5 s on; 5 s off) for 30 min.
The article revealed that ultrasonic processing escalated unsaturated fatty acid production
within the aqueous phase during the lard hydrolysis and had boosting effects on Maillard
reaction intermediates and melanoid accumulation in the product, and then both the
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quantity and flavor-enhancing components of volatiles were enhanced after the ultrasound
while the excellent antioxidant features were demonstrated.

In particular, the application of limited hydrolysis and ultrafiltration strategies has
exhibited promising results in enhancing the physico-functional attributes of food proteins.
In contribution 5, donkey-hide gelatin was treated by the Alcalase 2.4L, and the structural
characteristics and antioxidant activities of five molecular weight (MW) hydrolysates,
including >30, 10–30, 3–10, 1–3, and <1 kDa fragments, were evaluated. The peptide of MW
1–3 kDa presented the strongest antioxidant activity, which was attributed to the amino
acid composition. Furthermore, the amino residues of Arg415, Gly462, Phe478, and Tyr572
were confirmed as the key sites to bind with the Keap1 protein via molecular docking,
indicating good potential for antioxidant capacity.

The food processing procedure combining multiple mechanical forces has attracted
a lot of attention as it is highly efficient in protein modification. Xu et al. (contribution
6) utilized ultra-high-pressure jet processing on skimmed bovine milk. This approach
altered the secondary and tertiary casein structures, contributing to a decrease in the
mean particle size and zeta potential of casein micelles. Consequently, flatter, looser, and
porous casein micellar morphologies improved curd production efficiency and the texture
of fermented milk. In contribution 7, steam flash explosion (SFE) was applied to modify
high-temperature denatured defatted rice bran protein isolate (RBPI), and the surface
hydrophobicity and thermal stability decreased with an increase in the intrinsic viscosity
resulting from the protein unfolding. Then, high-temperature rice bran proteins could be
utilized in the food industry with their enhanced solubility.

In contribution 8, the hot-pressed peanut meal was used to produce the plant protein-
based adhesive via sodium dodecyl sulfate (SDS) denaturation and polyamide epichloro-
hydrin (PAE) crosslinking. Papain hydrolysis contributed towards enhancing wet shear
strength, whereas SDS and urea disrupted hydrogen bonds for better water resistance. Sig-
nificantly, PAE amplified both the wet shear strength and water resistance of the adhesive
with an increase in viscosity.

In the study presented in contribution 9, esterification was applied to soy proteins,
leading to a notable increase in the isoelectric point (pI) of the esterified proteins. This
increase was attributed to the formation of esters between alcohol and carboxyl groups,
which subsequently reduced the content of negatively charged groups on the protein
surface. Consequently, the esterified soy protein nano-emulsions demonstrated remarkable
storage stability, freeze–thaw stability, and thermal stability. Furthermore, the esterification
modification imparted antibacterial properties. These findings highlight the potential of
esterified soy proteins as a promising material in various applications, particularly in the
food and pharmaceutical industries.

As one of the nine major food allergens identified by the Food and Drug Adminis-
tration in the USA, it becomes imperative to elucidate the primary allergenic epitopes of
cashew nut proteins. Zhang et al. (contribution 10) utilized DNAstar and PyMoL tools
to ascertain potential epitopes for Ana o 2 and Ana o 3 proteins. They then applied the
phage display methodology to validate the prospective synthetic epitope peptides. It
is noteworthy that Ana o 3 might carry a greater risk of provoking an allergic response
compared to Ana o 2, which is primarily attributed to the larger number of identifiable
epitopes.

3. Conclusions

The ten research contributions presented in this issue collectively demonstrate the
significance and versatility of studying the physicochemical properties of food proteins
under various modifications. These studies have explored various aspects, including
protein solubility, structural integrity, emulsifying properties, and allergenic epitopes, as
well as the application of different processing techniques such as ultrasonication, high-
pressure processing, and esterification. Advances in “eco-friendly” technologies provide
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promising opportunities to diminish water consumption, gas emission rates, and energy
utilization within the food industry.

The findings from these studies have not only contributed to a deeper understanding
of the role of proteins in food products, but they have also provided valuable insights for
the food industry in terms of product development, process optimization, and the potential
application of novel protein-based materials. For instance, the use of modified rice proteins
in dairy, meat, and baked goods; the prospective use of low-frequency ultrasound in protein
manipulation; taste enhancement provided by amino acid compounds resulting from the
Maillard reaction; the development of plant protein-based adhesives; the potential applica-
tion of esterified soy proteins; and limited enzymolysis donkey-hide gelatin in the food
and pharmaceutical industries. Furthermore, pioneering processing methodologies like
ultra-high-pressure jet processing and steam flash explosions exhibit their effectiveness in
modifying protein architectures for better functionality. Of particular interest, the analysis
of soybean protein esterification uncovers its potential application in nano-emulsion forma-
tions with improved durability and antibacterial properties. The recognition of allergenic
epitopes in cashew nut proteins accentuates the necessity of comprehending allergenicity
to safeguard consumer well-being.

In conclusion, the research presented in this issue showcases the potential of food
proteins and their modifications in various applications, emphasizing the need for con-
tinued research and innovation in this field. By further exploring the physicochemical
properties of food proteins and developing new processing techniques, the food industry
can continue to create high-quality, nutritious, and safe products that cater to the diverse
needs of consumers.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Rice protein is a high-quality plant-based protein source that is gluten-free, with high
biological value and low allergenicity. However, the low solubility of rice protein not only affects its
functional properties such as emulsification, gelling, and water-holding capacity but also greatly limits
its applications in the food industry. Therefore, it is crucial to modify and improve the solubility of rice
protein. In summary, this article discusses the underlying causes of the low solubility of rice protein,
including the presence of high contents of hydrophobic amino acid residues, disulfide bonds, and
intermolecular hydrogen bonds. Additionally, it covers the shortcomings of traditional modification
methods and the latest compound improvement methods, compares various modification methods,
and puts forward the best sustainable, economical, and environmentally friendly method. Finally, this
article lists the uses of modified rice protein in dairy, meat, and baked goods, providing a reference
for the extensive application of rice protein in the food industry.

Keywords: rice protein; solubility enhancement; food processing; application

1. Introduction

Rice protein is a high-quality, gluten-free plant-based protein derived from byprod-
ucts of rice processing. It contains a comprehensive range of amino acids (including all
20 essential and non-essential amino acids), a well-balanced ratio, and one of the highest
biological values of all cereal crops [1]. Additionally, rice protein is characterized by its
light color, mild odor, and low allergenicity [2]. Moreover, rice protein hydrolysates have
been reported to possess various biological activities, such as antihypertensive, antioxidant,
anticancer, and anti-obesity effects [3–6]. However, the poor water solubility of rice protein
significantly restricts its applications in the food industry and related fields.

Protein solubility typically refers to the concentration of protein in a saturated aqueous
solution in equilibrium with the solid phase (crystalline or amorphous) under external
conditions such as pH, temperature, and ionic strength [7]. Water solubility is one of the
important thermodynamic properties of proteins, and it is a prerequisite for other functional
properties of proteins, such as emulsification, foaming, gelation, and digestibility. It also
further determines the texture and stability of processed food products. However, rice
protein has a relatively low overall water solubility, and the high content of alkaline-soluble
glutelin makes it difficult to dissolve in slightly acidic or neutral solutions, resulting in
low utilization efficiency [8]. This greatly affects its applications in the food and related
fields. In order to improve the solubility and utilization of rice protein, various physical
(ultrasound, high-pressure, and microwave), chemical (glycosylation, phosphorylation,
and deamidation), and biological enzyme-based modification methods can be used, and
these techniques can also be combined to produce a simple, safe, and efficient modification
of rice protein. The modified rice protein thus obtained has great potential for application
in food processing [9].
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This article provides an overview of recent methods used for modifying and increasing
the solubility of rice protein and further explores the application of modified rice protein in
food production, such as dairy products, meat products, and baked goods.

2. Analysis of the Water Solubility Characteristics and Reasons for Rice Protein

According to the solubility of each constituent protein, rice protein can be divided into
four categories, of which the most abundant (about 80%) is alkali-soluble globulin, which
is mainly composed of 30–40 kDa α (acidic) subunit and 17–23 kDa β (basic) subunit. The
other categories include 1–5% alcohol-soluble protein, 2–10% salt-soluble globulin, and
2–5% water-soluble albumin. The main subunits are 11~24 kDa, 19–25 kDa, and 10~100 kDa,
respectively [9,10]. The properties of the predominant alkali-soluble glutelin determine the
overall properties of rice protein.

The low water solubility of rice glutelin is primarily due to the presence of many
hydrogen bonds between and within its molecules, which are formed by the amide groups
on the glutamine and asparagine residues interacting with the smaller-sized glycine and
alanine residues through steric hindrance [8]. Figure 1 shows the primary structure and
amino acid residues composition of rice glutelin from three rice sources (Oryza sativa,
Oryza sativa Japonica Group, and Oryza sativa Indica Group). It can be found that rice
glutelin contains 17.23–18.60% of glutamine and asparagine residues, and the hydrogen
bonds formed by these two amino acid residues replace a large number of hydrogen bonds
between amide groups and water molecules, thereby reducing the water solubility of rice
glutelin [11].
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Secondly, there are disulfide bonds between rice glutelin subunits, which are formed
by the coupling of thiol groups of two different cysteine residues. As shown in Figure 1,
rice glutelin contains a small number of cysteine residues (1.40~2.00%), which can interact
with each other to generate disulfide bonds within or between subunits, especially between
subunits, leading to the formation of large molecular complexes and a decrease in the water
solubility of rice glutelin [12].
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In addition, rice glutelin contains 37.27~39.60% hydrophobic amino acid residues (as
shown in Figure 1), which can cause hydrophobic interactions between amino acid residues
and result in the formation of a stable, tensile protein network structure between subunits,
which limits the entry of water molecules [13] and therefore reduces its water solubility.

3. Methods for Modifying Rice Protein to Increase Solubility

By taking corresponding measures to address the low water solubility of rice glutelin
mentioned above, it is possible to effectively improve the water solubility of rice glutelin and
thus enhance the overall solubility of rice protein. The commonly used methods include the
following: (1) utilizing the interaction of polysaccharides, polyphenols, composite proteins,
and phosphates with rice protein to increase the number of hydrophilic hydroxyl groups or
hydrogen bonds formed with water molecules. (2) Using deamidation reactions to break
the amide bonds in the side chains of rice protein and reduce the formation of hydrogen
bonds between protein subunits. (3) Enzymatically hydrolyzing rice protein to break down
the large protein molecules into small peptide molecules and promote their binding to
water molecules.

3.1. Modification and Solubility Enhancement of Rice Protein by Polysaccharides

The hydroxyl groups within polysaccharide molecules have strong hydrophilic prop-
erties [14]. It is possible to effectively increase the hydrophilic properties of the protein
and thus improve its water solubility through covalent or non-covalent interactions be-
tween polysaccharides and proteins [15]. For example, the Maillard reaction, in which the
carbonyl group of the polysaccharide reacts with the amino group of the protein to form
a condensed product [16], can create covalent bonds between protein and polysaccharide
molecules. However, the compact globular structure of rice protein makes it challenging to
complete the Maillard reaction with polysaccharides in a short period of time [17], thereby
reducing the rate and extent of the Maillard reaction and affecting the solubility properties
of the conjugated products formed by the traditional Maillard reaction [18]. In recent years,
various assisting methods including ultrasound, ultra-high pressure, and microwave have
been used to improve or promote the efficiency of the Maillard reaction. These techniques
can successfully bring rice protein into adequate contact with polysaccharides, enhancing
the reaction efficiency and water solubility. The reaction process is illustrated in Figure 2.
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Ultrasound can effectively promote the mixing of protein and polysaccharide molecules,
accelerate the penetration speed of solvents into proteins, and thereby increase the Maillard
reaction rate [19]. Chen et al. [20] found that after 22 min of ultrasound treatment with
a power of 600 W, the spatial conformation of rice protein molecules changed from
a globular or blocky structure to a more uniform and loose lamellar structure, which
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was conducive to the entry of solvents and accelerated the Maillard reaction rate. The
solubility of the modified rice protein produced by the process was significantly improved
to 90.6%.

Ultra-high-pressure assistance can prevent protein denaturation and aggregation
caused by long-term heating, which is more conducive to the effective entry of solvents into
protein molecules during the Maillard reaction. Therefore, it is possible to improve the effi-
ciency of the Maillard reaction at lower temperatures [21]. In addition, ultra-high pressure
can cause rice protein to expand into a loose spatial conformation, promote the exposure of
hydrophobic groups, increase the content of free sulfhydryl groups, and thereby enhance
the gel strength of the protein [14]. Xiao et al. [22] prepared rice protein-xylose copoly-
mers with a high grafting degree under ultra-high hydrostatic pressure assistance, which
improved the solubility of rice protein (increased from 12.8% to 35.3%) and reduced the
formation of harmful by-products such as acrylamide, furan, and hydroxymethyl furfural.

Proper microwave treatment can also shorten the Maillard reaction time and enhance
the solubility of rice protein [23]. Meng et al. [24] found that microwave-assisted heating-
assisted protein–polysaccharide binding could increase the solubility of rice bran protein
to 90.97%. This is because microwaves have the ability to produce strong mechanical
collisions and shearing between protein and polysaccharide molecules, which facilitated
their adequate interaction. Therefore, more branched glucan may be grafted onto the
protein molecules, enhancing the protein’s solubility [25].

3.2. Modification and Solubility Enhancement of Rice Protein by Polyphenols

Polyphenols are a group of naturally occurring compounds derived from plants
that contain numerous polar hydroxyl groups, including phenolic acids, flavonoids, and
tannins, among others [26]. Polyphenols can form non-covalent bonds with proteins, in
which the hydrophilic phenolic hydroxyl groups in polyphenols can undergo hydrogen
bonding with proteins, and the aromatic rings can interact with the hydrophobic groups of
proteins through hydrophobic interactions. Polyphenols can also undergo covalent binding
with amino acid residues on proteins, especially lysine residues, cysteine residues, and
tryptophan residues, under alkaline conditions, thereby altering the functional properties
of the protein [27].

The non-covalent binding between polyphenols and proteins can be simulated by
computer docking. Therefore, in this study, AutoDock Vina docking software was used
to analyze the interactions between four polyphenols (namely, gallic acid, procyanidins,
resveratrol, and ferulic acid), and specific amino acid residues located at the active site of
rice glutelin (gene: GLUA2), using its three-dimensional structure as a model (as shown
in Figure 3). During the molecular docking process, the polyphenol is considered to be
a flexible structure, while the protein is viewed as a rigid structure. The best docking result
is chosen based on the principle of minimum docking energy, and Discovery Studio 2021
Client software is used for visualization display. The results showed that the four types of
polyphenols mainly formed hydrogen bonds with Thr381, Arg404, Gln110, Gln160, and
Gln382, and formed hydrophobic interactions with Val180, Val187, and Arg403. Among
them, rice glutelin had more interaction sites with gallic acid, including Asp322, Thr381,
Arg404, Gln160, and Gln386, mainly through hydrogen bonding, which was consistent
with the research results of Dai [28]. The interaction between rice glutelin and ferulic acid
is mainly through hydrophobic interactions, including the interaction with hydrophobic
amino acid residues such as Leu407, Ile109, Ile185, Val187, Tyr379, Thr387, Phe430, and
Ile428. The interaction between rice glutelin and ferulic acid can lead to a conformational
change of rice glutelin, decrease the surface hydrophobicity, and increase water solubility
and emulsifying properties [29].
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Alkaline treatment, enzymatic treatment, radical coupling, and ultrasound-assisted
methods can further improve the covalent binding efficiency between polyphenols and
proteins. According to the alkaline coupling approach, phenolic hydroxyl groups are
converted to quinones or semiquinones under alkaline conditions, which can further
bind to more amino acid residues and alter the physicochemical properties of the target
protein [30]. Wang et al. [29] found that under the condition of pH 9.0, the covalent complex
of rice bran protein hydrolysate (10 mg/mL) and ferulic acid (1.5 mg/mL) had strong
emulsifying (35.10%) and antioxidant properties (the DPPH clearance rate is 49.70% and the
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ABTS+ clearance rate is 89.04%). In addition, protein–polyphenol covalent complexes can
also be produced via enzymatic and radical coupling methods [31]. However, traditional
methods require long reaction times, which limits large-scale production. Ultrasound-
assisted methods can improve the reaction efficiency of enzymatic, alkaline, and radical
coupling methods. The underlying principle is that ultrasound treatment can cause protein
spatial structure to unfold through mechanical shear, cavitation effects, and thermal effects,
increasing the chance of contact reaction between protein and polyphenol molecules,
and thus improving covalent reaction efficiency [32]. For example, Xue et al. [33] used
ultrasound-assisted radical coupling to improve the grafting efficiency of glutelin and
polyphenols, shortened the reaction time, and increased the solubility of glutelin.

3.3. Modification and Solubility Enhancement of Rice Protein by Interaction with
Heterologous Proteins

The solubility of rice protein can also be improved by forming a complex with het-
erologous proteins (usually hydrophilic proteins) through pH cycling. Figure 4 depicts the
mechanism of the complex formation using whey protein as an example: first, rice protein
and whey protein are mixed at pH 7.0, and then the pH of the solution is adjusted to 12.0
to fully dissolve rice protein, at which point its tertiary structure is completely unfolded
and can fully contact with whey protein. The protein solution is then adjusted back to
pH 7.0 for protein refolding, and subsequently subjected to centrifugation, dialysis, and
freeze-drying to obtain the “rice protein–whey protein” complex [34]. When rice protein
and heterologous protein interact to generate a hydrophobic interior, the hydrophilic region
is exposed on the surface of the protein, increasing the proportion of surface charge or
hydrophilic groups, and ultimately improving the water solubility of rice protein [35].
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Wang et al. [36] prepared a composite of rice protein and whey protein in
a 1:1 ratio, which resulted in a composite with a solubility of over 50%. The microstructure
of the composite showed that the protein molecules were transformed into dispersed,
angular, granular structures. Li et al. [37] utilized pH cycling to prepare a composite of rice
protein and walnut protein, which increased the solubility of rice protein to over 80%. The
hydrophobic groups of the two proteins were buried and included internally, while the
charged groups were exposed externally. The resulting composite had an increased zeta
potential and reduced surface hydrophobicity. Manhee et al. [38] found that soy protein
isolate can also improve the water solubility of rice protein, increasing its solubility from
25.8% to 68.4%.

In addition, the acylation transfer reaction can also be assisted by transglutaminase to
cross-link rice glutelin and another heterologous protein [39]. For example, He et al. [40] pro-
moted the cross-linking reaction between rice glutelin and casein by using transglutaminase,
which improved the microstructure of rice glutelin and increased its solubility performance.

3.4. Modification and Solubility Enhancement of Rice Protein by Phosphate

Phosphate modification is also a commonly used method to improve the solubility
of proteins, and its reaction mechanism is shown in Figure 5. The phosphate group
can form hydrogen bonds with the hydroxyl groups on serine, threonine, or tyrosine
residues, and increases the number of negative charges, thereby enhancing the electrostatic
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repulsion between protein molecules and reducing the surface tension of the emulsion,
ultimately improving the dispersion of proteins in the emulsion system [41,42]. However,
the phosphate modification is currently plagued by the issue of a lengthy reaction time,
which can easily cause irreversible aggregation and denaturation of proteins [43]. Therefore,
the wet-heat method or microwave method is often used to assist the phosphorylation
modification of rice protein to increase the efficiency of the phosphorylation reaction.
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Wet-heat-assisted phosphorylation modification involves mixing rice protein with
a phosphate solution and incubating it in a 55 ◦C water bath. This method is effective,
simple to operate, and has certain industrial prospects [44]. Hu et al. [45] conducted a wet-
heat-assisted phosphorylation reaction on 2% rice bran protein (reaction conditions were
0.1 mol/L sodium trimetaphosphate, pH 9.0, and 55 ◦C). The conformation of rice bran
protein changed, the maximum fluorescence emission wavelength (λmax) shifted to blue,
and the surface hydrophobicity and fluorescence intensity were significantly increased.
Meanwhile, sodium trimetaphosphate introduced more negative charges on the surface
of rice bran protein molecules, increasing their hydrophilicity and the repulsion between
protein molecules, thereby improving the solubility of rice bran protein.

Microwave-assisted heating can also improve the efficiency of a phosphorylation
reaction. Utilizing the enormous energy generated by electromagnetic waves accelerates
the unfolding of protein molecules and the exposure of phosphorylation sites, thereby
promoting the interaction between phosphate groups and protein side chains [46,47].
Hadidi et al. [48] used microwave-assisted phosphorylation (at a power of 590 W for 155 s)
to increase the degree of protein phosphorylation, shorten the reaction time, and improve
the solubility and other functional properties of the protein.

3.5. Modification and Solubility Enhancement of Rice Protein by Deamidation Method

The modification of proteins through deamidation is typically carried out under acidic
or alkaline conditions, or enzymatic catalysis, where the amide groups on the side chains
of basic amino acid residues (such as asparagine or glutamine residues) are cleaved to
form carboxylic acid groups (thus becoming aspartic acid residues and glutamic acid
residues), as shown in Figure 6. Deamidation of proteins can cause protein unfolding or
conformational rearrangement while reducing the formation of hydrogen bonds within
or between protein subunits caused by the amide groups, which in turn reduces the
aggregation between molecules or subunits and enhances the hydrogen bond or hydrophilic
interaction between proteins and water molecules [49]. Additionally, deamidation increases
the electrostatic repulsion between protein chains and decreases the surface hydrophobicity
of the subunits [50].
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Guan et al. [51] used the deamidation method under alkaline conditions to obtain
highly soluble rice bran protein, by conducting a 30 min deamidation reaction at pH 8.0
and 100 ◦C. Another approach for deamidation modification is acid-catalyzed deamidation,
which is often characterized by the mild properties of organic acids and can prevent
issues such as the breakdown of peptide bonds and the isomerization of amino acid
residues brought on by excessive deamidation [52]. Li et al. [53] adjusted the pH of glutelin
solutions to 4.0 using malic acid and citric acid, and then subjected them to deamidation
treatment, resulting in an increase in solubility of glutelin from 7.79% to 39.13% and
26.06%, respectively.

In addition, enzyme-assisted protein deamidation has high reaction specificity and
food safety. This method can increase the surface electrostatic charge of the protein, reduce
the hydrogen bonds within the molecule, form hydrophilic carboxyl groups, and promote
protein unfolding [54]. Liu et al. [49] found that deamidation of rice glutelin by glutamine
transamidase could increase its solubility in neutral or slightly acidic solutions (i.e., pH 5–7).
Chen et al. [55] discovered that glutamine transamidase could prevent excessive hydrolysis
caused by chemical or other protease treatments while increasing the water solubility
of glutelin.

3.6. Modification and Solubility Enhancement of Rice Protein by Enzymatic Hydrolysis Method

The enzymatic hydrolysis method can break down protein into short-chain peptides or
amino acids, and reduce intra- or inter-molecular cross-linking, particularly the formation
of inter-subunit disulfide bonds. The small molecules generated by hydrolysis not only
exhibit good water solubility, but also possess biological activities such as anti-cancer,
anti-hypertension, and immune regulation [56]. Table 1 shows commonly used enzymes,
reaction conditions, and modification effects for modified rice protein. Among these
proteases, alkaline protease has the highest degree of hydrolysis (DH), and the modification
and solubilization of rice protein are the most significant, with solubility as high as 94%.
This is due to the fact that alkaline protease has more enzyme hydrolysis sites, resulting
in a large number of hydrolysis of hydrophobic amino acid residues, thus improving the
solubility of rice protein [57].

The advantages of enzyme hydrolysis include mild reaction conditions, easy control,
and high specificity. However, traditional enzymatic hydrolysis can result in bitter pep-
tides (mainly composed of peptides containing Lys, Leu, and Val residues), reduce the
emulsifying ability of protein, and has a low hydrolysis efficiency and extended reaction
time [58,59]. Physical methods such as ultrasound, high pressure, or the construction
of a dual-enzyme system can be used to not only speed up the enzymatic reaction time
and increase the efficiency of enzymatic hydrolysis but also to reduce bitter peptides and
increase the emulsification and emulsifying stability of the protein.

Yang et al. [60] show that ultrasound-assisted enzymatic hydrolysis can significantly
improve the efficiency of rice protein processing. The cavitation effect generated by ul-
trasound can promote the stretching of enzymatic protein molecules, reduce disulfide
bond content and the hydrophobicity of the protein surface, increase the dissolution rate
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of soluble protein particles or protein molecules, and enhance the contact frequency be-
tween protein and enzyme [61], thus improving the enzymatic hydrolysis efficiency. Chang
et al. [62] found that ultrasound-assisted enzymatic hydrolysis can promote the exposure
of cleavage sites for papain, reduce the hydrolysis time for 1 h, and the enzyme dosage
amount by 1.4 times. At the same time, ultrasound-assisted enzymatic hydrolysis increased
the water solubility of rice bran protein by nearly 2 times, while the emulsifying stability
decreased by 38.25%. This is because the low molecular weight peptides formed by long-
time enzymatic hydrolysis (3 h) could not stabilize the oil–water interface, which in turn
has an adverse effect on protein emulsification.

High-pressure assistance can improve the solubility and emulsifying stability of rice
protein by enhancing enzymatic hydrolysis. Liu et al. [63] found that a pressure of 300 MPa
can increase the hydrolysis of rice protein by alkaline protease, improve the solubility of rice
protein by nearly 1.7 times, and increase the emulsifying property and emulsifying stability
by 2 times and 3 times, respectively. This is due to the changes in the tertiary and quaternary
structure of protein molecules caused by ultra-high pressure, which releases smaller soluble
proteins and promotes the modification of protease. At the same time, ultra-high pressure
shortens the enzymatic hydrolysis time to 15 min and avoids the decrease in protein
emulsifying ability. Zhang et al. [64] also found that high-pressure micro fluidization
can promote the exposure of hydrophobic groups within the rice bran separation protein,
increasing the surface hydrophobicity and molecular diffusion rate, which significantly
improves the hydrolysis of rice bran separation protein by neutral protease.

The hydrophobic amino acids in rice protein participate in peptide bond formation at
the -amino or carboxyl end during enzymatic hydrolysis, giving the hydrolysate an unfavor-
able bitter taste [65]. Yan et al. [66] constructed a dual-enzyme system of aminopeptidase
and pancreatin, which reduced the bitterness of rice protein hydrolysates. Pooja et al. [67]
found that the hydrolysate of rice bran protein pretreated with high hydrostatic pressure
can also effectively address issues such as prolonged hydrolysis time and bitter peptides.

Table 1. Common enzymes, reaction conditions, and modification effect of modified rice protein.

Enzyme Condition Targets DH Effect References

Papain Enzyme: substrate = 3:100;
4 h; pH = 7.0; 50 ◦C

Carboxyl terminus of
arginine, lysine, and
glycine residues

15–32% Increased the solubility
(about 45–94%) [68]

Trypsin

Enzyme:
substrate = 0.89:1000;
2.4 h;
pH = 7.6; 52.8 ◦C

Carboxyl terminal of
arginine and
lysine residues

8.96% Increased the solubility
(above 75%) [65]

Alkaline
protease

Enzyme: substrate = 1:100;
5 h; pH = 8.0; 65 ◦C

Carboxyl of
hydrophobic amino
acid–amide bond of
aromatic amino acids

23.8% Increased the solubility
(to 94.78%) [69,70]

Glutaminase
Enzyme: substrate = 1:250;
12 h; pH = 8.0;
50 ◦C

Acyl transfer reaction
between lysine residue
and glutamine residue

4–6% Increased the solubility
(to 78.14%) [49,71]

4. Applications of Modified Rice Protein in Food Processing

Modified rice protein exhibits desirable functional properties such as high solubility,
emulsifying ability, gelling ability, and antioxidant activity, which make it a promising
ingredient for a wide range of food applications. Modified rice protein can replace allergenic
bovine milk protein in dairy products, increasing the potential for developing plant-based
dairy products or infant formula [72]. In meat products, it can balance the nutritional
value, reduce economic costs, and improve product stability [73]. In baked goods, it can be
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used to develop gluten-free baked goods, providing more options for people with gluten
allergies [74].

4.1. Application of Modified Rice Protein in Dairy Product Processing

Modified rice protein retains its low allergenicity, and its emulsifying and encapsulat-
ing properties enable the inclusion of vitamins, minerals, probiotics, etc., making it useful in
developing infant formula, probiotic fermented milk, cheese, and other dairy products [75].

Modified rice protein can be used in fermented milk products, taking advantage of
its good emulsifying and encapsulating properties [76]. Vaniski et al. [77] found that the
encapsulation efficiency of thermophilic streptococci by rice bran protein–maltodextrin
covalent complexes can reach 90.26%, and the survival rate of thermophilic streptococci
in simulated gastric and intestinal fluids is relatively high. Zhang et al. [78] prepared rice
protein–pectin composite microcapsules, which exhibited excellent antibacterial activity
and could inhibit key enzymes in the tricarboxylic acid cycle and hexose monophosphate
pathway of Escherichia coli. After encapsulating probiotics with modified rice protein, it
can be directly added as an ingredient to fermented dairy products, and protect the activity
of probiotics during food processing and digestion in the human gastrointestinal tract.

Rice protein has low allergenicity and is often used as a substitute for cow’s milk pro-
tein in formula powders for lactose intolerant individuals, with certain digestive tolerance,
safety, acceptability, and palatability [79]. Amagliani et al. [80] added low-molecular-weight
surfactants to hydrolyzed rice protein, mixed it with oils, carbohydrates, and maltodextrins,
and developed a rice protein infant formula emulsion formula. The formula reduced the
size of fat globules and had high emulsion and thermal stability.

Modified rice protein can also be applied in cheese products, mainly as an active
filler embedded in the cheese protein matrix to produce high-quality low-fat cheese [81].
Paximada et al. [82] prepared a water-in-oil (W/O) emulsion of modified rice protein with
fat and then homogenized the emulsion with milk to form a water-in-oil-in-water (W/O/W)
double emulsion. The process flow diagram of preparing cheese using the W/O/W double
emulsion is shown in Figure 7. The double emulsion has a high protein encapsulation
efficiency, which can reduce the loss of fat in cheese products and decrease the hardness,
thus having a broad application prospect for developing low-fat dairy products. In addition
to forming stable water-in-oil emulsions with lipids, the improved functional properties of
modified rice protein also facilitate protein gel formation during fermentation, providing
possibilities for the development of fermented plant-based cheese [72].
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4.2. Application of Modified Rice Protein in Meat Products Processing

The processing of meat products is often accompanied by the loss of intracellular and
extracellular juice in muscle tissue, as well as a decrease in the water-holding capacity
of muscle proteins. Excessive intake of animal protein can also lead to cardiovascular
diseases [83] and kidney problems [84]. Modified rice protein has good water-holding
properties, which can reduce the loss of fluid in muscle tissue and balance the nutritional
value of animal protein, thereby reducing the negative effects of consuming excessive
saturated fatty acids on the body [85]. At present, modified rice protein is commonly used
in block meat, minced meat, and plant-based meat products.

In the processing of block meat products, modified rice protein can reduce the de-
hydration shrinkage of whole or large pieces of meat, maintain the integrity of the meat
muscle tissue, and improve the product yield. Aqsa et al. [86] mixed chicken chunks with
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modified rice protein isolate by kneading. The results showed that modified rice protein
isolate can increase the protein content of chicken chunks (from 34.99% to 48.49%) and
reduce cooking loss (from 12.44% to 3.85%). Zhou et al. [69] found that modified rice
protein has a strong antioxidant ability and can effectively reduce lipid oxidation in meat
during storage.

Modified rice protein can reduce the loss of fat and moisture in minced meat products
and improve sensory quality [87]. Li et al. [88] found that alkaline protease-modified rice
protein can form a dense covering film on the surface of the muscle fibers of the sausage.
Meanwhile, modified rice protein can form an elastic and hard gel network with meat
protein, which can lock fat and moisture in the three-dimensional network structure, reduce
the loss of juice, and increase the yield of sausage [89].

Modified rice protein can also be used in the production of plant-based meat products.
It has low allergenicity, no beany flavor, and a fatty mouthfeel, and can partially replace soy
protein in the production of plant-based meat products [90]. Lee et al. [91] mixed modified
rice protein and soy protein in a certain proportion, and used corn starch and wheat flour
as additives. They employed a low-moisture extrusion-cooking process with a twin-screw
extruder to promote the interaction between proteins, lipids, and carbohydrates, resulting in
the production of plant-based meat products with high nutritional value and unique flavor.

4.3. Application of Modified Rice Protein in Baked Food Processing

Baked food is typically made from wheat flour through processes such as kneading,
fermentation, and baking. However, wheat contains allergenic components such as gluten,
which makes it difficult for patients with celiac disease or wheat gluten protein allergies to
consume. Therefore, there is a need to develop gluten-free baked food to meet the needs of
these special populations. The modified rice protein is free of gluten, has low allergenicity,
and has a high water absorption and oil-holding capacity. It can successfully lower the loss
of water and oil in baked goods, keep the texture fresh and moist, and raise the amount of
protein in them [74].

When mixed with water, sugar, oil, salt, and other ingredients in a certain proportion,
modified rice protein can form a sticky and elastic network similar to gluten, which can
be baked at high temperatures to make bread, biscuits, or cakes. Sahagún et al. [92]
used a recipe containing rice flour, modified rice protein, sugar, milk, pasteurized egg
liquid, sunflower oil, and baking powder to make cakes, which improved the texture
characteristics of the cakes. Yadav et al. [93] used 5% rice bran concentrate protein instead
of refined wheat flour to prepare biscuits, and the results showed that as the concentration
of rice bran concentrate protein increased, the physical characteristics of the biscuits, such
as diameter, thickness, fracture strength, moisture content, protein content, and ash content,
all increased significantly. This may be because rice bran concentrate protein absorbed
more water and oil during the baking process, maintaining the moist texture of the biscuits
and giving them the best texture in terms of color, taste, and flavor. Honda et al. [94] found
that after protease modification, rice protein and gluten protein formed a three-dimensional
structure, which increased the volume of gluten-free bread by 22%. Scanning electron
microscopy revealed that both the size and quantity of pores in the bread increased, leading
to improvements in its rheological and sensory properties [95].

5. Conclusions

The modification and solubilization of rice protein are very significant; however,
the traditional modification of rice protein is often accompanied by some issues, such
as long reaction time, plenty of by-products, insufficient reaction, and so on, while the
improved modification method avoids these shortcomings. Modification and solubilization
of rice protein by polysaccharides, polyphenols, heterologous proteins, and phosphates are
assisted by ultrasound, ultra-high pressure, microwave, enzymes, water bath heating, or
alkaline conditions. The modification and solubilization of rice protein by deamidation are
assisted by mild organic acids or enzyme-assisted deamidation. However, the control of the
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degree of deamidation and the safety of protein are still the difficulties of current research.
Enzymatic hydrolysis for the modification and solubilization of rice protein is assisted
by ultrasound, ultra-high pressure, and dual-enzyme systems. However, it is difficult to
realize industrial applications due to the high cost of the experiment. To summarize, under
certain physical and chemical conditions, combining rice protein with a certain amount
of polysaccharides, polyphenols, heterologous protein, or phosphate anions is the most
simple, safe, effective, and low-cost modification method. Among these methods, the
polysaccharide reaction can be carried out spontaneously without other chemical reagents,
so it has more application potential in improving the water solubility of rice protein.

Modified rice protein has been widely used in the processing of dairy products, meat
products, and baked goods due to its good solubility, emulsifying properties, gelling
properties, water-holding capacity, and oil-holding capacity. It not only balances nutritional
value and meets the protein intake needs of allergic populations, but also improves the
deficiencies of animal and plant proteins, increases stability, and extends shelf life. With
the in-depth research on the functional properties of modified rice protein, its application
scope in food processing is constantly expanding, which can increasingly meet the needs of
the food industry and market sectors.

Author Contributions: J.Y.: Collected the literature sources and Wrote the manuscript. D.M.: Con-
ceptualized the idea and Performed critical reviews on the manuscript. Z.W.: Formal analysis,
Supervision. Z.W., J.C. and L.X.: Review & Editing, Funding acquisition. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the Natural Science Foundation of Tianjin (No. 22JC-
QNJC01320), National Natural Science Foundation of China (No. 31701612), National Training
Programs for Innovation and Entrepreneurship of Undergraduates of China (202110069018 and
202210069004), Tianjin “131” innovative talent team (Team number 201927), Tianjin Key Research
and Development Program and Tianjin Applied Basic and Frontier Technology Research Program
(19YFLHSN00080, S19FC2020 and 19JCTPJC54600), the Key Research and Development Plan of
Anhui Province (202204c06020013), and the Anhui Provincial Excellent Research and Innovation
Team Project.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

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

Sample Availability: Not applicable.

References
1. Wen, L.; Huang, L.; Li, Y.; Feng, Y.; Zhang, Z.; Xu, Z.; Chen, M.-L.; Cheng, Y. New peptides with immunomodulatory activity

identified from rice proteins through peptidomic and in silico analysis. Food Chem. 2021, 364, 130357. [CrossRef]
2. Lin, D.; Zhang, L.; Li, R.; Zheng, B.; Rea, M.C.; Miao, S. Effect of plant protein mixtures on the microstructure and rheological

properties of myofibrillar protein gel derived from red sea bream (Pagrosomus major). Food Hydrocoll. 2019, 96, 537–545.
[CrossRef]

3. Piotrowicz, I.B.B.; Garcés-Rimón, M.; Moreno-Fernández, S.; Aleixandre, A.; Salas-Mellado, M.; Miguel-Castro, M. Antioxidant,
Angiotensin-Converting Enzyme Inhibitory Properties and Blood-Pressure-Lowering Effect of Rice Bran Protein Hydrolysates.
Foods 2020, 9, 812. [CrossRef] [PubMed]

4. Ren, L.; Fan, J.; Yang, Y.; Xu, Y.; Chen, F.; Bian, X.; Xing, T.; Liu, L.; Yu, D.; Zhang, N. Enzymatic Hydrolysis of Broken Rice Protein:
Antioxidant Activities by Chemical and Cellular Antioxidant Methods. Front. Nutr. 2021, 8, 788078. [CrossRef]

5. Yu, S.; Fang, N.; Li, Q.; Zhang, J.; Luo, H.; Ronis, M.; Badger, T.M. In vitro actions on human cancer cells and the liquid
chromatography-mass spectrometry/mass spectrometry fingerprint of phytochemicals in rice protein isolate. J. Agric. Food Chem.
2006, 54, 4482–4492. [CrossRef]

6. Zhang, H.; Bartley, G.E.; Mitchell, C.R.; Zhang, H.; Yokoyama, W. Lower weight gain and hepatic lipid content in hamsters fed
high fat diets supplemented with white rice protein, brown rice protein, soy protein, and their hydrolysates. J. Agric. Food Chem.
2011, 59, 10927. [CrossRef]

17



Molecules 2023, 28, 4078

7. Yousefi, N.; Abbasi, S. Food proteins: Solubility & thermal stability improvement techniques. Food Chem. Adv. 2022, 1, 100090.
[CrossRef]

8. Zhao, M.; Xiong, W.; Chen, B.; Zhu, J.; Wang, L. Enhancing the solubility and foam ability of rice glutelin by heat treatment at
pH12: Insight into protein structure. Food Hydrocoll. 2020, 103, 105626. [CrossRef]

9. Zhong, L.; Ma, N.; Wu, Y.; Zhao, L.; Ma, G.; Pei, F.; Hu, Q. Characterization and functional evaluation of oat protein isolate-
Pleurotus ostreatus β-glucan conjugates formed via Maillard reaction. Food Hydrocoll. 2019, 87, 459–469. [CrossRef]

10. Thongkong, S.; Klangpetch, W.; Unban, K.; Tangjaidee, P.; Phimolsiripol, Y.; Rachtanapun, P.; Jantanasakulwong, K.; Schönlechner,
R.; Thipchai, P.; Phongthai, S. Impacts of Electroextraction Using the Pulsed Electric Field on Properties of Rice Bran Protein.
Foods 2023, 12, 835. [CrossRef]

11. Christian, X.W.; Manfred, J.S. Self-Consistent Assignment of Asparagine and Glutamine Amide Rotamers in Protein Crystal
Structures. Structure 2006, 14, 967–972. [CrossRef]

12. Li, T.; Wang, L.; Chen, Z.; Sun, D.; Li, Y. Electron beam irradiation induced aggregation behaviour, structural and functional
properties changes of rice proteins and hydrolysates. Food Hydrocoll. 2019, 97, 105192. [CrossRef]

13. Robert, P.B. A tensegrity model for hydrogen bond networks in proteins. Heliyon 2017, 3, e307. [CrossRef]
14. He, R.; He, H.-Y.; Chao, D.; Ju, X.; Aluko, R. Effects of High Pressure and Heat Treatments on Physicochemical and Gelation

Properties of Rapeseed Protein Isolate. Food Bioprocess Technol. 2014, 7, 1344–1353. [CrossRef]
15. Liu, P.; Li, Y.; Gao, L.; Zhou, X.; Ma, P.; Wang, Q. Effect of different carbohydrates on the functional properties of black rice

glutelin (BRG) modified by the maillard reaction. J. Cereal Sci. 2020, 93, 102979. [CrossRef]
16. Perusko, M.; Al-Hanish, A.; Velickovic, T.C.; Stanic-Vucinic, D. Macromolecular crowding conditions enhance glycation and

oxidation of whey proteins in ultrasound-induced Maillard reaction. Food Chem. 2015, 177, 248–257. [CrossRef]
17. Li, M.; McClements, D.J.; Liu, X.; Liu, F. Design principles of oil-in-water emulsions with functionalized interfaces: Mixed,

multilayer, and covalent complex structures. Compr. Rev. Food Sci. Food Saf. 2020, 19, 3159–3190. [CrossRef]
18. Kan, X.; Chen, G.; Zhou, W.; Zeng, X. Application of protein-polysaccharide Maillard conjugates as emulsifiers: Source,

preparation and functional properties. Food Res. Int. 2021, 150, 110740. [CrossRef]
19. Zhifeng, Z.; Youling, L.X. Thermosonication-induced structural changes and solution properties of mung bean protein. Ultrason.

Sonochem. 2019, 62, 104908. [CrossRef]
20. Chen, X.; Zhao, H.; Wang, H.; Xu, P.; Chen, M.; Xu, Z.; Wen, L.; Cui, B.; Yu, B.; Zhao, H.; et al. Preparation of high-solubility rice

protein using an ultrasound-assisted glycation reaction. Food Res. Int. 2022, 161, 111737. [CrossRef]
21. Liu, X.; Yang, Q.; Yang, M.; Du, Z.; Wei, C.; Zhang, T.; Liu, B.; Liu, J. Ultrasound-assisted Maillard reaction of Ovalbumin/Xylose:

The enhancement of functional properties and its mechanism. Ultrason. Sonochem. 2021, 73, 105477. [CrossRef]
22. Jia, X.; Li, L.; Teng, J.; Li, M.; Long, H.; Xia, N. Glycation of rice protein and d-xylose pretreated through hydrothermal

cooking-assisted high hydrostatic pressure: Focus on the structural and functional properties. LWT 2022, 160, 113194. [CrossRef]
23. Cheng, Y.-H.; Mu, D.-C.; Jiao, Y.; Xu, Z.; Chen, M.-L. Microwave-assisted maillard reaction between rice protein and dextran

induces structural changes and functional improvements. J. Cereal Sci. 2021, 97, 103134. [CrossRef]
24. Meng, X.; Li, T.; Song, T.; Chen, C.; Venkitasamy, C.; Pan, Z.; Zhang, H. Solubility, structural properties, and immunomodulatory

activities of rice dreg protein modified with sodium alginate under microwave heating. Food Sci. Nutr. 2019, 7, 2556–2564.
[CrossRef]

25. Zheng, Y.; Li, Z.; Lu, Z.; Wu, F.; Fu, G.; Zheng, B.; Tian, Y. Structural characteristics and emulsifying properties of lotus seed
protein isolate-dextran glycoconjugates induced by a dynamic high pressure microfluidization Maillard reaction. LWT 2022, 160,
113309. [CrossRef]

26. Li, Y.; He, D.; Li, B.; Lund, M.N.; Xing, Y.; Wang, Y.; Li, F.; Cao, X.; Liu, Y.; Chen, X.; et al. Engineering polyphenols with biological
functions via polyphenol-protein interactions as additives for functional foods. Trends Food Sci. Technol. 2021, 110, 470–482.
[CrossRef]

27. Keppler, J.K.; Schwarz, K.; van der Goot, A.J. Covalent modification of food proteins by plant-based ingredients (polyphenols
and organosulphur compounds): A commonplace reaction with novel utilization potential. Trends Food Sci. Technol. 2020, 101,
38–49. [CrossRef]

28. Dai, T.; Yan, X.; Li, Q.; Li, T.; Liu, C.; McClements, D.J.; Chen, J. Characterization of binding interaction between rice glutelin and
gallic acid: Multi-spectroscopic analyses and computational docking simulation. Food Res. Int. 2017, 102, 274–281. [CrossRef]

29. Wang, S.; Li, X.; Zhu, J.; Liu, H.; Liu, T.; Yu, G.; Shao, M. Covalent Interaction between High Hydrostatic Pressure-Pretreated Rice
Bran Protein Hydrolysates and Ferulic Acid: Focus on Antioxidant Activities and Emulsifying Properties. J. Agric. Food Chem.
2021, 69, 7777–7785. [CrossRef]

30. Quan, T.H.; Benjakul, S.; Sae-Leaw, T.; Balange, A.K.; Maqsood, S. Protein–polyphenol conjugates: Antioxidant property,
functionalities and their applications. Trends Food Sci. Technol. 2019, 91, 507–517. [CrossRef]

31. Jaroslaw, C.; Krzysztof, D. A review of methods used for investigation of protein–phenolic compound interactions. Int. J. Food Sci.
Technol. 2017, 52, 573–585. [CrossRef]

32. Shi-Qi, T.; Qiu-Han, D.; Zhen, F. Ultrasonic Treatment on Physicochemical Properties of Water-Soluble Protein from Moringa
Oleifera Seed. Ultrason. Sonochem. 2020, 71, 105357. [CrossRef]

33. Xue, F.; Xie, Y.; Li, C.; Wang, S.; Liu, X. Prevention of frozen-dough from deterioration with incorporation of glutenin-polyphenols
conjugates prepared by ultrasound. LWT 2021, 151, 112141. [CrossRef]

18



Molecules 2023, 28, 4078

34. Wang, T.; Yue, M.; Xu, P.; Wang, R.; Chen, Z. Toward water-solvation of rice proteins via backbone hybridization by casein. Food
Chem. 2018, 258, 278–283. [CrossRef] [PubMed]

35. Wang, R.; Li, L.; Feng, W.; Wang, T. Fabrication of hydrophilic composites by bridging the secondary structures between rice
proteins and pea proteins toward enhanced nutritional properties. Food Funct. 2020, 11, 7446–7455. [CrossRef]

36. Wang, R.; Xu, P.; Chen, Z.; Zhou, X.; Wang, T. Complexation of rice proteins and whey protein isolates by structural interactions
to prepare soluble protein composites. LWT 2019, 101, 207–213. [CrossRef]

37. Li, F.; Wang, T.; Feng, W.; Wang, R.; Chen, Z.; Yi, D. Novel Protein Hydrocolloids Constructed by Hydrophobic Rice Proteins and
Walnut Proteins as Loading Platforms for Nutraceutical Models. Food Biophys. 2021, 16, 427–439. [CrossRef]

38. Baek, M.; Mun, S. Improvement of the water solubility and emulsifying capacity of rice proteins through the addition of isolated
soy protein. Int. J. Food Sci. Technol. 2022, 57, 4411–4421. [CrossRef]

39. Kuddus, M. Transglutaminase protein substrates of food interest. In Enzymes in Food Technology; Springer: Singapore, 2018; pp.
293–317. [CrossRef]

40. He, C.; Hu, Y.; Woo, M.W.; Xiong, H.; Zhao, Q. Effect of microbial transglutaminase on the structural and rheological characteristics
and in vitro digestion of rice glutelin–casein blends. Food Res. Int. 2020, 139, 109832. [CrossRef]

41. Pei, Y.; Wan, J.; You, M.; McClements, D.J.; Li, Y.; Li, B. Impact of whey protein complexation with phytic acid on its emulsification
and stabilization properties. Food Hydrocoll. 2019, 87, 90–96. [CrossRef]

42. Zhouyi, X.; Maojie, Z.; Meihu, M. Emulsifying properties of ovalbumin: Improvement and mechanism by phosphorylation in the
presence of sodium tripolyphosphate. Food Hydrocoll. 2016, 60, 29–37. [CrossRef]

43. Ma, Z.; Chi, Y.; Zhang, H.; Chi, Y.; Ma, Y. Inhibiting effect of dry heat on the heat-induced aggregation of egg white protein. Food
Chem. 2022, 387, 132850. [CrossRef]

44. Li, P.; Sun, Z.; Ma, M.; Jin, Y.; Sheng, L. Effect of microwave-assisted phosphorylation modification on the structural and foaming
properties of egg white powder. LWT 2018, 97, 151–156. [CrossRef]

45. Hu, Z.; Qiu, L.; Sun, Y.; Xiong, H.; Ogra, Y. Improvement of the solubility and emulsifying properties of rice bran protein by
phosphorylation with sodium trimetaphosphate. Food Hydrocoll. 2019, 96, 288–299. [CrossRef]

46. Peishan, L.; Yongguo, J.; Long, S. Impact of microwave assisted phosphorylation on the physicochemistry and rehydration
behaviour of egg white powder. Food Hydrocoll. 2020, 100, 105380. [CrossRef]

47. Hu, Y.; Du, L.; Sun, Y.; Zhou, C.; Pan, D. Recent developments in phosphorylation modification on food proteins: Structure
characterization, site identification and function. Food Hydrocoll. 2023, 137, 108390. [CrossRef]

48. Hadidi, M.; Jafarzadeh, S.; Ibarz, A. Modified mung bean protein: Optimization of microwave-assisted phosphorylation and its
functional and structural characterizations. LWT 2021, 151, 112119. [CrossRef]

49. Liu, Y.; Li, X.; Zhou, X.; Yu, J.; Wang, F.; Wang, J. Effects of glutaminase deamidation on the structure and solubility of rice glutelin.
LWT-Food Sci. Technol. 2011, 44, 2205–2210. [CrossRef]

50. Fang, L.; Xiang, H.; Sun-Waterhouse, D.; Cui, C.; Lin, J. Enhancing the Usability of Pea Protein Isolate in Food Applications
through Modifying Its Structural and Sensory Properties via Deamidation by Glutaminase. J. Agric. Food Chem. 2020, 68,
1691–1697. [CrossRef]

51. Guan, J.; Takai, R.; Toraya, K.; Ogawa, T.; Muramoto, K.; Mohri, S.; Ishikawa, D.; Fujii, T.; Chi, H.; Cho, S.-J. Effects of Alkaline
Deamidation on the Chemical Properties of Rice Bran Protein. Food Sci. Technol. Res. 2017, 23, 697–704. [CrossRef]

52. Liao, L.; Liu, T.-X.; Zhao, M.-M.; Cui, C.; Yuan, B.-E.; Tang, S.; Yang, F. Functional, nutritional and conformational changes from
deamidation of wheat gluten with succinic acid and citric acid. Food Chem. 2010, 123, 123–130. [CrossRef]

53. Lei, L.; Zhao, Q.; Selomulya, C.; Xiong, H. The effect of deamidation on the structural, functional, and rheological properties of
glutelin prepared from Akebia trifoliata var. australis seed. Food Chem. 2015, 178, 96–105. [CrossRef]

54. Liu, X.; Wang, C.; Zhang, X.; Zhang, G.; Zhou, J.; Chen, J. Application Prospect of Protein-Glutaminase in the Development of
Plant-Based Protein Foods. Foods 2022, 11, 440. [CrossRef] [PubMed]

55. Chen, X.; Fu, W.; Luo, Y.; Cui, C.; Suppavorasatit, I.; Liang, L. Protein deamidation to produce processable ingredients and
engineered colloids for emerging food applications. Compr. Rev. Food Sci. Food Saf. 2021, 20, 3788–3817. [CrossRef]

56. García, M.; Puchalska, P.; Esteve, C.; Marina, M. Vegetable foods: A cheap source of proteins and peptides with antihypertensive,
antioxidant, and other less occurrence bioactivities. Talanta 2013, 106, 328–349. [CrossRef] [PubMed]

57. Doucet, D.; Otter, D.E.; Gauthier, S.F.; Foegeding, E.A. Enzyme-induced gelation of extensively hydrolyzed whey proteins by
Alcalase: Peptide identification and determination of enzyme specificity. J. Agric. Food Chem. 2003, 51, 6300–6308. [CrossRef]

58. Meinlschmidt, P.; Sussmann, D.; Schweiggert-Weisz, U.; Eisner, P. Enzymatic treatment of soy protein isolates: Effects on the
potential allergenicity, technofunctionality, and sensory properties. Food Sci. Nutr. 2016, 4, 11–23. [CrossRef]

59. Zang, X.; Yue, C.; Wang, Y.; Shao, M.; Yu, G. Effect of limited enzymatic hydrolysis on the structure and emulsifying properties of
rice bran protein. J. Cereal Sci. 2019, 85, 168–174. [CrossRef]

60. Yang, X.; Wang, L.; Zhang, F.; Ma, H. Effects of multi-mode S-type ultrasound pretreatment on the preparation of ACE inhibitory
peptide from rice protein. Food Chem. 2020, 331, 127216. [CrossRef]

61. Zhang, Z.; Wang, Y.; Jiang, H.; Dai, C.; Xing, Z.; Mintah, B.K.; Dabbour, M.; He, R.; Ma, H. Effect of dual-frequency ultrasound on
the formation of lysinoalanine and structural characterization of rice dreg protein isolates. Ultrason. Sonochem. 2020, 67, 105124.
[CrossRef]

19



Molecules 2023, 28, 4078

62. Chang, H. Improving Emulsibility Properties of Rice Bran Protein with Ultrasonic and Papain Hydrolysis Methods; Henan University of
Technology: Zhengzhou, China, 2019. [CrossRef]

63. Liu, N.; Lin, P.; Zhang, K.; Yao, X.; Li, D.; Yang, L.; Zhao, M. Combined effects of limited enzymatic hydrolysis and high
hydrostatic pressure on the structural and emulsifying properties of rice proteins. Innov. Food Sci. Emerg. Technol. 2022, 77, 102975.
[CrossRef]

64. Zhang, L.; Chen, X.; Wang, Y.; Guo, F.; Hu, S.; Hu, J.; Xiong, H.; Zhao, Q. Characteristics of rice dreg protein isolate treated by
high-pressure microfluidization with and without proteolysis. Food Chem. 2021, 358, 129861. [CrossRef] [PubMed]

65. Li, X.; Xiong, H.; Yang, K.; Peng, D.; Peng, H.; Zhao, Q. Optimization of the biological processing of rice dregs into nutritional
peptides with the aid of trypsin. J. Food Sci. Technol.-Mysore 2012, 49, 537–546. [CrossRef]

66. Yan, Z.-F.; Yuan, S.; Qin, Q.; Wu, J. Enhancement of rice protein hydrolysate quality using a novel dual enzyme system. LWT 2022,
158, 113110. [CrossRef]

67. Pooja, K.; Rani, S.; Kanwate, B.; Pal, G.K. Physico-chemical, Sensory and Toxicity Characteristics of Dipeptidyl Peptidase-IV
Inhibitory Peptides from Rice Bran-derived Globulin Using Computational Approaches. Int. J. Pept. Res. Ther. 2017, 23, 519–529.
[CrossRef]

68. Singh, T.P.; Siddiqi, R.A.; Sogi, D.S. Enzymatic modification of rice bran protein: Impact on structural, antioxidant and functional
properties. LWT-Food Sci. Technol. 2021, 138, 110648. [CrossRef]

69. Zhou, K.; Canning, C.; Sun, S. Effects of rice protein hydrolysates prepared by microbial proteases and ultrafiltration on free
radicals and meat lipid oxidation. LWT-Food Sci. Technol. 2013, 50, 331–335. [CrossRef]

70. Braspaiboon, S.; Osiriphun, S.; Peepathum, P.; Jirarattanarangsri, W. Comparison of the effectiveness of alkaline and enzymatic
extraction and the solubility of proteins extracted from carbohydrate-digested rice. Heliyon 2020, 6, e5403. [CrossRef]

71. Hu, Y.; Sun-Waterhouse, D.; Liu, P.; Cui, C.; Wang, W. Modification of rice protein with glutaminase for improved structural and
sensory properties. Int. J. Food Sci. Technol. 2019, 54, 2458–2467. [CrossRef]

72. Masiá, C.; Jensen, P.E.; Petersen, I.L.; Buldo, P. Design of a Functional Pea Protein Matrix for Fermented Plant-Based Cheese. Foods
2022, 11, 178. [CrossRef]

73. Owusu-Ansah, P.; Besiwah, E.K.; Bonah, E.; Amagloh, F.K. Non-meat ingredients in meat products: A scoping review. Appl. Food
Res. 2022, 2, 100044. [CrossRef]

74. Chandi, G.K.; Sogi, D.S. Functional properties of rice bran protein concentrates. J. Food Eng. 2007, 79, 592–597. [CrossRef]
75. Nunes, L.; Martins, E.; Perrone, T.; De Carvalho, A.F. The Maillard Reaction in Powdered Infant Formula. J. Food Nutr. Res. 2019,

7, 33–40. [CrossRef]
76. Gruskiene, R.; Bockuviene, A.; Sereikaite, J. Microencapsulation of Bioactive Ingredients for Their Delivery into Fermented Milk

Products: A Review. Molecules 2021, 26, 4601. [CrossRef] [PubMed]
77. Vaniski, R.; da Silva, S.C.; Silva-Buzanello, R.A.; Canan, C.; Drunkler, D.A. Improvement of Lactobacillus acidophilus La-5

microencapsulation viability by spray-drying with rice bran protein and maltodextrin. J. Food Process. Preserv. 2021, 45, 15364.
[CrossRef]

78. Zhang, L.; Zhang, M.; Ju, R.; Bhandari, B.; Liu, K. Antibacterial mechanisms of star anise essential oil microcapsules encapsulated
by rice protein-depolymerized pectin electrostatic complexation and its application in crab meatballs. Int. J. Food Microbiol. 2023,
384, 109963. [CrossRef]

79. Bocquet, A.; Dupont, C.; Chouraqui, J.-P.; Darmaun, D.; Feillet, F.; Frelut, M.-L.; Girardet, J.-P.; Hankard, R.; Lapillonne, A.; Rozé,
J.-C.; et al. Efficacy and safety of hydrolyzed rice-protein formulas for the treatment of cow’s milk protein allergy. Arch. De Pediatr.
2019, 26, 238–246. [CrossRef]

80. Amagliani, L.; O’Regan, J.; Kelly, A.L.; O’Mahony, J.A. Influence of low molecular weight surfactants on the stability of model
infant formula emulsions based on hydrolyzed rice protein. LWT-Food Sci. Technol. 2022, 154, 112544. [CrossRef]

81. Ramel, P.R.; Marangoni, A.G. Processed cheese as a polymer matrix composite: A particle toolkit for the replacement of milk fat
with canola oil in processed cheese. Food Res. Int. 2018, 107, 110–118. [CrossRef] [PubMed]

82. Paximada, P.; Howarth, M.; Dubey, B.N. Double emulsions fortified with plant and milk proteins as fat replacers in cheese. J. Food
Eng. 2021, 288, 110229. [CrossRef]

83. Qi, X.X.; Shen, P. Associations of dietary protein intake with all-cause, cardiovascular disease, and cancer mortality: A systematic
review and meta-analysis of cohort studies. Nutr. Metab. Cardiovasc. Dis. 2020, 30, 1094–1105. [CrossRef] [PubMed]

84. Kramer, H. Diet and Chronic Kidney Disease. Adv. Nutr. 2019, 10 (Suppl. 4), S367–S379. [CrossRef] [PubMed]
85. Sim, S.Y.J.; Srv, A.; Chiang, J.H.; Henry, C.J. Plant Proteins for Future Foods: A Roadmap. Foods 2021, 10, 1967. [CrossRef]
86. Shoaib, A.; Sahar, A.; Sameen, A.; Saleem, A.; Tahir, A.T. Use of pea and rice protein isolates as source of meat extenders in the

development of chicken nuggets. J. Food Process. Preserv. 2018, 42, e13763. [CrossRef]
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Abstract: This study deliberated the effect of ultrasonic treatment on collagen self-assembly behavior
and collagen fibril gel properties. Bovine bone collagen I which had undergone ultrasonic treatment
with different power (0–400 W) and duration (0–60 min) was analyzed. SDS-PAGE and spectroscopic
analysis revealed that ultrasonic treatment decreased collagen molecular order degree and the
number of hydrogen bonds, stretching collagen telopeptide regions while maintaining the integrity
of the collagen triple-helical structure. Ultrasonic treatment (p ≤ 200 W, t ≤ 15 min) dispersed the
collagen aggregates more evenly, and accelerated collagen self-assembly rate with a decreased but
more homogeneous fibril diameter (82.78 ± 16.47–115.52 ± 19.51 nm) and D-periodicity lengths
(62.1 ± 2.9–66.5 ± 1.8 nm) than that of the untreated collagen (119.15 ± 27.89 nm; 66.5 ± 1.8 nm).
Meanwhile, ultrasonic treatment (p ≤ 200 W, t ≤ 15 min) decreased the viscoelasticity index and gel
strength, enhancing thermal stability and promoting specific surface area and porosity of collagen
fibril gels than that of the untreated collagen fibril gel. These results testified that collagen self-
assembly behavior and collagen fibril gel properties can be regulated by ultrasonic treatment through
multi-hierarchical structural alteration. This study provided a new approach for controlling in vitro
collagen fibrillogenesis process so as to manufacture novel desirable collagen-based biomaterials
with propitious performances for further valorization.

Keywords: ultrasonic treatment; collagen fibril; self-assembly behavior; collagen fibril gel; gel
property

1. Introduction

Collagen is the predominant structural protein of extracellular matrix (ECM), consti-
tuting approximately 1/3 of the total body proteins [1]. Type I collagen (CI) is the most
abundant amongst the identified 29 collagen types (type I–XXIX), and also possess superior
biodegradability and biocompatibility, which has now been widely utilized in food, cos-
metics, biomedical and pharmaceutical industries [2,3]. Whether in vivo or in vitro under
physiological conditions (specific pH, temperature, ionic strength, concentration, etc.), CI
monomers can spontaneously aggregate side-by-side with each other in a quarter-staggered
manner to self-assemble into microfibrils, fibrils, further into fibril bundles and, eventually,
3D collagen fibril gels [4]. Collagen fibrils and collagen fibril gels organize differently under
different conditions through hydrogen bonding and hydrophobic–electrostatic interactions,
and maintain optimized physicochemical properties and biological activity in vitro that are
similar to those of native tissues [5]. As the most vital strength and viscoelasticity-related
protein, the self-assembly behavior and fibril gel properties of CI make it responsible for the
structural stability, mechanical properties, and application potentiality of collagen-based
products in tissue engineering and traditional meat processing [6–8]. Therefore, different
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collagen self-assembly behavior and gel properties determine the different applied potency
of collagen.

Many studies have found that collagen self-assembly behavior and fibril gel properties
are strongly affected by relevant assembly conditions, such as collagen type/concentration,
temperature, pH, ionic strength/species, surfactants, fibrillation inhibitors, external force
field, etc. [4]. As an efficient and economic non-thermal assistant modification approach,
low frequencies ultrasound (20–100 kHz, 1–1000 W/cm2) has progressively been employed
by food sectors as an alternative to conventional processes [9]. During ultrasonic treatment,
electrical energy is converted into mechanical vibration energy, producing an acoustic
cavitation effect and creating local high temperature and pressure on materials in a liquid
system [10]. The acoustic cavitation generates sufficiently strong energy (10–100 kJ/mol)
and physical shear forces that can break covalent and non-covalent bonds (e.g., hydrogen
bonds and hydrophobic interactions) and ameliorating the physicochemical properties
of proteins [11]. Li et al. (2018) reported that the D-spacing length and roughness of
collagen fibrils from Qinchuan beef cattle tendons observed a 1.02% increment induced
by ultrasonic treatment for 20 min (20, 28 and 40 kHz) using atomic force microscopy [12].
Yu et al. (2020) found that the ultrasonic cavitation and mechanical effect could accelerate
the self-assembly process, reduce the fibrils size and alter digestion characteristics of
pepsin-soluble collagen extracted from chicken leg skin [13]. Wan et al. (2021) studied the
ultrastructure and mechanical properties of ultrasonic treatment collagen fibrils by atomic
force microscopy [6].

In our previous study, ultrasonic treatment was applied to the chicken breast carti-
lage, and the result evinced that ultrasonication is an effective way to increase the yield
of type II collagen and improve its physicochemical characteristics [8,9]. However, the
potential effect of ultrasonication on the structural integrity, self-assembly behavior of the
extracted collagen and the properties of the resulting collagen fibril gels has not yet been
well-described, especially for bone collagen I. We have thus particularly recovered and
characterized the attributes of bovine bone collagen I to valorize the low-value bovine bone
byproducts as a high-quality alternative collagen source [14]. Bearing these in mind, this
study aimed to further investigate the effect of ultrasonic treatment (power and time) on the
self-assembly behavior and fibril gel properties of the extracted bovine bone collagen I. We
expect that valuable data would be furnished for controlling the collagen fibril-formation
process in vitro, and would lay a foundation for the fabrication of novel desirable bone
collagen-based biomaterials and ECM analogues by ultrasonication.

2. Results and Discussion
2.1. Collagen Self-Assembly Behavior
2.1.1. Turbidity Assay

Collagen molecules possess all the information needed for fibrillogenesis so that it
could self-assemble to be high-ordered fibrils when exposed to physiological conditions [2].
The collagen turbidimetric curve (Figure 1A) generally comprised three distinct stages
to be a sigmoidal profile: lag phase (nucleation stage), growth phase (assembly stage)
and plateau phase (equilibrium stage), indicating that the kinetics of collagen fibrillation
followed a nucleation-dependent polymerization mechanism [15]. Nucleation occurred
by the aggregation of collagen molecules to form dimers during the lag phase without
detectable turbidimetric change, and the further aggregation of collagen molecules resulted
in the formation of collagen fibrils with a steep sigmoidal increase in turbidity values in the
growth phase [16].
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(Figure 1b) increased gradually within 0–200 W (80.03–89.53%, 10 min) and 5–15 min 
(87.26–89.03%, 200 W) but decreased significantly at C400W10m (76.68%), C200W30m 
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Under different ultrasonic treatment power (10 min), the turbidimetric curve of
C0W0m exhibited a prolonged lag phase 0 s~590 s (590 s) and a growth phase of 590 s~1200 s
(610 s). The turbidimetric curves of C50W10m (0 s~490 s, 490 s; 490 s~1015 s, 525 s),
C100W10m (0 s~455 s, 455 s; 455 s~840 s, 385 s) and C200W10m (0 s~315 s, 315 s; 315 s~735 s,
420 s) displayed a shorter nucleation and assembly stage, but not for C400W10m (0 s~665 s,
665 s; 665 s~1085 s, 420 s) when compared to that of C0W0m. Results of the turbidity
assay indicated that 50–200 W of ultrasonic treatment gradually increased the collagen
fibrillogenesis rate, but 400 W decreased it. The fibrillogenesis degree (Figure 1B) also
increased within 0–200 W (80.03–89.53%, 10 min) but decreased significantly at C400W10m
(76.68%). These results showed that moderate ultrasonic treatment power accelerated colla-
gen fibrillogenesis process and increased fibrillogenesis degree, with the optimal effect at
200 W. Under different ultrasonic treatment time (0–60 min, 200 W), turbidimetric curves of
C200W5m (0 s~385 s, 385 s; 385 s~770 s, 385 s) and C200W15m (0 s~280 s, 280 s; 280 s~595 s,
315 s) showed a gradually increased lag phase and growth phase. However, the turbidi-
metric curves of C200W30m and C200W60m emerged with an unobvious sigmoidal profile
and prolonged lag and growth phase, as well as a decreased equilibrium turbidity than
that of C0W0m. In the plateau stage, collagen fibrils further assembled into supramolecular
organization accompanied with an equilibrium of turbidity value [17].

These results suggested that moderate ultrasonic treatment (p ≤ 200 W, t ≤ 15 min)
collagen dispersed the collagen monomer homogeneously and increased the probability
of collision and assembly, which could accelerate the nucleation stage so as to increase
the fibrillogenesis rate [16]. However, high power and longtime ultrasonic treatment
(p > 200 W, t > 15 min) weakened the collagen self-assembly ability, possibly because a
negative impact was exerted on the structural integrity of collagen induced by cavitation
effect [18].

2.1.2. Fibrillogenesis Degree

Fibrillogenesis is an entropy-driven process through hydrophobic and electrostatic
interactions between the non-polar regions of adjacent molecules and hydrogen bonding
between polar residues [19], as well as the specificity of molecular recognition [20]. These
interactive forces minimize the surface area/volume ratio to be a circular cross-section
by the loss of solvent molecules from collagen surface [21]. Collagen fibrillogenesis de-
gree (Figure 1b) increased gradually within 0–200 W (80.03–89.53%, 10 min) and 5–15 min
(87.26–89.03%, 200 W) but decreased significantly at C400W10m (76.68%), C200W30m
(62.26%) and C200W60m (51.18%). These results suggested that moderate ultrasonic treat-
ment (p ≤ 200 W, t ≤ 15 min) was conducive to the fibrillogenesis process, but high power
and longtime ultrasonic treatment (p > 200 W, t > 15 min) impaired it. Ultrasonication had
possibly affected the molecular stretching and self-assembly process of collagen, thereby
affecting the collagen fibrillogenesis degree [18,22]. The three-stage collagen fibrillogenesis
process are generally accepted, yet the self-assembly mechanism is still lesser known [21].

2.2. Microstructure of Ultrasonic Treatment Collagen
2.2.1. SDS-PAGE

SDS-PAGE electrophoretic pattern (Figure 2) showed that all the collagen comprised
of α1-, α2-, β- (dimers) and γ-chains (trimers), and the band intensity of α1-chains were
approximately two-fold that of α2-chains (Table S2). These results testified that ultrasonic
treatment did not destroy the covalent bond of collagen, and the structural integrity of its
subunits (α1 and α2 chains) were maintained. The existence of high molecular weight bands
(β- and γ-components) suggested that there existed various intra- and/or inter-molecular
cross-linkages, which was conducive to maintain the thermal stability of collagen [11].
However, the diminished band intensity of β- and γ-chains was observed in C400W10m,
C200W30m and C200W60m instead of C0W0m (Figure 2). These results suggested that
high power and longtime ultrasonic treatment (p > 200 W, t > 15 min) had possibly induced
an adverse impact on the structural and/or thermal stability of collagen.
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2.2.2. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra (Figure 1C) exhibited the collagen distinctive transmissivity peaks of
amide A (3440–3400 cm−1), B (2980–2850 cm−1), I (1700–1600 cm−1), II (1600–1550 cm−1)
and III (1360–1200 cm−1) bands (Table S3), suggesting that all the collagen retained the
triple-helical structure. The amide A and B bands are associated with free N-H stretching
and asymmetric stretch vibrations of C-H and -NH3

+, respectively [14]. The amide I band is
a sensitive marker of secondary structure related to the stretching vibration of C=O groups
coupled with N–H groups, but will shift to lower wavenumbers for the increased hydrogen
bonds generated by the C=O groups with adjacent chains by stretching vibrations [8]. The
amide II band is aroused by the N-H bending and CN stretching vibrations, while the
amide III band is a weak absorption related to the N-H bending, C-N stretching, N-H
bending vibrations and the CH2 group wagging vibration in the glycine backbone proline
side chains [23,24].

It was found that all the amide A band shifted to approximately 3300 cm−1, indicating
that the N-H groups were involved in hydrogen bonding with functional groups [25]. With
the increase in ultrasonic treatment power and time, the amide B bands transfer from
2294 cm−1 to 2932 cm−1 due to the higher exposure of N-terminal free NH3

+ groups of ly-
sine residues induced by ultrasonic treatment [8,24]. The amide I band wavenumbers of col-
lagen generally increased with the increased ultrasonic treatment power (1661–1651 cm−1)
and treatment time (1651–1634 cm−1) than that of C0W0m (1653 cm−1), proving that ul-
trasonic treatment decreased the molecular order degree and the number of hydrogen
bonds of collagen. The amide II and III band wavenumbers of the ultrasonic treatment
collagen (1520–1553 cm−1 and 1230–1240 cm−1, respectively) were found higher than con-
trol (1518 cm−1 and 1230 cm−1, respectively). These results suggested that non-ultrasonic
treatment collagen had higher molecular order and more hydrogen bonds between adjacent
α-chains than that of ultrasonic treatment collagen.
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Curve-fitting analysis of amide I band of collagen (Table S4) also revealed that C0W0m
had a higher content of α-helices + β-sheets (93.27%) than that of ultrasonic treatment
collagen (56.96–86.85%), manifesting that ultrasonic treatment may exert adverse effects on
the structural integrity of collagen. Furthermore, the peak intensity ratio (AIII/A1 450) rep-
resents a well-maintained and intact triple-helical structure if it is 1.05–1.14 [14]. AIII/A1 450
of all the ultrasonic/non-ultrasonic treatment collagen was 1.0487–1.1299 (Table S3), further
proving that all the collagen maintained intact triple-helical structure. However, high
power and longtime ultrasonic treatment (p > 200 W, t > 15 min) may weaken the structural
integrity of collagen and induced multi-hierarchical structural differences, such as the num-
ber of hydrogen bonds, degree of molecular order, etc. These multi-hierarchical structural
differences induced by ultrasonic treatment might greatly influence the physicochemical
properties or biological activities of collagen.

2.2.3. X-ray Diffraction Spectra (XRD)

Two diffraction peaks at diffraction angles (2θ) aroused from the triple-helical structure
and diffuse scatter caused by many structural layers of collagen, respectively, were observed
in XRD spectra (Figure 1D). The result of the XRD spectra suggested that all the collagen
retained their native triple-helical conformations and crystallinity [26]. The d values were
calculated by the Bragg equation and represented the distance between crystal planes
(Table S5). The d values of the first sharp peak (d1) and the second broad peak (d2) of
collagen reflected the distance between the molecular chains and the distance between
the skeletons of collagen, respectively [27]. The d1 values (related to the diameter of the
triple-helix structure) of ultrasonic treatment collagen (1.107–1.174 nm) increased with the
increased ultrasonic treatment power (50–400 W) and time (5–60 min) than that of C0W0m
(1.088 nm). While the d2 values (related to the distance between amino acid residues
along the helix of collagen) of ultrasonic treatment collagen (0.426–0.452 nm) increased
within 50–200W (10 min) and 5–30 min (200W), they decreased at 400 W (10 min) and
60 min (200W) compared to that of C0W0m (0.425 nm). Consequently, the results of XRD
showed that ultrasonic treatment did not damage the structural integrity but expanded
the mainly intermolecular and then intramolecular distances of collagen molecules. The
greater distance between the molecular chains of ultrasonic treatment collagen, such as
C400W10m, C200W30m, and C200W60m, may make it more suitable as a drug delivery
carrier than C0W0m [18].

2.2.4. Fluorescence Emission Spectra

The maximum fluorescence intensity of collagen fibrils (Figure 1E) increased with the
increase of ultrasonic treatment power from 0 to 200 W, but decreased at 400 W (10 min).
The results suggested that that the cavitation effect of ultrasonication induced the extension
of the collagen molecules and fibrils, thereby exposing the inter- and intra-molecular
tyrosine residues and increasing the fluorescence intensity. The maximum fluorescence
intensity also increased with the extension of ultrasonic treatment time (5, 15 min) but
decreased at 30 and 60 min (200 W). Tyrosine (intrinsic fluorophore) was present only at
the N- and C-terminal telopeptide regions of collagen molecules and was responsible for
initiating collagen fibrillation [28]. Therefore, it is speculated that the moderate ultrasonic
cavitation effect reinforced the molecular stretching degree mainly through the exposure of
tyrosine residues in the telopeptide regions of collagen molecules, thereby increasing the
fluorescence intensity. However, high power and longtime ultrasonic treatment (p > 200 W,
t > 15 min) may induce a smaller number of collagen self-assembled aggregates with a
greater aggregation degree, thus reducing the fluorescence intensity.
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2.2.5. Collagen Fibril Morphology (SEM/TEM)

SEM/TEM was adopted to observe the morphology of collagen fibrils. As was shown
in Figure 3A1–I1, collagen fibrils were entangled into a dense and delicate fibrillar network
with porous structure observed by SEM, possibly due to dehydration by freeze drying [18].
The average fibril diameters (Figure 3A2–I2) of C0W0m (119.15 ± 27.89 nm), C50W10m
(115.52 ± 19.51 nm), C100W10m (113.63 ± 20.53 nm), C200W10m (105.35 ± 21.82 nm)
and C400W10m (93.86 ± 22.05 nm) decreased gradually, and the average fibrils diameters
of C200W5m (110.56±17.58 nm), C200W15m (96.33 ± 23.25 nm), C200W30m (88.38 ±
22.03 nm) and C200W60m (82.78 ± 16.47 nm) also exhibited a decreased trend. As for
the characteristic collagen fibrils D-periodicity structure (Figure 4A–I), the average D-
periodicity lengths of C0W0m (66.5 ± 1.8 nm), C50W10m (65.8 ± 2.2 nm), C100W10m (64.9
± 2.6 nm), C200W10m (63.5 ± 1.6 nm) and C400W10m (62.1 ± 2.9 nm) decreased with the
increase of ultrasonic treatment power (0-400 W), and the average D-periodicity lengths of
C200W5m (64.1 ± 2.0 nm), C200W15m (62.8 ± 2.3 nm), C200W30m (61.7 ± 3.2 nm) and
C200W60m (62.1 ± 3.6 nm) also exhibited a decreased trend.

Molecules 2023, 28, x FOR PEER REVIEW 8 of 18 
 

 

 
Figure 3. SEM images of collagen fibrils of C0W0m (A1), C50W10m (B1), C100W10m (C1), 
C200W10m (D1), C400W10m (E1), C200W5m (F1), C200W15m (G1), C200W30m (H1), C200W60m 
(I1). The fibril-diameter distribution of C0W0m (A2), C50W10m (B2), C100W10m (C2), C200W10m 
(D2), C400W10m (E2), C200W5m (F2), C200W15m (G2), C200W30m (H2) and C200W60m (I2). 

 
Figure 4. TEM images of collagen fibrils of C0W0m (A), C50W10m (B), C100W10m (C), C200W10m 
(D), C400W10m (E), C200W5m (F), C200W15m (G), C200W30m (H) and C200W60m (I). 

Figure 3. SEM images of collagen fibrils of C0W0m (A1), C50W10m (B1), C100W10m (C1),
C200W10m (D1), C400W10m (E1), C200W5m (F1), C200W15m (G1), C200W30m (H1),
C200W60m (I1). The fibril-diameter distribution of C0W0m (A2), C50W10m (B2), C100W10m (C2),
C200W10m (D2), C400W10m (E2), C200W5m (F2), C200W15m (G2), C200W30m (H2) and
C200W60m (I2).

Results of SEM/TEM demonstrated that ultrasonic treatment did not interrupt col-
lagen fibrillogenesis and formation of D-periodicity, but diminished the fibril diameter
and D-periodicity length of ultrasonic treatment collagen when compared with C0W0m.
Furthermore, the fibril-diameter distribution of ultrasonic treatment collagen was more
homogeneous. Previous studies had concluded that ultrasonic treatment mainly accelerate
the collagen self-assembly process at the nucleation stage through increasing collagen
molecular interaction [7]. Meanwhile, ultrasonic treatment dispersed trivalent phosphate
ions in solution evenly through the cavitation effect to widely bind on the high excess
positively charged regions of collagen molecules to accelerate the collagen self-assembly
process [7]. However, collagen fibrillogenesis became a spontaneous and orderly molecular
arrangement process after the formation of collagen fibril nucleus, and thereby ultrasonic
treatment has no significant effect on the kinetics of self-assembly and the equilibrium
stage.
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Figure 4. TEM images of collagen fibrils of C0W0m (A), C50W10m (B), C100W10m (C),
C200W10m (D), C400W10m (E), C200W5m (F), C200W15m (G), C200W30m (H) and C200W60m (I).

The fibril diameters and D-periodicity width of ultrasonic treatment collagen exhibited
lower heterogeneity than that of control (C0W0m). In this regard, the collagen monomer
molecules accumulated randomly into microfibrils at the nucleation stage, and then the
microfibrils further assembled into fibrils, resulting in the heterogeneous distribution
of microfibril and fibril diameters [13]. Ultrasonic treatment may disperse the collagen
monomers more evenly through cavitation effect, increasing the number of collagen mi-
crofibrils formed in the nucleation stage. Therefore, the increased number of collagen
microfibrils will decrease the average fibril diameter and fibril diameter heterogeneity
when the number of total collagen molecules is constant. Mechanisms of D-periodicity
formation are still not well-understood, but ultrasonic treatment may affect the length of
gap areas and overlapping areas through variable molecular arrangement, resulting in the
smaller D-periodicities according to the 1/4 staggered model of Schmitt hypothesis [19,29].
The collagen fibrils with smaller diameter interact more affine with ECM components,
facilitating elasticity and decreased plastic deformation [2]. The uniform morphology
of collagen fibrils (diameter size distributions, network structure, etc.) was a significant
favorable property for biomedical and pharmaceutical applications [30].
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2.3. Thermal Stability of Collagen Fibril Gels
2.3.1. Differential Scanning Calorimetry (DSC)

The DSC curves of all collagen fibril gels (Figure 5A) showed a typical thermal denatu-
ration peak induced by heating. DSC spectra showed that the melting temperature (Tm)
of collagen fibril gels increased from 50.5 ◦C (C0W0m) to 52.1 ◦C (C200W10m) with the
ultrasonic treatment power increased from 0 W to 200 W but decreased to 47.8 ◦C at 400 W
(C400W10m); Tm decreased from 53.5 ◦C (C200W5m) to 46.3 ◦C (C200W60m) with the
ultrasonic treatment time increased from 5 min to 60 min. The enthalpy (∆H) of collagen
fibril gels decreased from 3.19 J/g (C0W0m) to 1.39 J/g (C400W10m) with the ultrasonic
treatment power increased from 0 W to 400 W (10 min). ∆H values also showed a descend-
ing trend from 2.78 J/g (C200W15m) to 1.86 J/g (C200W60m) with the ultrasonic treatment
time increased from 5 min to 60 min (200 W). Tm values depended on the nucleation
stage of collagen fibrillogenesis process, and moderate ultrasonic treatment accelerated the
nucleation stage to increase the fibrillogenesis degree and thereby strengthen the thermal
stability [4]. The amount of intermolecular and intramolecular hydrogen bonds of collagen
determined ∆H values. Ultrasonic treatment decreased the number of formed hydrogen
bonds and thereby induced a lower ∆H values [8]. These results suggested that ultrasonic
treatment will enhance the thermal stability and thus greatly expand the applied potency
of collagen fibrils and collagen fibril gels, which may be related to the change in collagen
conformation induced by ultrasonic treatment.
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C200W10m (E), C400W10m (F), C200W5m (G), C200W15m (H), C200W30m (I) and C200W60m (J).
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2.3.2. Thermo-Gravimetric Analysis (TGA)

The further thermal destruction of collagen fibril gels in a large temperature range
was characterized by thermogravimetric curves (TGA) and its first derivatives (DTG)
(Figure 5B–J) as well as weight loss per 100 ◦C (Table S6). The three peaks observed in all
DTG plots revealed a three-stage thermal destruction of collagen fibril gels (Figure 5B–J). An
initial thermal transitional change was observed at 52.94–200.61 ◦C, which was attributed to
the removal of free water [24]. A maximum percentage transitional weight loss of 5.08% at
168.23 ◦C (C0W0m) to 15.86% at 156.97 ◦C (C400W10m) and 11.22% at 148.50 ◦C (C200W5m)
to 18.74% at 156.32 ◦C (C200W60m) demonstrated that ultrasonic treatment accelerated the
loss of free water. A greater water loss of ultrasonic treatment collagen suggested that they
were more permeable and thereby suitable for using as carrier or catalyst [24]. In the second
stage, collagen binding water, and then small molecular thermal degradation products,
such as peptides and amino acids, were released [31]. C0W0m (55.17% at 391.52 ◦C)
exhibited a minimum percentage of transitional weight loss and transitional temperature
than that of ultrasonic treatment collagen (62.70–75.19% and 433.43–471.69 ◦C), which may
be due to the fewer hydrogen bonds in the collagen induced by ultrasonic treatment. In the
third stage, high temperature further decomposed peptides and amino acids into CO2, CO
and NO via deamination and dehydration [31], and all the collagen fibril gels completely
decomposed. These results suggested that moderate ultrasonic treatment enhanced the
impermeability of collagen fibril gels, but high power and/or longtime ultrasonic treatment
(p > 200 W, t > 15 min) may weaken the thermal stability of collagen fibril gels in a large
temperature range.

2.4. Viscoelasticity of Collagen Fibril Gels (Dynamic Frequency Sweep Test)

The viscoelastic properties of collagen fibril gels were evaluated by storage modulus
(G′, describes the elasticity behavior) and the loss modulus (G′ ′, describes the dissipated
energy as a characteristic viscosity) obtained from dynamic frequency sweep tests [32,33].
G’ represents the structure stiffness to deform with the impact of external force; it depends
on the number and strength of the secondary bonds, while G′ ′ modulus reflects the en-
ergy loss induced by collagen intra- or inter-molecular stretching when the external force
changes [9]. As was shown in Figure 6A,B, the G′ and G′ ′ moduli of all gels increased
when the shear frequency increased from 0.01 to 10 Hz, while the G′ modulus was much
larger than the corresponding G′ ′, which was the typical rheological attribute of the gel
structure. The G′ and G′ ′ moduli of ultrasonic treatment collagen generally decreased
with increased ultrasonic treatment power and time than that of C0W0m, indicating that
ultrasonic treatment could have impaired the viscoelasticity of collagen fibril gels during
self-assembly [34,35].

Ultrasonic treatment may alter the entanglement networks between collagen macro-
molecules as well as configurational rearrangements by short-range relaxation times (be-
tween entanglements) and long-range relaxation times (beyond entanglements), thereby
endowing the reduced dynamic viscoelastic behavior of collagen fibril gels [35]. Tan δ

(G′ ′/G′, defined as tangent loss angle) represented the mechanical loss of polymer in oscil-
latory motion, reflecting the network structure of gel. The smaller the tan δ value, especially
when tan δ < 0.3, the better the gel network structure formed by the protein [36,37]. It was
found that all the ultrasonic treatment collagen showed a smaller tan δ value (tan δ < 0.3,
Figure 6C) than that of C0W0m, except for C200W60m (tan δ > 0.3), suggesting that ultra-
sonic treatment was conducive to the formation of collagen fibril gel network.
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C200W60m (L).

2.5. Gel Strength

Gel strength represents the transition capacity of colloidal sol into polymer gel. As
was shown in Figure 1F, a gradual descending trend of collagen fibril gel strength along
with increases in ultrasonic treatment power and time were observed. Ultrasonic treatment
during the nucleation stage of collagen fibrillogenesis endowed collagen molecules a
higher stretching degree, and the increased hydrophobicity weakened the collagen–water
interactions. Therefore, ultrasonic treatment created more tenuous and looser collagen fibril
gels compared with C0W0m, and then the collagen fibrillar gel strength was diminished
to be “softer” gels. Collagen gels are widely used as biomedical materials in the fields
of scaffolds, delivery matrices, catalysts, and injectable carriers. Wherein the biomedical
scaffolds require sufficient strength and elasticity, the soft and low-viscosity are more
suitable for delivery matrices [7]. In this study, ultrasonic treatment affected the nucleation
stage of the collagen fibrillogenesis process, and then reduced the collagen fibril gel strength,
which greatly expanded the applied potency of collagen fibril gel.

2.6. Nitrogen Adsorption of Collagen Fibril Gels

The nitrogen adsorption isotherm and pore size distribution of collagen fibril gels
were shown in Figure 6D–L, and the hysteresis loops suggested they were all type IV
isotherms [18]. The specific surface area of collagen fibril gels calculated by the BET method
increased from 1.380 m2/g to 3.179 m2/g when ultrasonic treatment power was 0~400 W
(10 min), and increased as well from 1.529 to 12.013 m2/g when ultrasonic treatment
time was 5~60 min (200 W). BJH analysis (Table S7) showed that the total pore volumes of
collagen fibril gels generally showed an increased trend from 0.0064 cm3/g to 0.0166 cm3/g,
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and their average pore diameter decreased from 22.466 nm to 16.916 nm when the ultrasonic
treatment power was 0~400 W (10 min). The total pore volumes and average pore diameter
of collagen fibril gels increased from 0.0099 cm3/g to 0.0318 cm3/g and decreased from
25.917 nm to 10.581 nm, respectively, when the ultrasonic treatment time was 5~60 min
(200 W). BJH analysis showed that high power and longtime ultrasonic treatment created
mesoporous collagen fibril gels with larger specific surface area and pore volume but
more homogeneous pore diameter than natural fibrils (specific surface area 1~5 m2/g).
Consequently, these results indicated that ultrasonic treatment may be a potential method
to manufacture homogeneous porous collagen scaffolds and biomaterials as catalyst and
carrier.

3. Materials and Methods
3.1. Raw Materials and Chemical Reagents

Freeze-dried bovine bone collagen was prepared by our previous study, which was
characterized as type I collagen with the molecular form of [α1(I)]2α2(I) [14]. All other
reagents and chemicals used in this study were of analytical grade and obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

3.2. Ultrasonic Treatment on Collagen

Bovine bone collagen I was dialyzed in a phosphate buffer (200 mM, pH 7.4) at 4 ◦C
for 48 h after being stirred to dissolve in 10 mM HCl solution (pH 2.0) at a concentration of
5 mg/mL. Subsequently, 200 mL of collagen solutions was incubated with different power
and duration of ultrasonication in a glass beaker using an ultrasonic processor (VCX 750,
Sonics & Materials Inc., Newtown, CT, USA) equipped with a high-grade titanium alloy
probe. The output power was adjustable (0–100%) with a rated power of 750 W (20 kHz)
and emitting surface of 13.0 mm diameter. The temperature of the glass was maintained
at 30 ◦C by a temperature-controlled steel jacket through a circulating water bath (30 ◦C),
and the ultrasonic processor worked in a pulse mode of 2 s acting and 3 s resting time
to avoid overheating [9]. The probe was immersed in the solution to a depth of 3 cm
from the bottom during the ultrasonic treatment process. The collagen solutions were first
treated with different ultrasonic treatment power (0–400 W) for 10 min to investigate the
effect of ultrasonic treatment power on collagen self-assembly behavior; then, the optimal
ultrasonic treatment power (200 W, according to fibrillogenesis rate and fibrillogenesis
degree) was selected to study the effect of ultrasonic treatment time (0–60 min) on the
collagen self-assembly behavior. The ultrasonic treatment collagen was termed as C0W0m,
C50W10m, C100W10m, C200W10m, C400W10m, C200W5m, C200W15m, C200W30m, and
C200W60m, respectively (Table 1). After the ultrasonic treatment process, all the collagen
solutions (200 mL) were further incubated at 30 ◦C to 60 min, and 100 mL of the collagen
solutions were freeze-dried for further utilization. The actual output ultrasonic treatment
power (W) was calculated using the following Equation (1), and the ultrasonic treatment
intensity (W/cm2, Table 1) equals to the output power divided by the emitting surface
(1.327 cm2) [38].

P = m×Cp × ∂T/∂t (1)

where P is the power output, m is the mass of the sonicated liquid (g), Cp is the spe-
cific calorific capacity of the fluid (J/g ◦C), and ∂T/∂t is the temperature change rate of
the solvent over a 3 min period. In this experiment, the ultrasonication intensity was
0.62–38.47 W/cm2 calculated by a calorimetric study of ultrasonic processor VCX 750
(Table 1).
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Table 1. Calorimetric study on VCX 750 ultrasonic probe and ultrasonication conditions for collagen
samples.

Samples Power Setting
(W)

Actual Power
Output (W)

Ultrasonic Time
at 30 ◦C (min)

Ultrasonication
Intensity (W/cm2) a

Incubation Time at 30 ◦C in
the Absence of Ultrasonic

(min)

C0W0m 0 0 0 0 60
C50W10m 50 0.82 10 0.62 50

C100W10m 100 1.56 10 1.15 50
C200W10m 200 8.32 10 6.27 50
C400W10m 400 51.05 10 38.47 50
C200W5m 200 8.32 5 6.27 55

C200W15m 200 8.32 15 6.27 45
C200W30m 200 8.32 30 6.27 30
C200W60m 200 8.32 60 6.27 0

a: Ultrasonic intensity is equal to the power output measured by calorimetry divided by the area of the emitting
surface (1.327 cm2).

3.3. Turbidity Assay

Fibrillogenesis process of bone collagen I was monitored by the turbidity assay ac-
cording to Tian et al. (2021) [4], because the turbidity of collagen solutions changes during
fibrillogenesis in simulated body fluid solution (SBF). The obtained ultrasonic treatment
collagen solutions in Section 3.2 (4 mL) were mixed with 1 mL of 10× g concentrated SBF
(Table S1) at 4 ◦C, and the solutions were adjusted to pH 7.4 with 2 M NaOH to prepare the
collagen stock solutions. The collagen stock solutions were transferred into a quartz cuvette
(1 cm) and then incubated in a spectrophotometer (PE Lambda 25, Perkin Elmer, Waltham,
MA, USA) at 30 ◦C for 60 min. The absorbance of collagen mixtures at 313 nm was recorded
every 35 s by a UV spectrophotometer (PE Lambda 25, Perkin Elmer, Waltham, MA, USA)
during fibrillogenesis.

3.4. Fibrillogenesis Degree

Fibrillogenesis degree of collagen is defined as the percent of collagen molecules that
reassemble into the fibrils [18]. The fibrillogenesis process was conducted as described
in Section 3.3 at 30 ◦C for 12 h, then the collagen mixtures were centrifuged at 18,000× g
(20 ◦C) for 20 min. The protein content in supernatant was measured by a Lowry pro-
tein quantification assay kit, and the collagen fibrillogenesis degree was calculated using
Equation (2):

Y(%) =
C0 −C

C0
× 100% (2)

where Y is the collagen fibrillogenesis degree (%), C0 (mg/mL) and C (mg/mL) is the
protein concentration before and after collagen fibrillogenesis.

3.5. Microstructure of Ultrasonic Treatment Collagen
3.5.1. Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

SDS-PAGE was performed according to the method of Thuy et al. (2014) [39] with
slight modifications using BIO-RAD Mini-PROTEAN gels system (Bio-Rad Laboratories,
Hercules, CA, USA). The lyophilized collagen was dissolved in 0.1 M acetic acid into a
concentration of 5 mg/mL. Then, collagen solutions were mixed with sample buffer (0.5 M
Tris–HCl, pH 6.8, containing 10% (w/v) SDS, 20% (v/v) glycerol and 0.02% bromophenol
blue) at a ratio of 1:1 (v/v). Each sample (approximately 10 µg) was loaded onto the gels
and the electrophoresis was conducted on 80 V for 4% stacking gel and 110 V for 7.5%
resolving gel. Gels were stained with 0.1% (v/v) Coomassie brilliant blue R250 and then
decolorized by the decolorizing solution (30% methanol + 10% acetic acid, v/v). Gels were
preserved in 7% (v/v) acetic acid until they were photographed by the Alpha Ease FC gel
imaging system (Alpha Innotech, San Leandro, CA, USA). Quantitative analysis of collagen
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band intensity was performed using ImageJ 1.8.0 software (National Institute of Mental
Health, Bethesda, MD, USA).

3.5.2. Fourier Transform Infrared Spectroscopy (FT-IR)

FTIR spectra of lyophilized collagen were recorded in the range of 4000–400 cm−1

with 1 cm−1 resolution for a single scan using a Nicolet iS10 FT-IR spectrometer (Thermo
Fisher Scientific Inc., Madison, WI, USA) according to the procedure depicted by Kang D
et al. (2016) [40]. FT-IR spectra data were analyzed with OMNIC software (v8.20, Thermo
Nicolet, Madison, WI, USA).

3.5.3. X-ray Diffraction (XRD)

XRD spectra of lyophilized collagen were obtained following the method described by
Pezeshk S et al. (2022) [41] with slight modification using an XRD instrument (XRD-6000,
Shimadzu, Kyoto, Japan) with copper Kα as a source of X-rays: scanning range 5–60◦

(2θ); scanning speed 2◦/min. The minimum value of the repeated spacings (d values) was
calculated by the Bragg equation, as in Equation (3):

d
(

Å
)
= λ/2 sin θ (3)

where λ is the wavelength of copper Kα X-ray (1.54 Å) and θ is the Bragg diffraction angle.

3.5.4. Fluorescence Emission Spectra

Endogenous fluorescence is produced by aromatic amino acids (tryptophan, tyrosine,
phenylalanine) for their benzene ring or conjugated double bond structure [42]. The content
of tryptophan and phenylalanine are low in collagen, and thus, tyrosine was selected as
the endogenous fluorescence of collagen to analyze the effect of ultrasonic treatment on
collagen conformation. According to the method described by Soumya N. et al. (2021) [15],
ultrasonic treatment collagen solutions in Section 3.2 were diluted with 10 mM HCl to a
concentration of 0.5 mg/mL. The fluorescence spectrum of collagen solutions was recorded
using a fluorescence spectrophotometer (F-4600, Hitachi, Tokyo, Japan). The excitation
wavelength was 280 nm, the emission wavelength 300–400 nm, the excitation and emission
spectral slit 5 nm, while the scanning rate was 1200 nm/min.

3.6. Microscopic Structure of Collagen Fibrils (SEM/TEM)

The morphology of collagen fibrils was observed using scanning electron microscope
(SEM; S4800, Hitachi, Tokyo, Japan) according to the procedures described by Ran et al.
(2020) [16]. Collagen stock solutions (1 mg/mL) were prepared as described in Section 3.2,
and 50 µL of collagen stock solutions were incubated overnight at 30 ◦C in clean slides.
The treated samples were rinsed carefully with deionized water for several times and
fixed with 2.5% (v/v) glutaraldehyde for 2 h, then dehydrated with 50% (v/v) ethanol and
freeze-drying with a freeze dryer (SCIENTZ-10ND, Ningbo Xinzhi Biotechnology Co. ltd.,
Ningbo, China). The dried samples were observed by SEM at an accelerating voltage of
5 kV, and the diameters of 100 fibrils were analyzed with ImageJ software (v1.51, National
Institutes of Health, Bethesda, MD, USA).

Observation of the collagen fibrils by transmission electron microscopy (TEM) were
performed according to the method of Liu et al. (2014) [29] with slight modifications.
Collagen stock solutions were prepared the same as Section 3.2. One drop of the solution
was loaded on a copper grid with 200 mesh size and stained with 1% (w/v) phosphotungstic
acid, and then then washed with deionized water and air dried. The collagen fibrils
were observed using a JEM-2100 electron microscopy (JEOL Ltd., Tokyo, Japan) with an
accelerating voltage of 200 kV.
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3.7. Preparation of Collagen Fibril Gels

The ultrasonic treatment collagen solutions (40 mL) were mixed with 10 mL of 10× g
concentrated SBF at 4 ◦C, and the solutions were adjusted to pH 7.4 with 2 M NaOH. The
collagen mixture solutions were incubated for 12 h at 25 ◦C to prepare collagen fibril gels,
which were then incubated for 12 h and kept at 4 ◦C for further analyses [4].

3.8. Thermal Stability of Collagen Fibril Gels
3.8.1. Differential Scanning Calorimetry (DSC)

The melting temperature (Tm) of collagen fibril gels were quantified using Q2000
Series DSC (TA Instruments, Inc., New Castle, DE, USA). Samples (approximately 5 mg)
were accurately weighted and sealed into the aluminum pan, and an empty aluminum pan
was used as the reference. The pan was equilibrated at a rate of 5 ◦C/min and heated from
10 to 100 ◦C [9].

3.8.2. Thermogravimetric Analysis (TGA)

The thermal properties of the collagen fibril gels were evaluated using a TG/DTA
instrument (Pyris Diamond 6000 TG/DTA, PerkinElmer, USA) from 40–700 ◦C at 10 ◦C/min
in a nitrogen atmosphere, and the reported data were averages of three scans [43].

3.9. Collagen Fibril Gel Strength

The strength of collagen fibril gels (height 30 mm × diameter 20 mm) was measured
following the method of Jiang et al. (2016) [7] using a TA-XT2i texture analyzer (Stable
Micro Systems, Surrey, UK). The strength of collagen fibril gels was determined using a
cylindrical probe (P/0.5) at a constant velocity of 1.0 mm/s, with five samples for each
determination.

3.10. Viscoelasticity Properties of Collagen Fibril Gels

The dynamic viscoelasticity of collagen fibril gels was measured following the proce-
dure of Tian et al. (2021) [4] through dynamic frequency sweep tests from 0.01 to 10 Hz at
25 ◦C using a rheometer (MCR 302, Anton Paar, Austria). The rheometer was equipped
with a temperature-controlled stainless-steel cone/plate geometry (0.5◦ cone angle, 60 mm
cone diameter, 57 µm gap). Storage modulus (G′), loss modulus (G′ ′), and loss tangent (tan
δ) were recorded.

3.11. Nitrogen Adsorption (BET) of Collagen Fibril Gels

The specific surface areas, pore size and pore volume of collagen fibril gels were
determined by a surface area analyzer (Autosorb-6B, Quantachrome Instruments, Boynton
Beach, FL, USA) based on the Brunauer–Emmett–Teller (BET) method and the Barrett–
Joyner–Halenda (BJH) method, following the procedure described by Liao et al. (2018) [18].
The pore structure information of collagen fibril gels was calculated from the desorption
branch.

3.12. Statistical Analysis

All experiments were made in triplicate and results were presented as mean ± stan-
dard deviation (SD). Statistical analyses were analyzed using ANOVA’s test (p < 0.05) by
SPSS 26.0 (IBM SPSS Statistics, Ehningen, Germany) and all the figures were processed by
Origin 9.0 software (OriginLab Co., Northampton, MA, USA).
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4. Conclusions

Results of SDS-PAGE, FT-IR, XRD and fluorescence emission spectra showed that
ultrasonic treatment did not damage the integrity of collagen triple-helical structure, but in-
duced multi-hierarchical structural alteration and dispersed the collagen aggregates evenly.
Proper ultrasonic treatment (p≤ 200 W, t≤ 15 min) accelerated collagen self-assembly rates
and gained a decreased but more homogeneous fibril diameter and D-periodicity lengths.
Proper ultrasonic treatment (p ≤ 200 W, t ≤ 15 min) also impaired the viscoelasticity prop-
erties and enhanced the thermal stability of collagen fibril gels, promoting specific surface
area and porosity of collagen fibril gels while creating a softer gel. Consequently, this study
may contribute a new avenue for controlling collagen fibrillogenesis in vitro and ameliorat-
ing collagen fibril gel properties to manufacture novel collagen biomaterials with desirable
performances for further valorization. However, the optimum ultrasonic treatment power
and duration should be carefully evaluated depending on the requirement.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28073096/s1, Table S1: Components of simulated body
fluid solution (mM); Table S2: SDS-PAGE band intensities of collagen; Table S3: Fourier transform-
infrared spectra peak wavenumber and assignment of collagen; Table S4: Curve-fitting analysis
of amide I band of collagen; Table S5: D values calculated by the Bragg equation of the two x-
ray diffraction peaks of collagen; Table S6: Thermal analysis of collagen fibril gels under N2 air
atmosphere; Table S7: N2 adsorption analysis of collagen fibril gels.
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Abstract: Egg-white protein has an abundance of hydrophobic amino acids and could be a potential
emulsifier after modification. Here, egg-white protein was modified via ultrasonic and transglutam-
inase treatments to destroy the globular structure. The egg-white protein gel particles (EWP-GPs)
were prepared and then a novel highly stable EWP-chitosan double-layer emulsion was constructed.
When ultrasonic treatment was applied at 240 W and TGase (20 U/g EWP) treatment, the EWP-GPs
had a low particle size and good emulsification performance. The particle size of EWP-GPs was
a minimum of 287 nm, and the polymer dispersity index (PDI) was 0.41. The three-phase contact
angle (θo/w) of EWP-GPs was 79.6◦ (lower than 90◦), performing with good wettability. Based on
these results, the EWP-chitosan double-layer emulsion was prepared through the EWP-GPs being
treated with 240 W ultrasound, TGase, and chitosan in this study. When the double-layer emul-
sion had 0.6% (v/v) chitosan, the zeta potential of the double-layer emulsion was −1.1 mV and the
double-layer emulsion had a small particle size (56.87 µm). The creaming index of double-layer
emulsion at 0.6% (v/v) chitosan was 16.3% and the droplets were dispersed uniformly. According
to the rheological results, the storage modulus (G′) was larger than the loss modulus (G′′) in the
whole frequency, indicating the formation of an elastic gel network structure in the emulsion. It is
hoped to develop a novel food-grade stabilizer and a stable double-layer emulsion, providing new
environment-friendly processing in hen egg products and delivery systems.

Keywords: egg-white protein; chitosan; particles; double-layer emulsion; characterization

1. Introduction

Emulsion is a common material for delivering bioactive substances in food, phar-
macy, and cosmetics [1], while single-layer emulsion is usually limited by its instability
to environmental change [2]. Recently, double-layer emulsion has become a hot issue
for avoiding instability constraints on environmental conditions [3,4]. The double-layer
emulsion was a water-in-oil-in-water (W1/O/W2) system and it was generally prepared in
two steps [5]. The first step was to prepare a W1/O emulsion as the internal phase. Then,
the W1/O emulsion was dispersed in the external aqueous phase (W2). It was reported
that a W1/O/W2 emulsion should be stabilized with two kinds of emulsifiers (lipophilic
to W1/O and hydrophilic to O/W2) to avoid the migration of the internal and external
phases [6]. Additionally, a Pickering emulsion was stabilized through solid particles and
exhibited high stability against coalescence [7]. Thus, Pickering emulsion is a potential
internal phase to improve the stability of the double-layer emulsion [7–9]. Food-grade
particles derived from proteins, polysaccharides, and lipids were reported to be used to sta-
bilize the Pickering emulsions [10]. Among these particles, protein particles, as an excellent
natural emulsifier, have high surface activity and good digestibility [11].
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In recent years, many protein particles have been used to stabilize Pickering emulsions,
such as whey protein isolate [12] and zein [13]. In fact, egg-white protein has superior
gelation and is amphiphilic due to its abundant hydrophobic amino acids [14,15]. However,
egg-white is a typical globular protein, and a large number of hydrophobic groups are
embedded in the protein molecules and exhibit strong hydrophilic properties [16]. Protein
modifications (chemical modification, physical modification, and enzymatic modification)
could induce partial unfoldment and aggregation of globular proteins, so the hydrophobic
groups could be exposed to the surface and show good emulsification. Among these
modification methods, the ultrasonic and enzymatic modifications are safe, low-loss, and
friendly to the environment [17]. In addition, ultrasonic modification combined with en-
zymolysis could improve the efficiency of protein modification and boost the biological
activity of proteins [18]. Transglutaminase (TGase) is an acyltransferase, and it could boost
the cross-linking and gelation properties of protein [19]. Studies found that ultrasound
combined with TGase treatment was a superior processing technology which improved
the solubility and emulsifying properties of protein particles, such as soy protein [20] and
soybean-whey mixed protein [21]. However, protein particles may induce the aggregation
of droplets and cause the instability of emulsions [22].

Chitosan, a natural polysaccharide, is the by-product of chitin deacetylation [23]. It has
strong hydrophilic properties and good adhesion. Chitosan could change the viscosity of
emulsions and provide repulsive electrostatics to prevent droplet aggregation [24]. A recent
study found that whey protein isolate and chitosan hydrochloride were used to prepare
double-layer emulsion via layer-by-layer self-assembly, which showed better stability than
monolayer emulsions [25]. The purpose of this study was to obtain the EWP-GPs with good
emulsification and construct a highly stable EWP-chitosan double-layer emulsion system.
In this study, egg-white protein was first modified via ultrasonic and transglutaminase
treatments, and EWP-GPs were prepared and characterized by particle size, fluorescent
spectrometry, three-phase contact angle, and emulsification. Secondly, the EWP-chitosan
double-layer emulsion was constructed and investigated through the particle size, zeta
potential, rheology, and microstructures. This study is expected to expand the application
of egg-white as a stabilizer and obtain a food-grade double-layer emulsion to deliver
bioactive substances.

2. Results and Discussion
2.1. Preparation and Properties of Egg-White Protein Gel Particles
2.1.1. Particle Size and Wettability

The polymer dispersity index (PDI) was used to describe the molecular weight dis-
tribution of polymers [26]. As shown in Figure 1a, the particle size of EWP-GPs without
ultrasonic treatment was 439.17 nm. When the ultrasonic power was 360 W, the particle
size of EWP-GPs significantly decreased to the smallest size at 412 nm (p < 0.05), and the
PDI was at a minimum of 0.32. The PDI of EWP-GPs with 360 W ultrasonic treatment was
significantly lower than the EWP-GPs without ultrasonic treatment (p < 0.05), indicating
that 360 W ultrasonic treatment could improve the dispersion and stability of EWP-GPs.
This phenomenon might be attributable to the mechanical shear produced by the ultrasonic
treatment [27]. A study prepared a flaxseed oil-in-water emulsion and found a similar
phenomenon: with the improvement of the ultrasonic power (generation at 20–24 kHz),
the mechanical shear was strengthened, and the particle size and PDI were decreased [28].
Overall, a 360 W ultrasonic treatment could provide EWP-GPs with good dispersibility.

Figure 1b showed the particle size of the EWP-GPs prepared under TGase treatment
combined with differing ultrasonic power (0–600 W). The size of EWP-GPs prepared with
TGase but without ultrasonic treatment was 307.83 nm, which was much smaller than the
EWP-GPs without treatment (439.17 nm). This was because transglutaminase improved
the jelly strength of egg-white protein and produced smaller particles in preparation [29].
With 240 W ultrasonic and TGase treatment, the EWP-GPs reached the smallest particle
size (287 nm), and the PDI was 0.41. This phenomenon suggested that ultrasonic and
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TGase treatment could decrease the particle size of EWP-GPs and improve the stability of
particles. As Figure 1a,b show, the PDI value of EWP-GPs with ultrasonic-TGase treatment
was higher than that of EWP-GPs with ultrasonic treatment. This might be due to the
jelly strength of EWP-GPs being improved by TGase treatment, and uneven particles were
generated in preparation.
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As a Pickering particle, the particle should be insoluble but partially wetted by the
continuous and dispersed phases. Partial wettability of particles contributed to sufficient
interfacial adsorption efficiency. A three-phase contact angle of particles was the angle
formed at the three-phase boundary where the solid particles, the continuous phase, and
the dispersed phase intersect. The wettability of EWP-GPs could be evaluated by the three-
phase contact angle (θo/w), which could evaluate the adsorption efficiency of the emulsion.
When the θo/w was less than 90◦, the particles showed a good hydrophilicity. When
the θo/w was more than 90◦, the particles were inclined to show a good hydrophobicity.
When the θo/w was 90◦, the particles had the strongest absorption and could prevent the
aggregation of droplets [2]. As shown in Figure 2, the θo/w of EWP-GPs without any
treatment was 52◦: this indicated that the hydrophobicity of the particle was weak. The
θo/w of EWP-GPs with 600 W ultrasonic treatment reached a peak (67.5◦). These results
indicated that the ultrasonic treatment could improve the hydrophobicity of EWP-GPs and
that the EWP-GPs were partially wetted. It could be inferred that ultrasonic treatment
caused the exposure of the protein chains and hydrophobic groups. A study suggested
that ultrasonic power could destroy the non-covalent interaction of the whey proteins’
particles and enhance the hydrophobicity of particles [30]. The θo/w of EWP-GPs with
240 W ultrasonic and TGase treatment was the largest (79.6◦). This result showed that
ultrasonic and TGase treatment could improve the hydrophile and lipophile of EWP-GPs.
Transglutaminase could catalyze the formation of covalent bonds between lysine and
glutamic acid in protein amino acids [31]. In addition, the ultrasonic treatment could
induce the protein to unfold and the hydrophobic groups’ exposure, resulting in facilitating
the cross-link between an enzyme and a protein [32]. A previous study also found that
ultrasound pretreatment promoted the enzymatic hydrolysis of soy protein isolates and
then improved their surface hydrophobicity [31]. Overall, when EWP-GPs were treated
with 240 W ultrasonic power combined with TGase, the particles performed a superior
amphipathicity to prepare O/W emulsion.
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2.1.2. Zeta Potential of EWP-GPs and Chitosan

The double-layer emulsion had higher stability and protein–polysaccharides (such
as a chitosan compound which was a hot issue to prepare double-layer emulsion in re-
cent years). Egg-white protein contains a variety of proteins, and the isoelectric point is
between 4 and 5 [14]. Therefore, when the pH value was less than 5, the dispersion surface
of EWP-GPs was positively charged. Chitosan is a cationic polysaccharide with positive
charges in a wide range of pH values. In addition, the aqueous solution of chitosan is
positively charged at pH 6.0 [33]. As Figure 3a shows, when the pH was 6.0, the zeta
potential of EWP-GPs and chitosan solution were −10.18 mV and 19.33 mV, respectively.
The zeta potential of EWP-GPs and the chitosan solution were opposite, and the values
were both higher than 10 mV. It was suitable to prepare stable emulsions. A previous study
found that opposite charges between zein and gum Arabic caused gum Arabic to absorb on
the surface of zein particles [13]. Through mechanical stirring, the cationic polyelectrolyte
chitosan was adsorbed to the emulsion interface by electrostatic interaction to form an
ultra-thin polymer interfacial film [23]. In addition, the electrostatic attraction between
EWP-GPs and chitosan could be used to prepare the double-layer emulsion. Therefore, we
could adjust the pH value to 6 to prepare the double-layer emulsion.
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2.1.3. Emulsification of EWP-GPs

Emulsification indicates the ability of a protein to adsorb at the oil–water interface.
As Figure 3b showed, when the EWP-GPs were treated with 240 W ultrasonic and TGase,
the absorbance of EWP-GPs reached the maximum (0.74). In addition, the TGase signifi-
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cantly increased the emulsification of EWP-GPs with 240 W ultrasonic-TGase treatment
(p < 0.001) compared with the EWP-GPs with 240 W ultrasonic treatment. It revealed that
ultrasonic and TGase treatment could improve the emulsification of EWP-GPs. Ultrasonic
and enzymatic treatment could increase the reaction sites and improve the emulsification
of particles [34,35]. The emulsification of EWP-GPs was bound up with the surface hy-
drophobicity of EWP-GPs. A study found a similar phenomenon in Cyperus esculentus
seed protein [36]. The EWP-GPs with 240 W ultrasonic-TGase treatment had high surface
hydrophobicity and emulsification, and the particles could be used to prepare emulsions.

2.1.4. Intermolecular Force

As Figure 4a shows, the transmittance of the particles in the control group presented
irregular changes with the increase in ultrasonic power. These results were not consistent
with the changes of particle size. The reason might be that the ultrasonic power promoted
the aggregation of EWP-GPs. As Figure 4b shows, the transmittance of the particles in the
control group with 240 W ultrasonic-TGase treatment reached the highest value (7.5%):
this was consistent with the result of particle size. This also suggested that the smaller
particles had higher transmittance. As Figure 4a,b show, the transmittances of EWP-GP
dispersions were significantly increased with the addition of SDS, Urea, or DTT (p < 0.05).
It was found that SDS, Urea, and DTT could destroy the hydrophobic interaction, hydrogen
bond, and disulfide bond inside the particles, respectively [37]. Therefore, the hydrophobic
interaction, hydrogen bond, and disulfide bond were the intramolecular interactive forces
maintaining the internal structure of the EWP-GPs. When the EWP-GPs were untreated
with ultrasound and TGase, the transmittances in Urea, SDS, and DTT groups increased
by 10%, 5%, and 1% of particles compared with the transmittances of the control group,
respectively. The results showed that the hydrogen bond was the main force to maintain
the stability of EWP-GPs.
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In conclusion, when the EWP-GPs were treated with 240 W ultrasound and TGase,
the particles had small particles and good emulsification, which was suitable to prepare
highly stable double-layer emulsions. In addition, when the pH value was 6, the EWP-GPs
and chitosan were suitable to prepare the double-layer emulsion.

2.2. Characteristics of Double-Layer Emulsions
2.2.1. Zeta Potential and Particle Size of the Double-Layer Emulsion

Figure 5a showed that when the concentration of chitosan was 0.6%, the positive and
negative charges on the surface of the emulsion tended to balance, and the zeta potential of

44



Molecules 2022, 27, 6036

the double-layer emulsion was −1.1 mV. When the pH was 6, the potential of EWP-GPs
was −10.18 mV and the potential of chitosan solution was 19.33 mV. With the increase
in the concentration of chitosan, the zeta potential of the double-layer emulsion changed
from negative to positive. Therefore, it could be inferred that the chitosan absorbed on
the surface of EWP-GPs in the emulsion. A study found similar results: that the chitosan
molecules could be adsorbed on the surface of WPI gel particles and the zeta potential
changed with the increase in chitosan content [38]. The electrostatic interaction could not
maintain the stability of the emulsion when the concentration of chitosan exceeded 0.6%.
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As Figure 5b shows, when the chitosan concentration was 0.6%, the particle size of
the double-layer emulsion was 56.87 µm. With the addition of chitosan, the particle size
of the double-layer emulsion increased, indicating that chitosan could be adsorbed on
the surface of EWP-GP droplets to form a thicker interface layer [39]. When the chitosan
concentration was greater than 0.8%, the particle size of the double-layer emulsion had no
significant change (p > 0.05). This might be due to the saturation of chitosan adsorption on
the surface of the emulsion when the concentration of chitosan exceeded 0.8%. When the
concentration of chitosan was less than 0.6%, chitosan molecules were adsorbed between
the droplets due to electrostatic interaction. A study also found that electrostatic interaction
between egg-white protein and κ-Carrageenan led to an increase in bridging flocculation
and particle size [40].

2.2.2. Microstructures and Stability of Double-Layer Emulsion

Figure 6 showed the microscopic image and macro view of double-layer emulsions
with different chitosan concentrations. When the concentration of chitosan was 0.2% and
0.6%, the droplets dispersed uniformly. When the concentration of chitosan exceeded 0.6%,
most of the drops gathered together. This might be due to the charge on the surface of the
emulsion droplets being close to 0, and the electrostatic repulsion between the emulsion
droplets decreased.
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As was shown in Figure 6, the creaming index (CI%) of the double-layer emulsion
decreased as the chitosan concentration increased from 0.4% to 1.0%, exhibiting better
creaming stability. With the increase in chitosan concentration, chitosan molecules could
form a film on the surface of the double-layer emulsion to prevent emulsion aggregation
and improve the stability of the emulsion [41].

2.2.3. Rheology Analysis

The apparent shear viscosity of three emulsions decreased with an increase in shear
rate (Figure 7a), indicating that they were non-Newtonian shear-thinning fluids [42]. At
a low shear rate (less than 10/s), the apparent viscosity of the double-layer emulsion
increased with the increase in chitosan concentration. This might be due to the internal resis-
tance of the emulsion during flow, which hindered the free movement of the medium and
led to a higher apparent viscosity [43]. With the increase in shear rate (more than 10/s), all
of the droplets rearranged from disorder to order, and the apparent viscosity decreased. This
might have occurred because any flocs or clumps in the emulsions had broken down at high
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shear rates. The shear viscosity hardly changed in the shear rate ranging from 102 to 103 s−1,
indicating that the emulsions exhibited ideal fluid characteristics [44].
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Storage modulus (G′) represents the elastic behavior of the emulsion network structure.
The loss modulus (G′′) represents the viscous behavior of the emulsion network structure.
Figure 7b shows that G′ of each double-layer emulsion was much higher than that of G′′

over the whole frequency range, suggesting that the gel network structure dominated by
elasticity was formed in the emulsion [45,46]. When the chitosan concentration was 0.6%,
the G′ of the double-layer emulsion was the highest. This phenomenon indicated that the
interaction between droplets improved, and the ability to resist the deformation of the
double-layer emulsion was strong. Meanwhile, the addition of chitosan molecules also
improved the viscosity and contributed to the strength of the gel structure.

3. Materials and Methods
3.1. Materials and Reagents

The hen eggs were purchased from the Beijing CP Egg Industry Co., Ltd. (Beijing, China).
Soybean oil (Yihai Kerry Arawana Holdings Co., Ltd.) was purchased from a local market
(Wuhan, China). Glutamine transaminase (TGase, 100 U/g), chitosan, a Coomassie Brilliant
Blue kit, Sodium Dodecyl Sulfate (SDS), Dithiothreitol (DTT), and ANS were purchased
from Yuanye Bio-Technology Co., Ltd. (Shanghai, China).

3.2. The Preparation of Egg-White Protein Gel Particles

The egg-white protein gel particles (EWP-GPs) were prepared according to a previous
method [47]. The egg-white was separated from fresh hen eggs and filtered with gauze to
remove insoluble substances after stirring (1 h at 25 ◦C). The protein concentration of the
solution was 10%, measured via Coomassie Brilliant Blue [48]. The EWP solution (30 mL)
was ultrasonicated for 10 min at 120 W. The pH of the solution was adjusted to 7.0 with
NaOH solution (1 mol/L) and HCl solution (1 mol/L). The EWP solution was stirred at
25 ◦C for 2 h and then reacted with TGase (20 U/g EWP) at 45 ◦C in a water bath for 2 h.
The mixture of EWP and chitosan was heated at 90 ◦C for 40 min and then cooled in an
ice bath immediately and maintained at 4 ◦C for 24 h. The gel particles were obtained,
crushed, and diluted with deionized water. The gel particles were pre-homogenized
for 2 min with a high-speed disperser (XHF-DY, Scientz, Ningbo, China) at 10,000 rpm.
Finally, the EWP-GPs were obtained through homogenizing three times at 20,000 psi with
a high-pressure micro-jet homogenizer (APV1000, APV Co., Crawley, UK).
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3.3. Characterization of EWP-GPs
3.3.1. Particle Size and Zeta Potential

In accordance with a previous method [26] and slightly modified, the particle size,
PDI, and zeta potential of EWP-GPs and emulsions were determined via the particle elec-
trophoresis instrument (Zetasizer Nano-ZS90, Malvern Instruments Ltd., Worcestershire, UK).
The concentration of the EWP-GP solutions was diluted to 0.1% with deionized water to
avoid multiple light scattering. The chitosan solution was diluted to 0.1% with deionized
water and the zeta potential of the chitosan solution was determined through the parti-
cle electrophoresis instrument. Each sample was measured for three cycles and scanned
12 times per cycle.

3.3.2. Wettability Measurement

In accordance with a previous method [49] with slight modifications, the wettability
of EWP-GPs was evaluated through the three-phase contact angle (θo/w) which was deter-
mined by using a VCA Optima system (AST Products Inc., Billerica, MA, USA). The fresh
EWP-GPs were diluted to 0.1% and dropped onto the mica sheet. After drying at 25 ◦C for
16 h, the water droplets (2 µL) were added to the composite particles to determine the θo/w.
The θo/w was fitted to the Laplace-Young equation [50]. Each sample was repeated at least
three times, and the average value was obtained.

3.3.3. Emulsification

In accordance with a previous method [34] with slight modifications, the mixture
of 30 mL EWP-GP solution (2%) and 10 mL soybean oil was treated via a high-speed
homogenizer at 12,500 rpm for 2 min. The emulsion (50 µL) was removed from the bottom
of the beaker, and then diluted 100 times with 0.1% (w/v) SDS. The absorbance of the
emulsion at 500 nm was represented by the emulsification of the EWP-GPs.

3.3.4. Intermolecular Force

The intermolecular force of EWP-GPs was determined by measuring the absorbance
of the solution at the wavelength of 600 nm at 25 ◦C with a UV/VIS spectrophotome-
ter (UV2000, UNICO (SHANGHAI) INSTRUMENT CO., LTD., China) via a previous
means [51] with modifications. The pattern of intermolecular forces involved in forming
and maintaining the EWP-GP structure was investigated by determining the absorbance
of dispersion with different protein denaturants (6 mol/L urea, 0.5% (w/w) SDS, and
30 mmol/L DTT). The control group was not treated with any protein denaturant (urea,
SDS, or DTT solutions). After 10 min of reaction, the EWP-GP solution was diluted to
0.1% (w/w) to remain in the linear region of absorbance. Each sample was measured at
least three times in parallel, and the average value was taken. The transmittance (T) was
calculated by the following formula:

A = lg
1
T

(1)

where A represented the absorbance of the solution and T represented the transmittance of
the solution.

3.4. Egg-White Protein Chitosan Double-Layer Emulsion Preparation

In accordance with the previous study with slight modifications, the double-layer
emulsion was prepared in two steps [7]. Firstly, the egg-white protein pickering emulsion
(W1/O emulsion) was prepared with EWP-GP dispersion (4 wt.% EWP-GPs) and 40% (v/v)
soybean oil, and the mixture was dispersed via a high-speed homogenizer at 15000 rpm
for 2 min. Secondly, 0.2%, 0.4%, 0.6%, 0.8% and 1.0% (v/v) chitosan solutions (W2) were
added to the Pickering emulsion, respectively. The mixture was dispersed via a high-speed
homogenizer at 15,000 rpm for 2 min, and then egg-white protein-chitosan double-layer
emulsion was obtained.
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3.5. Double-Layer Emulsion Characterization
3.5.1. Particle Size and Zeta Potential

The method to detect the particle size and zeta potential of the double-layer emulsion
was the same as the method in Section 3.3.1. In addition, the emulsions were diluted to
0.1% with deionized water to avoid multiple light scattering. Each sample was measured
for three cycles and scanned 12 times per cycle.

3.5.2. Emulsion Microstructure

In accordance with the reported means [52] with modifications, the microstructure
of the emulsion was observed through an optical microscope (SG–51, Shanghai optical
instrument factory, Shanghai, China). The emulsion (20 µL) was placed on a microscope
slide and covered by a cover slip. After balancing for 2 min, the microphotographs were
collected. The graphs were collected at 100×magnification.

3.5.3. Creaming Index (CI)

The creaming index was measured via a reported method [23] with modifications.
Fresh emulsion (8.0 mL) was added to the test vials and sealed with lids immediately after
preparation. The height of the serum phase at the bottom (Hs) and the total height of
emulsions (Ht) were recorded at fixed intervals. The experiment was carried out at 25 ◦C
and the percentage of CI (%) was calculated using the following equation:

CI(%) =
Hs
Ht
× 100 (2)

where Hs represented the height of the serum phase and Ht represented the total height
of emulsions.

3.5.4. Rheology Measurement

The rheology of the double-layer emulsions was performed with a Discovery DHR-2
Rheometer (TA Instruments, New Castle, DE, USA) by a previous means [46] with modifi-
cations. The samples were placed between two parallel plates with a diameter of 40 mm at
25 ◦C. The static shear rheological properties of the emulsions were measured at a shear rate
from 0.1 to 100 rad/s. The storage modulus (G′) and loss modulus (G′′) of the emulsions
were recorded as a function of frequency from 0.1 to 16 Hz.

3.6. Statistical Analysis

Data were presented as mean ± standard deviation (SD) of three independent ex-
periments. The statistical analysis was assessed using one-way analysis of ANOVA with
Duncan’s multiple range test. p-values < 0.05 were considered as statistically significant.

4. Conclusions

In this study, the EWP-GPs and EWP–chitosan double-layer emulsion were success-
fully prepared. The results showed that ultrasonic treatment combined with TGase treat-
ment could significantly improve the surface hydrophobicity and stability of EWP-GPs. The
optimal EWP-GPs had a smaller particle size, higher dispersity, better emulsification, and
good wettability. The intermolecular force results showed that the hydrogen bond was the
main force to maintain the stability of EWP-GPs. Based on these results, the EWP-chitosan
double-layer emulsion was prepared and characterized. The double-layer emulsion had
a small particle size and the droplets were dispersed uniformly, suggesting high stability.
The rheological properties of the double-layer emulsion indicated that the gel network
structure dominated by elasticity was formed in the emulsion. The prepared EWP-chitosan
double-layer emulsion performed with high stability and good creaming stability. In a
further study, we could study the delivery functions of the EWP-chitosan emulsion. It could
provide a novel food-grade delivery system for bioactive substances, such as β-carotene
and polyphenol.
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Abstract: In the present work, we prepared Maillard reaction products (MRPs) derived from enzyme
hydrolyzed soybean meal with ultrasound assistance in an oil-(oxidized lard)-in-water system (UEL-
MRPs) or oil-free system (UN-MRPs), and the effect of ultrasound on the properties of the obtained
MRPs was evaluated. The analysis of fatty acids in lard with different treatments showed that
ultrasound can generate more unsaturated fatty acids in the aqueous phase. The UV–Vis absorbances
of UEL-MRPs, UN-MRPs, and MRPs obtained in an oil-in-water system (EL-MRPs) and MRPs
obtained in an oil-free system (N-MRPs) at 294 and 420 nm indicated that ultrasound could increase
the amount of Maillard reaction intermediates and melanoids in the final products of the Maillard
reaction. This was in line with the result obtained from color change determination—that ultrasound
can darken the resultant MRPs. Volatile analysis showed ultrasound can not only increase the number
of volatile substances, but also greatly increase the composition of volatile substances in UEL-MRPs
and UN-MRPs, especially the composition of those contributing to the flavor of the MRPs, such as
oxygen-containing heterocycles, sulfur-containing compounds, and nitrogen-containing heterocycles.
Descriptive sensory evaluation revealed that UN-MRPs and UEL-MRPs had the highest scores in
total acceptance, ranking in the top two, and UEL-MRPs had the strongest meaty flavor among
these four kinds of MRPs. Furthermore, the measurements of antioxidant activities, including DPPH
radical-scavenging activity, hydroxyl radical scavenging ability, and ferric ion reducing antioxidant
power, were conducted, showing that UN-MRPs exhibited the highest antioxidant activity among all
the MRPs.

Keywords: Maillard reaction; ultrasound; hydrolyzed soybean meal; oxidized lard

1. Introduction

Maillard reaction products (MRPs) have a great influence on food flavor. It can not only
change the flavor and color of food [1], but also impart or enhance other properties of food,
such as the antioxidant and antibacterial capacity of food [2]. There have been more and
more studies on the preparation of meat flavors by using Maillard reaction [3,4]. Typically,
the proteins involved in the Maillard reaction system are plant-derived proteins [5] and
animal-derived proteins [1,6]. However, the meat flavor produced by only using plant-
derived proteins in the Maillard reaction system has obvious deficiencies (such as light
meat aroma) in meat flavor. Although the meat flavor prepared by the participation of
animal-derived proteins in Maillard reaction has a strong meat flavor, the pretreatment
process of animal-derived proteins is often complicated [7]. Studies have shown that
oxidized animal fats have a strong meaty taste. Therefore, more and more research has
been focused on improving the meat flavor of MRPs by adding different animal fats into
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the Maillard reaction system [3,8–11]. For example, Song et al. [12] treated lard with
three different lipases and investigated the effect of lard treated with different lipases on
MRPs in the xylose/glucose and cysteine Maillard reaction system. They concluded that
the MRPs obtained by the addition of enzymatically hydrolyzed lard had better flavor,
compared with the MRPs without lard addition. Moreover, the MRPs obtained by adding
lard hydrolysate treated with lipase MER had the strongest meat flavor and the lowest
off-flavor. The reasons for the positive effects of fat hydrolysates on the flavor of MRPs
may include two aspects. One is that the substances, such as aldehydes, ketones, alcohols,
acids, and lactones, produced by fat degradation have a certain positive impact on meaty
taste [8]. The other is that the carbonyl compounds produced by fat oxidation can react
with amino acids and reduce sugars and their related degradation products, producing
some substances with lower odor thresholds, such as aliphatic alcohols and furans, which
have a positive effect on the meaty taste enhancement of MRPs [13].

Ultrasound, which has been widely used in food industry, has been conducted on
promotion of Maillard reaction in recent years [14–16]. This is because ultrasonic waves can
not only accelerate the rate of the Maillard reaction and produce more intermediates and
final products, but also improve the antioxidant properties of MRPs. There are three reasons
for the promotion of the Maillard reaction by ultrasonic wave. First, the cavitation effect of
ultrasonic waves can generate a transient high-temperature and high-pressure environment
inside the liquid, which provides extreme reaction conditions for the Maillard reaction [17].
Second, the mechanical effect of the ultrasound can accelerate the mixing of the solution
and increase the frequency of intermolecular collisions, leading to the acceleration of the
reaction rate [15]. Third, the activation energy required for the ultrasound-induced Maillard
reaction is lower than that of conventional heat treatment [16].

Soybean meal, the by-product of soybean oil extraction, which is usually used as
animal feed, possesses a high protein content of 30–50%. In order to increase its added
value, there are many studies on the application of soybean meal [18–20], including the
preparation of Maillard flavor peptides from soybean meal enzymatic hydrolysis [4,5,21].
For instance, Yu et al. [5] used peptides of different molecular weights from soybean
meal hydrolysis to participate in the Maillard reaction and investigated the relationship
between the antioxidant and sensory properties of the MRPs and the molecular weight of
the peptides. They found that the MRPs obtained from the Maillard reaction, participating
via peptides with molecular weights of 1–3 kDa, showed strongest antioxidative properties,
the highest umami, and the lowest bitterness taste. In present work, we prepared MRPs
using soybean meal hydrolysates and oxidized lard in an oil-in water reaction system
assisted with ultrasound. The effect of ultrasonic wave treatment on MRPs was evaluated
by investigating the composition and types of flavor substances, the antioxidant properties,
and the sensory properties of the obtained MRPs.

2. Results and Discussion

This section may be divided by subheadings. It should provide a concise and pre-
cise description of the experimental results, their interpretation, and the experimental
conclusions that can be drawn.

2.1. Fatty Acids Composition Analysis

The types of fatty acids and their content in FL, EL, and UEL that determined by GC-
MS are shown in Table 1. The fatty acids detected in FL, EL, and UEL mainly included nine
saturated fatty acids and eight unsaturated fatty acids. As shown in the table, the highest
content of saturated fatty acids is palmitic acid (C16:0), followed by stearic acid (C18:0),
and the highest contents of unsaturated fatty acids are oleic acid (C18:1) and linoleic acid
(C18:2). The total content of saturated fatty acids increased slightly from 46.016 ± 0.123%
in FL to 46.814 ± 0.014% in EL, and then to 46.928 ± 0.136% in UEL. The total contents in
saturated fatty acids in EL and UEL are slightly higher than that in FL, which indicates
that enzymatic treatment and enzymatic treatment, followed with ultrasonication, can
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lead to the pyrolysis and oxidation of triglycerides to form more saturated fatty acids [4].
The displayed results in Table 1 also show that the total content of unsaturated fatty acid
decreased slightly from 53.984 ± 0.123% in FL to 53.186 ± 0.014% in EL, and ultimately to
53.072 ± 0.136% in UEL. The tendency is consistent with the study by Yu et al. [22]. The
reasons for the decrease of unsaturated fatty acid content may come from two aspects:
First, ultrasound creates a relatively high temperature environment, which accelerates the
oxidation of unsaturated fatty acids, thus reducing the content of unsaturated fatty acids
in UEL. Second, under the action of ultrasonic waves, the substances in the system are
fully mixed, which makes more unsaturated fatty acids migrate from the oil phase to the
water phase, resulting in a decrease in the proportion of unsaturated fatty acids in the oil
phase. The results indicate that more unsaturated fatty acids in the aqueous phase would
participate in the Maillard reaction, which might lead to the difference in the meat aroma
of UEL-MRPs and other different MRPs.

Table 1. GC results of fatty acid compositions in FL, EL, and UEL.

Fatty Acids
Percentage (%)

FL EL UEL

Saturated fatty acid
C10:0 decanoic acid 0.020 ± 0.001 a 0.021 ± 0.000 a 0.017 ± 0.000 b

C12:0 lauric acid 0.076 ± 0.000 a 0.077 ± 0.003 a 0.075 ± 0.000 a

C14:0 myristic acid 0.898 ± 0.005 a 0.906 ± 0.005 a 0.904 ± 0.008 a

C15:0 pentadecanoic acid 0.041 ± 0.005 a 0.040 ± 0.002 a 0.041 ± 0.003 a

C16:0 palmitic acid 36.271 ± 0.090 b 36.861 ± 0.16 a 36.958 ± 0.142 a

C17:0 margaric acid 0.129 ± 0.012 a 0.130 ± 0.003 a 0.136 ± 0.006 a

C18:0 stearic acid 8.150 ± 0.020 c 8.345 ± 0.026 b 8.402 ± 0.005 a

C21:0 n-heneicosanoic acid 0.293 ± 0.007 ab 0.318 ± 0.026 a 0.279 ± 0.003 b

C22:0 behenic acid 0.137 ± 0.002 a 0.118 ± 0.000 b 0.116 ± 0.001 b

Total 46.016 ± 0.123 b 46.814 ± 0.014 a 46.928 ± 0.136 a

Unsaturated fatty acid
C14:1 myristoleic acid 0.017 ± 0.001 a 0.017 ± 0.000 a 0.018 ± 0.005 a

C16:1 palmitoleic acid 1.066 ± 0.026 a 1.036 ± 0.001 a 1.046 ± 0.018 a

C17:1 heptadecenoic acid 0.060 ± 0.003 a 0.056 ± 0.005 a 0.058 ± 0.003 a

C18:1 oleic acid 37.328 ± 0.103 a 36.754 ± 0.018 b 36.722 ± 0.135 b

C18:2 linoleic acid 14.663 ± 0.027 a 14.441 ± 0.004 b 14.413 ± 0.009 b

C20:1 eicosenoic acid 0.185 ± 0.005 b 0.211 ± 0.003 a 0.164 ± 0.016 c

C18:3 α-linolenic acid 0.633 ± 0.003 a 0.638 ± 0.015 a 0.626 ± 0.001 a

C20:3 carbonium 0.033 ± 0.003 a 0.033 ± 0.000 a 0.025 ± 0.001 b

Total 53.984 ± 0.123 a 53.186 ± 0.014 b 53.072 ± 0.136 b

Note: Results were expressed as mean value ± standard deviation (n = 3). Values bearing different letters (a to c)
were significantly different (p < 0.05).

2.2. Browning Intensity of the MRPs

The degree of browning of the MRPs usually changes as the Maillard reaction proceeds.
The UV–Vis absorbance at 294 nm is typically adopted to monitor the formation of Maillard
reaction intermediates, while the absorbance at 420 nm is used to evaluate the brown
polymer in the final products [23]. As shown in Figure 1, compared with the MRPs (N-
MRPs and EL-MRPs) prepared without ultrasound assistance, the ultrasound-assisted
MRPs (UN-MRPs and UEL-MRPs) exhibited higher absorbance at 294 nm (Figure 1A), and
the UV absorption at 420 nm (Figure 1B) also showed the same trend as that at 294 nm. This
indicates that ultrasound can accelerate the formation of Maillard reaction intermediates
and increase the brown polymer in the final products. The reasons for this result may be
related to two aspects. On the one hand, the mechanical effect of ultrasound can accelerate
the mixing of solutions and increase the frequency of collisions between molecules [24]. This
enables more Amadori compounds to degrade into Maillard reaction intermediates, which
increases the absorbance of MRPs at 294 nm; at the same time, these intermediate products
can be further converted into melanoid substances, thereby increasing the absorbance of
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MRPs at 420 nm. On the other hand, due to the cavitation effect of ultrasound, a transient
high-temperature and high-pressure environment can be generated inside the liquid [17].
Compared with traditional heating procedure, ultrasound can positively promote the
Maillard reaction, resulting in the production of more intermediates and melanoids, leading
to higher A294/420 of the ultrasound-assisted MRPs. In addition, compared with the MRPs
(N-MRPs and UN-MRPs) without lard participating in the Maillard reaction, the MRPs
(EL-MRP and UEL-MRP) obtained by EL participating in the Maillard reaction showed
higher absorbance at 294 and 420 nm. This may be due to the aldehydes and ketones
produced by the oxidation of lard participating in the Maillard reaction, resulting in more
Maillard reaction intermediates and final products [8].
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Figure 1. The UV–Vis absorbance at 294 nm (A) and 420 nm (B).

2.3. Changes in Color

The measured values of ∆L*, ∆a*, ∆b* reflecting the color changes of the MRPs are
shown in Table 2.

Table 2. Color changes of various MRPs.

Sample ∆L* ∆a* ∆b* ∆E*

N-MRPs −2.61 ± 0.06 a −0.06 ± 0.02 a −2.07 ± 0.06 c 3.33 ± 0.02 c

UN-MRPs −2.68 ± 0.03 a −0.14 ± 0.02 c −2.21 ± 0.01 d 3.47 ± 0.02 b

EL-MRPs −3.42 ± 0.08 b −0.11 ± 0.02 b −1.60 ± 0.03 b 3.78 ± 0.09 a

UEL-MRPs −3.53 ± 0.02 c −0.08 ± 0.01 ab −1.53 ± 0.02 a 3.85 ± 0.02 a

Note: Results were expressed as mean value ± standard deviation (n = 3). Values bearing different letters (a to c)
were significantly different (p < 0.05).

It is clear that all these parameters are negative, compared to distilled water, indicating
that the color of the MRPs appears darker, greener, and bluer. In addition, compared with
N-MRPs and EL-MRPs, the ∆L* values of UN-MRPs and UEL-MRPs were relatively lower.
This demonstrates that the color of the MRPs obtained with ultrasound assistance were
darker than those obtained without the assistance of ultrasound. This further suggests
that ultrasound treatment can accelerate the Maillard reaction process, resulting in more
melanoids in the MRPs [1,25]. It can also be seen from the table that the ∆L* values of
EL-MRPs and UEL-MRPs were higher than those of N-MRPs and UN-MRPs. This may be
due to the fact that fat degradation products participate in the Maillard reaction, producing
more dicarbonyl compounds and melanoids, thus changing the color of the MRPs [3].

The ∆E* values of these MRPs are also displayed in Table 2. It is easy to find that the
∆E* value of UEL-MRPs is the largest among these MRPs, which may be related to the
content of low molecular weight polymers [4,26].
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2.4. GC–MS/SPME Analysis of the Volatile Components in the MRPs

The volatile components in the MRPs were identified by GC-MS/SPME, and the
identified substances and their corresponding contents are listed in Table 3. As listed
in the table, a total of 49 volatile compounds were identified in these MRPs, including
7 aldehydes, 4 ketones, 11 alcohols, 3 esters, 9 acids, 3 hydrocarbons, 4 phenols, 1 ether,
2 pyrazines, 1 pyrrole, 2 furans, 1 thiazole, and 1 thiophene. Due to the differences in
the presence/absence of oxidized lard participating in the reaction and with/without the
ultrasound-assisted reaction in the implementation of Maillard reaction, the types and
contents of volatile components in the different MRPs were not the same. The number of
the detected substances in UEL-MRPs, UN-MRPs, EL-MRPs, and N-MRPs were 35, 32, 29,
and 26, respectively. Among these volatile compounds, the identified compounds, such as
oxygen-containing heterocycles (furans), sulfur-containing heterocycles (thiophenes and
thiazoles), and nitrogen-containing heterocycles (pyrazines and pyrroles) have a greater
impact on the flavor of MRPs [4].

Table 3. Volatile compounds in the MRPs.

No. Volatile Compounds 1 KIs 2 Odors
Relative Concentration [ng kg−1] (Mean ± SD)

N-MRPs UN-MRPs EL-MRPs UEL-MRPs

Aldehydes (7) 16,325.90 ± 2633.65 b 23,312.20 ± 2256.92 b 42,201.86 ± 6487.71 a 51,094.08 ± 6451.28 a

1 2-undecenal 1311 waxy —- —- —- 1526.60 ± 439.78
2 nonanal 1104 fatty, citrus 2544.39 ± 789.48 c 3150.21 ± 1627.73 c 13,575.11 ± 744.44 a 8164.12 ± 1311.46 b

3 octanal 92 fatty, citrus,
honey —- 628.01 ± 58.54 c 5827.26 ± 424.38 a 2740.49 ± 624.90 b

4 benzaldehyde 982 almond 13,383.74 ± 2478.88 b 18,797.82 ± 385.02 b 21,529.94 ± 5270.65 a 38,662.87 ± 8787.69 a

5 4-methoxy-
benzaldehyde 1171 hawthorn —- 214.49 ± 59.06 —- —-

6 decanal 1204 fatty, sweet
orange 397.76 ± 65.39 b 521.67 ± 154.22 b 868.86 ± 65.75 a —-

7 (E)-2-octenal 1013 —- —- —- 400.68 ± 178.09 —-

Ketones (4) 500.64 ± 33.39 b 592.36 ± 40.27 b 635.48 ± 117.50 b 4302.12 ± 1105.77 a

8 2H-pyran-2,6(3H)-dione 1098 —- 91.11 ± 20.19 b 135.62 ± 13.81 b 140.31 ± 40.39 b 386.13 ± 76.23 a

9 acetoin 717 buttery 112.13 ± 23.42 c 106.88 ± 20.41 c 495.16 ± 77.50 b 756.99 ± 160.41 a

10 1-hydroxy-2-propanone 698 —- 297.40 ± 9.22 —- —- 3159.00 ± 875.38

11 6-methyl-5-hepten-2-
one 938 fatty, green,

citrus-like —- 349.86 ± 48.08 —- —-

Alcohols (11) 4696.10 ± 431.42 d 10,404.52 ± 1020.19 c 13,917.84 ± 1352.76
b 37,637.68 ± 2448.57 a

12 2-furanmethanol 885 burnt, caramel 951.36 ± 27.19 b 1242.79 ± 330.92 b 2623.38 ± 348.82 a 1000.58 ± 152.83 b

13 1-pentanol 761 —- —- 621.58 ± 175.56 c 4269.34 ± 411.52 b 9280.11 ± 316.91 a

14 1-octen-3-ol 969 mushroom —- —- —- 7635.86 ± 1535.68
15 2-methyl-3-pentanethiol 793 —- —- 2140.45 ± 320.99 —- 1730.77 ± 342.90
16 1-hexanol 860 green, fruity 1106.16 ± 39.61 c 2882.99 ± 293.59 b 1959.74 ± 285.49 bc 6247.56 ± 933.66 a

17 1,4-butanediol 904 —- 112.70 ± 27.90 —- —- 424.19 ± 15.77
18 benzyl alcohol 1036 fruity —- —- 1134.57 ± 175.23 —-
19 phenylethyl alcohol 1136 roses 529.12 ± 17.16 649.71 ± 92.40 —- —-
20 1-heptanol 960 weak alcoholic —- —- —- 4115.44 ± 414.03
21 maltol 1063 caramel 1559.63 ± 345.82 c 2331.50 ± 259.26 c 3930.81 ± 601.33 b 7203.18 ± 538.75 a

22 1-dodecanol 1457 fatty 437.12 ± 145.13 535.49 ± 89.77 —- —-

Esters (3) 1413.30 ± 226.14 c 1755.50 ± 99.63 bc 2245.81 ± 515.19 mb 5204.68 ± 231.95 a

23 butyrolactone 825 —- 1003.15 ± 223.50 c 1192.48 ± 212.87 c 2245.81 ± 630.98 b 3749.90 ± 193.20 a

24 5-ethyldihydro-2(3H)-
furanone 986 caramel —- —- —- 573.71 ± 44.52

25 hexadecanoic acid,
methyl ester 1878 —- 410.15 ± 12.07 b 563.03 ± 154.90 b —- 881.07 ± 9.14 a

Acids (9) 8519.72 ± 535.84 b 10,217.13 ± 741.44 b 15,040.33 ± 997.20 a 14,338.67 ± 1294.21 a

26 isovaleric acid 811 rancid 5806.91 ± 786.41 b 5495.16 ± 592.05 b 8090.93 ± 853.77 a 7441.90 ± 54.91 a

27 n-decanoic acid 1372 fatty, rancid —- 378.11 ± 26.06 721.44 ± 142.74 —-
28 hexanoic acid 974 fatty, waxy, 1480.04 ± 399.09 c 1781.70 ± 230.72 bc 2802.08 ± 545.34 a 2394.52 ± 288.82 ab

29 octanoic acid 1173 waxy, fatty 476.11 ± 97.97 c 1156.04 ± 155.08 b 2114.29 ± 498.28 a 2560.38 ± 451.35 a

30 nonanoic acid 1272 —- 264.56 ± 8.58 c 378.17 ± 62.92 b 461.28 ± 40.42 a 485.55 ± 17.18 a

31 heptanoic acid 1073 waxy, fruity,
fatty 226.64 ± 24.61 c 421.16 ± 68.00 b 538.76 ± 96.81 b 673.93 ± 65.34 a

32 pentanoic acid 875 —- 139.37 ± 23.12 606.79 ± 71.25 —- —-
33 butanoic acid 811 rancid —- —- 311.54 ± 20.75 —-
34 pentadecanoic acid 1869 waxy 126.09 ± 34.85 —- —- —-
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Table 3. Cont.

No. Volatile Compounds 1 KIs 2 Odors
Relative Concentration [ng kg−1] (Mean ± SD)

N-MRPs UN-MRPs EL-MRPs UEL-MRPs

Pyrazines (2) —- 756.89 ± 144.74 —- 2235.33 ± 311.44

35 2,5-dimethyl-pyrazine 894 Cocoa, roasted,
nutty —- —- —- 2235.33 ± 311.44

36 tetramethyl-pyrazine nutty, chocolate,
coffee —- 756.89 ± 144.74 —- —-

Furans (2) 600.96 ± 73.22 b 842.49 ± 191.62 c 2369.50 ± 398.75 a 2565.21 ± 176.92 a

37 bis(2-methyl-3-furyl)
disulfide 1745 roasty, meat,

sulfur 600.96 ± 73.22 b 842.49 ± 191.62 a 666.67 ± 91.68 ab 524.40 ± 94.07 b

38 1-(2-furanyl)-Ethanone 878 almond, nut,
roasted —- —- 1702.83 ± 329.22 2040.81 ± 89.87

Hydrocarbons (3) —- 678.87 ± 208.19 ab 1047.89 ± 327.45 a 314.59 ± 50.54 b

39 n-hexane 618 gasoline —- —- —- 314.59 ± 50.54
40 nonadecane 1910 —- —- 678.87 ± 208.19 —- —-
41 pentadecane 1512 —- —- —- 1047.89 ± 327.45 —-

Phenols (4) 1094.01 ± 59.50 d 2181.28 ± 357.30 c 6203.81 ± 445.34 b 7909.26 ± 221.45 a

42 butylated
hydroxytoluene 1668 —- —- —- 3796.72 ± 348.50 3963.23 ± 502.73

43 phenol 901 —- 395.39 ± 30.41 c 378.72 ± 92.58 c 636.09 ± 131.79 b 1090.62 ± 146.61 a

44 p-cresol 1014 —- —- 526.95 ± 189.71 —- 695.62 ± 166.81
45 2-methoxy-phenol 1090 —- 698.62 ± 65.46 d 1275.61 ± 247.70 c 1770.99 ± 41.55 b 2159.78 ± 92.60 a

Thiazoles (1)

46 4-methyl-5-
thiazoleethanol 1264 meaty, roasted 1582.85 ± 236.87 c 2018.86 ± 74.48 c 4492.16 ± 215.17 b 8787.13 ± 1646.45 a

Ethers (1)

47 3-tert-butyl-4-
hydroxyanisole 1417 —- —- —- 752.29 ± 76.05 742.80 ± 18.10

Pyrroles (1)

48 1-(1H-pyrrol-2-yl)-
ethanone 1035 walnuts, toast 237.32 ± 5.26 d 477.30 ± 83.31 c 665.75 ± 10.75 b 1288.37 ± 146.92 a

Thiophenes (1)

49 5-methyl-2-
thiophenecarboxaldehyde 1072 almond, fruity,

nutty —- —- —- 873.56 ± 95.92

Note: Means bearing different letters are significantly (p < 0.05) different in the same line. “—-”, not detected. 1 KI
(Kovats indices) determined by searching the mass spectrum in the database and manual interpretation. 2 Odors
indicated the odor bias of some specific flavor compound.

The histogram of the content of oxygen-containing compounds in these MRPs is shown
in Figure 2A. As shown in the figure, oxygen-containing compounds are the most abundant
in the types and contents of volatile compounds in all MRPs. Moreover, the oxygen-
containing volatile compounds contents in EL-MRP and UEL-MRP were significantly
higher than that in N-MRPs and UN-MRPs. This suggests that the participation of oxidized
lard in the hydrolyzed soybean-based Maillard reaction system can significantly increase
the content of oxygen-containing compounds in MRPs volatile compounds, which is similar
to the results of the reported research [3]. In addition, the contents of oxygen-containing
volatile compounds in UN-MRPs and UEL-MRPs were higher than those in N-MRPs and
EL-MRPs, respectively. This may be related to the degree of Maillard reaction.

Furans, a class of oxygen-containing volatile compounds, have a greater impact on the
flavor of MRPs [27]. Figure 2B displays the amounts of the identified furans (light cyan
histogram) and a specific compound 1-(2-furanyl)-ethanone (magenta histogram) in the
MRPs, respectively. It is obvious that the total amount of furans increased in the order
of N-MRPs, UN-MRPs, EL-MRPs, and UEL-MRPs, and only 1-(2-furanyl)-ethanone was
detected in EL-MRPs and UEL-MRPs. The 1-(2-furanyl)-ethanone has sweet, cocoa, almond,
and caramel flavors [28], which can improve the flavor of MRPs. Furans can be generated
from fatty acid oxidation or from glycerol and cysteine degradation products through a
complex series of chemical reactions (cyclization, dehydration, and aldol condensation) [10].
Due to the participation of lard in the Maillard reaction, coupled with the assistance of
ultrasound, the furan content in UN-MRPs, EL-MRPs, and UEL-MRPs was higher than
that in N-MRPs, which might exert a positive effect on the flavor of these MRPs.
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Sulfur-containing compounds generally have a lower odor threshold and show great
impact on the meaty aroma of different foods [29]. As shown in Figure 2C, a total of four sulfur-
containing substances were detected in these MRPs, namely 2-methyl-3-pentanethiol, 4-methyl-
5-thiazoleethanol, bis(2-methyl-3-furyl)disulfide, and 5-methyl-2-thiophenecarboxaldehyde. It is
obvious that the total amount of sulfur-containing compounds in UEL-MRPs (11,915.86 ng kg−1)
was higher than that in EL-MRPs (5158.83 ng kg−1), and in UN-MRPs (5001.8 ng kg−1), it
was higher than that in N-MRP (2183.81 ng kg−1). Moreover, the MRPs with oxidized lard
participation in the Maillard reaction had higher content of sulfur-containing compounds than
the MRPs obtained without the presence of oxidized lard. Another result that should be
mentioned is that 5-methyl-2-thiophenecarboxaldehyde, which contributes to meat flavor [30],
was found only in UEL-MRPs (873.56 ng kg−1). The identification and quantitation results of
the sulfur-containing substances might be due to the participation of animal fat in the Maillard
reaction [4] and the promotion of ultrasound to the Maillard reaction [15].

Nitrogen-containing heterocycles are another class of volatile substances contributing
to the MRPs flavor. The nitrogen-containing heterocycles mostly exist in the forms of
pyrazine, pyrrole, and pyridine. As shown in Figure 2D, altogether, three kinds of such sub-
stances were identified in these MRPs, namely tetramethyl-Pyrazine, 2,5-dimethyl-pyrazine,
and 1-(1H-pyrrol-2-yl)-ethanone. The total contents of nitrogen-containing heterocycles in
UN-MRPs (1234.19 ng kg−1) and UEL-MRPs (3523.7 ng kg−1) were higher than those in N-
MRPs (237.32 ng kg−1) and EL-MRPs (665.75 ng kg−1), respectively. This may be due to the
accelerated formation of nitrogen-containing compounds by using ultrasound assistance.
Pyrazine generally has a nutty and cooked burnt aroma [31]. Figure 2D also shows that
2,5-dimethylpyrazine (2235.33 ng kg−1) and tetramethyl-Pyrazine (756.89 ng kg−1) were
detected only in UEL-MRPs and in UN-MRP, respectively. This may be due to the fact
that the activation energy values required for the synthesis of targeted pyrazine species
in an ultrasound-assisted Maillard reaction model system were lower than those in heat
treatment [32].
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2.5. Sensory Evaluation

The sensory scoring criteria are listed in Table 4, and the sensory evaluation results
of the MRPs are shown in Figure 3. It is clear that the participation of oxidized lard in
the Maillard reaction and the application of ultrasound made little difference, regarding
the salty and umami taste of these MRPs. The meaty taste of EL-MRPs and UEL-MRPs
obtained from oxidized lard participation in the Maillard reaction showed better meat
flavor than that of the N-MRPs and UN-MRPs obtained from the absence of oxidized lard
in the Maillard reaction. In addition, the meat taste scores of the UEL-MRPs and UN-MRPs
obtained by the promotion of ultrasound to the Maillard reaction were also higher than
those of the EL-MRPs and N-MRPs, respectively. These may be related to their higher
content of sulfur-containing compounds and nitrogen-containing heterocycles, such as
thiophene and thiazole [13]. However, oxidized lard developed some undesired flavors
during oxidation, which made EL-MRP and UEL-MRP have a heavier off-flavor. Compared
with the MRPs of N-MRP and EL-MRP, UN-MRP and UEL-MRP had higher scores, in
terms of total acceptance. The sensory evaluation results indicate that the flavor of MRPs
could be improved by the application of ultrasound.

Table 4. Sensory evaluation scoring criteria of MRPs.

Sensory Indicators Judging Controls Scoring Criteria/Point

Off-flavor
The unaccepted flavor of rotten eggs, prepared by putting
broken eggs (100 g) at 50 ◦C for 7 days, was used as odor

intensity evaluation.

Strong odor: 0–2
Medium odor: 2–5
Lighter odor: 5–7

Odorless: 7–10

Meaty Take certain pork lean meat, cut into 2.5 cm cubes, cook in
water for 2 h, and then use as a meat flavor evaluation control. Strong odor: 7–10

Umami The umami used sodium glutamate solution (1%, w/v) as the
umami note. Medium odor: 5–7

Salty Salty taste is the taste of 0.5% (w/v) sodium chloride solution. Lighter odor: 2–5
Total acceptance Evaluation based on meaty, umami, salty, and off-flavor. Odorless: 0–2

Note: The score was given on a scale of 0 (undetected) to 10 (strong). The sensory evaluation standard of off-flavor
is opposite to other indexes.
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2.6. Sensory Evaluation

The antioxidant ability of the MRPs was evaluated by measuring the DRS, HSR, and
ferric ion reducing antioxidant power. Figure 4A shows the DPPH radical scavenging
ability of the MRPs. Under the same condition, the scavenging rate of DPPH radicals
by UN-MRPs was the strongest among the four MRPs, and the scavenging rate reached
a peak value of about 94.58%, at a concentration of 1 mg mL−1. Furthermore, basically
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the scavenging rate of the DPPH radicals by these MRPs was in the order of UN-MRPs >
N-MRPs > EL-MRPs > UEL-MRPs. As can be seen in Figure 4B,C, the hydroxyl radical
scavenging ability (Figure 4B) and ferric ion reducing antioxidant power (Figure 4C) of the
MRPs showed similar trends to the scavenging rates for DPPH radicals.
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Figure 4. Antioxidant activity of various MRPs. (A) DPPH free radical scavenging activity.
(B) Hydroxyl radical scavenging ability. (C) Reducing power, expressed in absorbance read at
700 nm.

According to the antioxidant analysis, we can find that UN-MRPs showed the best
antioxidant ability among these MRPs. This may be because the ultrasound-assisted
heat treatment accelerates the Maillard reaction, thereby generating more substances with
antioxidant capacity [1]. It has been reported that the produced intermediate pyrroles and
melanoids in the final products of the Maillard reaction have the antioxidant capacity [15,33].
According to the results of the browning intensity measurement and SPME/GC-MS, more
intermediate substances, melanoids, and nitrogen-containing heterocycles were found in
the UEL-MRPs. However, the antioxidant capacity of UEL-MRP was measured to be the
lowest among these MRPs, and that of EL-MRPs was the second lowest. Studies have
shown that fragments of 30–50 kDa in the MRPs have high antioxidant activity [34,35]. The
possible reason for the difference in the antioxidant activity of the MRPs may be due to the
distribution of the molecular weights in these MRPs. Future work will focus on obtaining
MRPs with different molecular weights and evaluating their antioxidant activity, thereby
finding out the relationship between the molecular weight and antioxidant activity.

3. Materials and Methods
3.1. Materials and Chemicals

Soybean meal was purchased from Muge Feed Co., Ltd. (Hebei, China). Lard was
from Yusheng Edible Oil Co., Ltd. (Shandong, China). Lipase MER (7500 Lu g−1) was
purchased from Tianye Enzyme Preparation Co., Ltd. (Jiangsu, China). Alkaline protease
(200,000 U g−1), neutral protease (100,000 U g−1), and flavor protease (200,000 U g−1) were
obtained from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China). L-cysteine,
D-xylose, and thiamine were purchased from Shanghai Aladdin Biochemical Technology
Co., Ltd. (Shanghai, China). Other chemicals were analytical reagents and purchased from
Shanghai Mackin Biochemical Co., Ltd. (Shanghai, China). Deionized water was used
throughout the experiment.

3.2. Sample Preparation
3.2.1. Preparation of Enzymatic Hydrolyzed Lard

Lipase MER was selected to prepared hydrolyzed lard [12]. Fresh lard (FL) and phos-
phate buffer (pH = 6.0) were mixed thoroughly at a ratio of 1:1 (w/w) and then added into
a round-bottomed flask, followed with the addition of lipase MER (1 g enzyme per 100 g
lard). The enzymatic hydrolysis was carried out at 45 ◦C for 1.5 h with magnetic stirring at
a speed of 150 rmp. The enzymatic hydrolysis solution was then heated to 95 ◦C for 15 min
to inactivate the lipase MER. The resultant solution was cooled down to room temperature,
followed with centrifugation at 4000 rpm for 15 min. The supernatant solution, denoted as
EL, was collected and kept at −20 ◦C for later use. The EL solution, treated with ultrasoni-
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cation, was prepared by putting the probe of the ultrasound device (JY98-IIIDN, Ningbo
Xinzhi Biotechnology Co., Ltd., Ningbo, China) 1.5 cm below the liquid level of the above
collected supernatant solution (mixed solution of soybean meal enzymatic hydrolyzate,
xylose, cysteine, and EF). The solution was sonicated at 300 W (5 s-on-5 s-off) for 30 min,
and the obtained treated lard was named UEL. The acid values (AV) of FL, EL, and UEL
were measured to be 0.48 ± 0.04, 61.84 ± 3.62, and 69.60 ± 1.73 mg g−1, respectively; the
peroxide values (PV) were 0.080 ± 0.004, 0.085 ± 0.003, and 0.084 ± 0.005 meq. kg−1, re-
spectively; and the p-anisidine values (p-AV) were 3.77 ± 0.43, 5.13 ± 0.53, and 6.04 ± 0.69,
respectively.

3.2.2. Preparation of Soybean Meal Hydrolysates

Soybean meal hydrolysates were prepared according to the method of Zhang et al. [21],
with tiny modifications. Soybean meal (47.8% of protein content) was pulverized and sieved
with a 100-mesh sieve. The soybean meal powder was then dispersed in water to prepare
suspension with a protein content of 4% (w/w). It was then heated to 90 ◦C for 30 min,
cooled to room temperature, and then sonicated at 45 ◦C for 20 min with an ultrasonic power
of 350 W. The suspension was then enzymatically hydrolyzed by a two-step enzymatic
hydrolysis method. Firstly, the pH of the suspension was adjusted to 10.0, with 6.0 mol L−1

of NaOH, and then it was enzymatically hydrolyzed with alkaline protease (8000 U g−1) at
50 ◦C for 3.5 h. Secondly, the pH of the above mixture was adjusted to 6.5, with 6 mol L−1

HCl, and it was enzymatically hydrolyzed with neutral protease (8000 U g−1) and flavor
protease (1200 U g−1) at 45 ◦C for 4 h. The enzymatic hydrolysis solution obtained in each
enzymatic hydrolysis step should be inactivated at 90 ◦C for 15 min, and then the soybean
meal enzyme hydrolysate was centrifuged at 8000 rmp for 20 min. Finally, the supernatant
was collected and stored at −20 ◦C for later use. The degree of hydrolysis of soybean meal
enzymolysis solution was 39.04%, measured by using ortho-phthalaldehyde method.

3.2.3. Preparation of Maillard Reaction Products

The Maillard reaction system without the addition of lard was prepared by adding
cysteine (2.0%), xylose (3.0%), and VB1 (0.05%) into the soybean meal enzymatic hydrolysis,
and the system with the addition of EL was prepared by adding cysteine (2.0%), xylose
(3.0%), VB1 (0.05%), and EL (1.0%) into the soybean meal enzymatic hydrolysis. The
prepared reaction solution was mixed thoroughly by stirring at 50 ◦C for 10 min, with a
stirring speed of 150 rpm. The preparation of MRPs with the assistance of ultrasound was
carried out in accordance with the following steps. First, the pH of the reaction solution was
adjusted to 7.1. Next, it was sonicated by putting the probe of the ultrasound device 1.5 cm
below the liquid level. The solution was sonicated at 300 W (5 s-on-5 s-off) for 30 min. The
Maillard reaction was performed by maintaining the above solution at 120 ◦C for 2 h, with
constantly stirring at a speed of 200 rpm. Finally, the obtained MRPs were rapidly cooled
in an ice-water bath, and then freeze-dried to prepare a lyophilized powder, which was
stored at −20 ◦C for later use. The obtained MRPs, with and without the addition of EL,
were named as UEL-MRPs and UN-MRP, respectively.

The procedure for the preparation of MRPs without ultrasound assistance was similar
to the MRPs prepared with the assistance of ultrasound, except that no sonication step was
required. The obtained MRPs with and without the addition of EL were named EL-MRPs
and N-MRP, respectively.

3.3. Analysis Methods
3.3.1. Analysis of the Fatty Acid Composition in Various Lard

The fatty acid compositions in FL, EL, and UEL were analyzed using gas chromatogra-
phy (GC-2010 PRO, Excellence in Science, Inc, Tokyo, Japan), equipped with a chromato-
graphic column of SP-2560 (100 m × 0.25 mm × 0.20 µm). Before analyzing, FL, EL, and
UEL were methylated using methanol containing 1 mol L−1 NaOH. Nitrogen was used
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as the carrier gas, and the gas flow was 1.0 mL min−1. The temperature program settings
were in accordance with the method of Ye et al. [4].

3.3.2. Determination of Browning Intensity and Color of MRPs

The browning intensity of these MRPs was measured on a UV-4802 UV–Vis spec-
trophotometer (Shanghai Unico Instrument Co., Ltd., Shanghai, China). The MRPs were
diluted 150-fold and 60-fold with distilled water, respectively, and the absorbance val-
ues were measured at 294 nm (150-fold) and 420 nm (60-fold) using a UV-4802 UV–Vis
spectrophotometer.

The color of these MRPs was determined by measuring the Commission International
Eclairage (CIE) of lightness (L), parameter a (redness or greenness), and parameter b (yel-
lowness or blueness). The measurements were performed on a NR200 portable colorimeter
(Shenzhen, China) by recording ∆L*, ∆a*, and ∆b*, and the total color difference (∆E) was
calculated according to the following equation [3]:

∆E =

√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2 (1)

3.3.3. Determination of DPPH Radical-Scavenging Activity

The DPPH radical-scavenging ability of MRPs was determined according to the method
of Yu et al. [5] and Zeng et al. [36], with slight modifications. Typically, 100 µL of the MRPs
solution (0.2, 0.4, 0.6, 0.8, and 1.0 mg mL−1) and 100 µL DPPH (0.2 mmol L−1 in ethanol)
solution were added dropwise to a 96-well microtiter plate. All these mixtures were then
placed in the dark at 25 ◦C for 10 min. The absorbance of each sample was measured at
517 nm on a microplate reader (BioTek Instruments, Inc, Winooski, VT, USA), and the value
was defined as As. Meanwhile, the absorbance of ethanol (200 µL) and the mixture of ethanol
(100 µL) and the MRPs (100 µL) were also recorded, and the values were defined as Ac
(absorbance of control) and Ab (absorbance of blank). The DPPH radical-scavenging activity
(DRS%) of the MRPs was then calculated according to Equation (2), as follows:

DRS% =

(
1− As − Ac

Ab

)
× 100 (2)

3.3.4. Determination of Hydroxyl Radical Scavenging Ability

The determination of hydroxyl radical scavenging ability of the MRPs referred to the
method described by Li et al. [37]. Briefly, 100 µL of the MRPs with different concentrations
(10, 20, 30, 40, 50, and 60 mg mL−1), 100 µL of salicylic acid-ethanol solution (10 mmol L−1),
100 µL of FeSO4 (10 mmol L−1) solution, 700 µL of distilled water, and 1.0 mL of hydrogen
peroxide solution (100 mmol L−1) were thoroughly mixed and incubated at 37 ◦C for
15 min. Then, 250 µL of the above solution was added into a 96-well microtiter plate, and
the absorbance of the sample was measured at 510 nm with a microplate reader. The control
and blank samples were prepared by replacing salicylic acid-ethanol and the MRPs sample
with ultrapure water, respectively. The hydroxyl radical scavenging capacity (HRS%) was
calculated, according to Equation (3), as:

HRS% =

(
1− As − Ac

Ab

)
× 100 (3)

where As, Ac, and Ab are the absorbance of the sample, control, and blank sample, respectively.
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3.3.5. Determination of Ferric Ion Reducing Ability

The reducing ability of MRPs was evaluated with reference to the method of Habin-
shuti et al. [2]. A volume of 2.0 mL of the MRPs with various concentrations (0.1, 0.2, 0.3,
0.4, 0.5, and 0.6 mg mL−1), 2.5 mL of phosphate buffer saline (PBS, 0.2 mol L−1, pH = 6.6),
and 2.5 mL of K3Fe(CN)6 solution (1.0%, w/v) were mixed and incubated at 50 ◦C for
20 min. Then, 2.5 mL of trichloroacetic acid solution (10%, w/v) was added into the above
mixture, followed by centrifugation at 3000 rpm for 10 min at room temperature, and
the supernatant was collected. Afterwards, the supernatant (2.5 mL) was added with
0.5 mL of FeCl3 solution (0.1%, w/v) and 2.5 mL of ultrapure water. After reacting at room
temperature for 10 min, 250 µL of the mixture was added into a 96-well microtiter plate.
The absorbance of the sample was measured at 700 nm on a microplate reader. The increase
of the absorbance at 700 nm was used to evaluate the reducing ability of the MRPs.

3.3.6. Analysis of Volatile Compounds by GC–MS/SPME

The analysis of volatile compounds in the MRPs was accomplished on a GC-MS
instrument (QP2010SE, GK/J-0950, Shimadzu, Excellence in Science, Inc, Tokyo, Japan).
A total of 3 µL of the internal standard 1,2-dichlorobenzene (50 µg mL−1 in methanol)
and 3 mL of the MRPs were added into a 20 mL sealed headspace vial. Then, insert the
needle of the SPME sampler into the headspace vial. The sample was equilibrated in the
vial at 50 ◦C for 30 min to extract the volatile substances, while the SPME fiber (75 µm,
carboxen/poly-dimethyl siloxane) was suspended above the liquid surface to absorb the
extracted volatile substances in each MRP. Afterwards, the adsorbed volatiles were injected
into the injection port of a GC-MS and desorbed at 250 ◦C for 5 min. The instrument was
equipped with a DB wax column (30 m × 0.25 mm × 0.25 µm, Agilent Technology, Inc.,
Folsom, CA, USA) and a mass spectrometer. During the measurement, high-purity helium
was used as the carrier gas, and the flow rate was 1.2 mL min−1. The column temperature
program was set as follows: the initial temperature was kept at 40 ◦C for 3 min, increased
to 200 ◦C at 5 ◦C min−1, and then increased to 230 ◦C at 10 ◦C min−1. The scanning range
of mass spectrometric detector was in the range of 40–450 m/z.

3.3.7. Descriptive Sensory Analysis of the MRPs

Sensory evaluation of MRPs was performed according to the method of Song et al. [12].
Ten experts with knowledge of flavor evaluation were selected from the Scientific Sensory
Evaluation Laboratory of Hefei University of Technology to evaluate the descriptive senses
of the MRPs. The evaluation panel consisted of 5 male and 5 female members. Prior to
evaluation, unified standards (Table 4) for specific indicators of flavor, including meaty, off-
flavor, umami, salty, and overall satisfaction, were set up by full discussion. The evaluation
should be performed at room temperature (25 ◦C), and the sensory evaluation of each
sample was repeated three times in parallel.

3.4. Statistical Analysis

The analysis of each sample was repeated triplicates, and the obtained data were
analyzed by one-way analysis of variance (ANOVA) with SPSS version 26.0 (SPSS, Inc.,
Chicago, IL, USA) software. The analyzed data were presented as mean values ± standard
deviations (SDs). Significance was considered at ± 5% (p < 0.05).

4. Conclusions

In conclusion, we analyzed the effect of ultrasound on the MRPs derived from hy-
drolyzed soybean meal in an oil-in-water system. The GC-MS analyses of the fatty acid
compositions of lard obtained by different treatments showed that ultrasonic treatment
not only accelerated the oxidation of lard, but also decreased its unsaturated fatty acid
content. The addition of oxidized lard coupling with ultrasound assistance increased the
UV absorbance at 294 nm and 420 nm, darkening the color of the obtained MRPs. Due
to the effects (mechanical and cavitation effects) of ultrasound, the volatile compounds

64



Molecules 2022, 27, 7236

of the UN-MRPs and UEL-MRPs were significantly increased, compared to the controls
of N-MRPs and EL-MRPs, respectively. More importantly, the volatile substances that
contributed greatly to the flavor of the MRPs were increased in UN-MRPs and UEL-MRPs,
compared to the controls of N-MRPs and EL-MRPs, respectively. The sensory evaluation
also showed that ultrasound exerted positive effects on the taste of the obtained MRPs, as
the total acceptance of the UN-MRPs and UEL-MRPs was better than that of the N-MRPs
and EL-MRPs. Antioxidant tests showed that the UN-MRPs obtained by ultrasound as-
sistance in oil-free system showed better antioxidant activity than the control N-MRPs,
while the UEL-MRPs obtained in oil-in water system showed lower antioxidant activity
than the control EL-MRPs. The future work will focus on the separation and purification of
MRPs to obtain MRPs with different molecular weight ranges and to find out the relation-
ship between the antioxidant activity, the molecular weight of the MRPs, and the effects
of ultrasound.
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Abstract: This study aimed to explore the structural characteristics and antioxidant mechanism of
donkey-hide gelatin peptides. After hydrolysis and ultrafiltration treatment, five gelatin peptides with
different molecular weights (MWs) were obtained. Amino acid analysis showed that gelatin peptides
with different MWs contained a large number of amino acids, including G, P, E, N, A, and R, and
differences were noted in the content of various amino acids. Fourier transform infrared spectroscopy
and circular dichroism revealed that these gelatin peptides differed in terms of the peak strength of
functional groups and number of secondary structures. Moreover, 26 pentapeptides/hexapeptides
were identified. Among them, we investigated by molecular docking how PGPAP, which has the best
antioxidant activity, may interact with the Keap1 protein. The results showed that the PGPAP-Keap1
complex had a stable conformation, and Arg415, Gly462, Phe478, and Tyr572 were the key residues
involved in the binding of the peptide PGPAP to Keap1. Our results demonstrated that PGPAP could
serve as a bioactive peptide with antioxidant activity.

Keywords: gelatin peptides; antioxidant activity; structural characteristics; Keap1 protein; molecular
dynamics simulations

1. Introduction

Free radicals in the body can react with biologically active molecules to cause cell
or tissue damage. Oxidative stress is linked to many diseases, such as inflammation and
depression. Some synthetic antioxidants can scavenge free radicals and prevent food from
spoiling. Although synthetic antioxidants possess strong antioxidant activity, they may
cause potential harm and toxicity, which limit application in food products [1]. Therefore,
the development of healthy and natural antioxidants has become a research trend. Some
recent studies have demonstrated that many animal and plant protein hydrolysates have
good antioxidant activities [2]. In general, an active antioxidant peptide is composed of
3–16 amino acid residues. Antioxidant peptides have the ability to scavenge free radicals,
inhibit lipid peroxidation, supply hydrogen, and chelate metal ions. Considering that
foodborne antioxidant peptides are safe and nontoxic, research on antioxidant peptides has
gradually become a hot topic.

Gelatin is a colloidal protein extracted from the collagen of animal bones, hides,
tendons, and other connective tissues. It is a straight chain polymer formed by crosslinking
18 amino acids and peptides [3]. Currently, gelatin is used as a frozen food improver,
confectionery additive, beverage clarifying agent, meat product improver, dairy product
additive, food coating material, and sugar coating agent in the food industry [4]. Peptides
derived from gelatin possess strong antioxidant properties. For example, the EC50 values
of DPPH, OH, and O2− free radicals cleared by the skin gelatin hydrolysates of bluefin
leatherjacket (Navodon septentrionalis) were 5.227, 1.147, and 4.752 mg/mL, respectively [5].
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Moreover, after enzymatic hydrolysis via Protamex, these hydrolysates could scavenge
DPPH free radicals and chelate Fe2+ ions, confirming their antioxidant effects [6].

Extensive research has proven that the antioxidant activity of peptides is affected by
various physicochemical properties, including the molecular weight (MW) of peptides
as well as the type and sequence of amino acids [7]. Zhang et al. revealed that the MW
distribution of peanut polypeptides with the best antioxidant activity was mainly observed
below 1400 Da [8]. Liu et al. obtained whey protein antioxidant peptides with different
MWs and found that the peptide group with the smallest MW (<10 kDa) had the strongest
antioxidant activity [9]. Sun et al. hydrolyzed porcine hemoglobin using pepsin and
obtained four groups of antioxidant peptides; they revealed that that the peptide group
with a MW of <3 kDa had the strongest superoxide anion scavenging ability and lipid
peroxidation inhibition ability [10]. In addition, amino acid composition is a factor affecting
the bioactivity of antioxidant polypeptide molecules. The enzymatic hydrolysate of smooth
hound (Mustelus mustelus) muscle protein with strong antioxidant activity contained a high
proportion of highly active amino acids, including Leu, His, Tyr, and Met [11]. Moreover,
antioxidant peptides require a certain spatial structure to exert their antioxidant effects.
According to a previous study, the activity of antioxidant peptides with a certain spatial
structure was higher than that of amino acid mixtures with the same mass ratio [12].
However, the relationship between the bioactivity and structure of antioxidant peptides as
well as the interaction between the active sites of peptide chain and amino acid residues
remain unclear. Exploring the structure–activity relationship of antioxidant peptides not
only helps predict the antioxidant activity of polypeptides but also provides a theoretical
reference for subsequent efficient screening and synthesis of highly bioactive peptides.

Another important aspect in studying antioxidant peptides is to reveal the antioxidant
mechanism. In particular, molecular docking has gradually become an important approach
to screen peptides and explore their antioxidant mechanism. It is well-known that the
Keap1-Nrf2 pathway is important for human cells to cope with oxidative stress. Under
oxidative stress, the body can activate this pathway to promote the expression of a series of
endogenous antioxidant proteins, thereby improving the body’s antioxidant capacity to
resist oxidative stress [13]. Many scholars have used this pathway combined with molecular
docking to explore the peptides’ antioxidant mechanism. Li et al. screened 20 small peptides
with potential antioxidant activity using molecular docking, among which DKK and DDW
showed the strongest ability to dock and bind to Keap1 proteins [14]. Agrawal et al.
successfully isolated and purified two peptides from millet protein hydrolysates, namely,
TSSSLNMAVRGGLTR and STTVGLGISMRSASVR [15]. Molecular docking studies have
shown that interactions between Ser/Thr residues and free radicals are the main source of
antioxidant activity of the two peptides. Tonolo et al. extracted and identified 23 peptides
from fermented milk protein, among which NTVPAKSCQAQPTTM, QGPIVLNPWDQVKR,
and APSFSDIPNPIGSENSE showed a strong ability to dock and bind to Keap1 [16]. These
three peptides have certain inhibitory effects on Keap1-Nrf2 PPI; moreover, they can
upregulate the expression level and activity of antioxidant enzymes by activating the
Keap1-Nrf2 pathway [17]. These studies provide a significant reference for exploring the
antioxidant mechanism of active peptides.

This study aimed to explore the structure–activity relationship of donkey-hide gelatin
peptides using amino acid analysis, Fourier transform infrared (FTIR) spectroscopy, and
circular dichroism (CD). In addition, gelatin peptides were identified, and the antioxidant
peptides with a known sequence were synthesized. The antioxidant activity of gelatin
peptides was analyzed, and the most active peptides were docked to the Keap1 protein
through molecular docking. Moreover, the stability of the peptide–Keap1 complex was
verified using molecular dynamic (MD) simulations to explore its antioxidant mechanism.
This research may indicate the molecular mechanism of active peptides and provide a
reference for application of gelatin peptides.
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2. Results and Discussion
2.1. Antioxidant Activity of Gelatin Peptides with Different MWs

After enzymatic hydrolysis and ultrafiltration of donkey-hide gelatin, five MW groups
of gelatin polypeptides were obtained, including those with a MW of >30, 10–30, 3–10, 1–3,
and <1 kDa. Then, the antioxidant activity of gelatin polypeptides was tested. The results
are shown in Figure 1a. Peptides with an MW of 1–3 kDa had the highest antioxidant
activity, with DPPH and ABTS free radical scavenging abilities of 32.33% ± 2.19% and
94.13% ± 0.37%, respectively. A previous study reported that the antioxidant activity of
peptides with a certain spatial structure was higher than that of amino acid mixtures with
the same mass ratio [12], and the smaller the MW of peptides, the higher the antioxidant
activity. However, in this study, peptides with the smallest MW (<1 kDa) did not show the
highest antioxidant activity, which may be due to the presence of more free amino acids in
their system. Ngoh et al. also obtained consistent results by separating and purifying pinto
protein-hydrolyzed products; in other words, the peptide group with a MW of <3 kDa had
the strongest antioxidant activity [18].
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Figure 1. Antioxidant activity of donkey-hide gelatin peptides. (a) DPPH and ABTS scavenging
ability of donkey-hide gelatin peptides with different molecular weights. The same capital letters
A–D mean that the variance of ABTS scavenging ability between two samples is not significant
(p > 0.05), and the different letters A–D mean significant (p < 0.05); the same small letters a–d mean
that the variance of DPPH scavenging ability between two samples is not significant (p > 0.05),
and the different letters a–d mean significant (p < 0.05). (b) DPPH and ABTS scavenging ability of
donkey-hide gelatin peptides with different amino acid sequences.
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2.2. Amino Acid Composition of Gelatin Peptides with Different MWs

The antioxidant activity of peptides is closely related to their structural proper-
ties, such as MW, amino acid composition, and peptide configuration. To explore the
structure–activity relationship, the amino acid composition, functional groups, and sec-
ondary structure of polypeptides with different MWs were detected and analyzed. The
amino acid composition (a total of 17 amino acids) of each polypeptide group was analyzed
(Table 1). Many amino acids, such as G, P, E, N, A, and R, were identified in each group
of peptide hydrolysates. In addition, each group contained a certain amount of M, C, and
H. The amino acid composition of a peptide has a crucial effect on its antioxidant activity,
and some amino acids may be detected in the active sites of antioxidant peptides [19]. A
previous study revealed that the E-L sequence contributed significantly to the free radical
scavenging ability of the short antioxidant peptide YFYPEL [20,21]. Chi et al. (2015) re-
ported that YLMSR and VLYEE had higher antioxidant activity than MILMR, which might
be related to the presence of Y [22]. Saito et al. revealed that peptides containing Y had
stronger antioxidant activity than those containing H; moreover, peptides containing W
or Y at the carboxyl terminal showed stronger free radical scavenging ability [23]. In this
study, although the amino acid types were identical among the peptide groups, differences
were noted in the contents of various amino acids. For example, the contents of most of
the amino acids (e.g., N and E) in the group with a MW of >30 kDa were higher because
the overall amino acid content was higher in this group of large proteins, which are not
completely hydrolyzed. However, the contents of G and I were the highest in peptides with
a MW of 1–3 kDa. The difference in amino acid composition among different groups may
be responsible for their different antioxidant activities.

Table 1. (a). Amino acid composition of donkey-hide gelatin peptides with different molecular
weights. (b). Amino acid sequence identification of donkey-hide gelatin peptides (MW < 1 kDa).

(a)

No. Amino Acid Type
Amino Acid Content of Donkey-Hide Gelatin Peptides (mg/g)

>30 kDa 10–30 kDa 3–10 kDa 1–3 kDa <1 kDa

1 Asn (N) 73.189 63.137 61.07 60.278 50.186
2 Thr (T) 29.513 25.766 27.857 26.285 23.272
3 Ser (S) 39.896 34.747 34.871 35.864 33.833
4 Glu (E) 107.354 90.651 86.697 88.686 78.885
5 Gly (G) 128.919 118.312 124.697 129.384 115.45
6 Ala (A) 63.607 60.372 56.137 59.293 59.261
7 Cys (C) 11.416 11.579 15.318 14.41 9.948
8 Val (V) 25.303 23.089 21.879 22.12 21.671
9 Met (M) 23.675 22.583 20.419 21.044 20.839

10 Ile (I) 32.001 31.48 33.731 35.121 29.606
11 Leu (L) 36.751 33.759 32.873 35.278 32.613
12 Tyr (Y) 16.381 13.858 14.759 15.526 12.439
13 Phe (F) 28.169 26.427 26.334 25.897 24.547
14 His (H) 10.438 9.922 9.249 9.64 8.856
15 Lys (K) 43.891 41.852 39.377 39.551 39.326
16 Arg (R) 60.535 55.137 44.898 51.678 50.074
17 Pro (P) 113.935 96.871 92.763 95.652 96.794

(b)

No.
Amino Acid

Sequence
Leading Razor

Protein Protein Names Gene Names Score

1 GPSGL

A0A8C4MG85
Obscurin, cytoskeletal calmodulin and

titin-interacting RhoGEF OBSCN

61.28
2 EDLTL 57.71
3 GPSAG 52.86
4 AAPGL 25.12
5 LNGTP 25.08
6 EFVSP 24.47
7 AALQR 24.30
8 TSPPA 20.54
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Table 1. Cont.

(b)

No.
Amino Acid

Sequence
Leading Razor

Protein Protein Names Gene Names Score

9 GPSGPQ

B9VR89 Collagen alpha-2 type I chain COL1A2

162.47
10 GPAGE 63.06
11 PGPLG 55.36
12 GPSGP 50.40
13 GFQGL 32.63
14 PMGLM 26.57
15 GPRGS 22.12

16 VLDLL

A0A8C4MF50
Ubiquitin protein ligase E3 component

n-recognin 4 UBR4

43.99
17 PPAPT 38.19
18 NLLPA 33.54
19 LLTLL 23.49
20 VAGLL 22.99

21 GLPGS
A0A8C4L3F1 SZT2 subunit of KICSTOR complex SZT2

56.75
22 PGPAP 61.37

23 TLDLL
A0A8C4LPB4 Neurobeachin like 2 NBEAL2

45.11
24 VAAFL 28.74

25 PAGPQ A0A8C4KVK0 Dynein heavy chain domain 1 DNHD1 81.36
26 PGALL A0A8C4MZE5 Zinc finger homeobox 4 ZFHX4 25.12

2.3. Functional Groups and Secondary Structures of Gelatin Peptides with Different MWs

As shown in Figure 2, all gelatin peptides with different MWs showed absorbance
in N–H (3500–3300 cm−1), O–H (3300–2500 cm−1), unsaturated C–H (>3000 cm−1), sat-
urated C–H (3000–2800 cm−1), –C=O (1850–1600 cm−1), amide (1700–1600 cm−1), C=C
(1680–1620 cm−1), C–N (1360–1180 cm−1), C–O (1300–1080 cm−1), S=O (1220–1040 cm−1),
C–O–C (1150–900 cm−1), and –NO2 (1600–1500 cm−1) bands. Some of these bonds were
found in amino acids, while some do not exist in amino acids such as S=O and –NO2, which
may produce absorption peaks due to stretching between amino acids. Gelatin peptides
possessed the same absorption bands because they came from the same source and had the
same amino acid composition. However, the peak strength of functional groups varied in
peptide groups with different MWs (Figure 2a). This finding may be related to the different
amino acid contents, indicating that the spatial structure of the polypeptide aqueous solu-
tion is different. It is certain that antioxidant peptides require a spatial structure to exert
their antioxidant effects. Differences in spatial structure can affect the exposure of certain
active groups and thus affect the antioxidant activity of polypeptides [12].

All CD spectra of gelatin peptides with different MWs showed a negative peak at
approximately 200 nm, which is considered a p–p band (Figure 3a). In addition, a small
positive band was observed at approximately 225 nm. Based on the CD spectra, poly-
proline II helix and random coil conformations were detected, with different ellipticity
values at wavelengths below 220 nm indicating different content of conformations [24]. As
shown in Figure 3b, gelatin peptides presented a high content of antiparallel conformations,
followed by beta-turn, whereas random coil, parallel, and alpha-helix conformations were
relatively rare. Although gelatin peptides with different MWs showed similar trends in the
content of different secondary structures, some differences were also noted. These subtle
differences can affect the antioxidant activity. For example, a small change in random coil
conformation can influence the antioxidant activity [25]. Antioxidant peptides require a
certain spatial structure to exert their antioxidant effects. The best free radical scavenging
ability can be achieved when some special groups associated with antioxidant activity are
fully exposed [26]. There may be some oligopeptides in gelatin peptides solution, which
could not form secondary conformations alone, but some oligopeptides with a very short
length may exist in the form of peptide complexes to exhibit a secondary structure [27].
Therefore, differences in the secondary structure of gelatin peptides is another factor
affecting antioxidant activities.
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Figure 2. The FTIR spectra of donkey−hide gelatin peptides with different molecular weights. (a) FTIR
spectra of all donkey−hide gelatin peptides, (b) FTIR spectra of donkey-hide gelatin peptide with MW
of <1 kDa, (c) FTIR spectra of donkey-hide gelatin peptide with MW of 1–3 kDa, (d) FTIR spectra of
donkey-hide gelatin peptide with MW of 3–10 kDa, (e) FTIR spectra of donkey-hide gelatin peptide with
MW of 10–30 kDa, and (f) FTIR spectra of donkey−hide gelatin peptide with MW of >3 kDa.
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weights. (a) Circular dichroism spectrum, and (b) secondary structure content.

2.4. Sequence Identification and Antioxidant Activity of Synthetic Peptides

To identify the key sequence responsible for antioxidant activity in gelatin polypep-
tides, LC–MS/MS analysis of the polypeptide group with a MW of 1–3 kDa was performed,
and 26 pentapeptides/hexapeptides were identified (Table 1b). These peptides were de-
rived from seven different proteins, including eight peptides from obscurin, cytoskeletal
almodulin, and titin-interacting RhoGEF; seven from collagen alpha-2 type I chain; five
from ubiquitin protein ligase E3 component n-recognin 4; two from the SZT2 subunit
of the KICSTOR complex; two from neurobeachin-like 2; one from dynein heavy chain
domain 1; and one from zinc finger homeobox 4. In addition, the higher the overall score of
peptide identification, the more reliable the identification results. The identified peptides
were synthesized chemically, and their antioxidant activities were analyzed via DPPH
and ABTS scavenging ability assays (Figure 1b). The top five peptides showing DPPH
scavenging ability included PGPAP, LNGTP, PAGPQ, PGPLG, and EFVSP, whereas those
showing ABTS scavenging ability included PGPAP, PGALL, LLTLL, VAAFL, and PPAPT.
PGPAP showed the best antioxidant activity, with DPPH and ABTS scavenging abilities
of 68.83% ± 1.84% and 29.82% ± 4.51%, respectively. Previous research reported that
the antioxidant activity of Leu-Leu-Pro-His-His (soy protein peptide) decreased after the
removal of C-terminal His, whereas no effect was observed on antioxidant activity when
the N-terminal Leu was removed [28]. Moreover, His and Pro play an important role in
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the antioxidant activity sequence because the peptide Pro-His-His has high antioxidant
activity, and Tyr does not enhance the activity when introduced at the Pro or His location.
In addition, the N-terminal of the maize antioxidant peptide contains the hydrophobic
amino acid Leu, which enhances the interaction between antioxidant peptide and fatty
acid and improves its ability to trap lipid free radicals [29]. In this study, most peptides
with higher antioxidant activities contained Pro-like PGPAP and PAGPQ. Some peptides
contained the hydrophobic amino acid Leu at the N-terminal, such as LNGTP and LLTLL,
with high ABTS scavenging ability.

2.5. Molecular Dynamics (MD) Simulations and Stability Analysis of PGPAP Binding to Keap1

The PGPAP, which showed the best antioxidant activity, was docked onto Keap1
protein, to explore the antioxidant mechanism of gelatin peptides. Using AutoDock,
the predicted binding energy of PGPAP to the Keap1 protein was determined to be
−5.375 kcal/mol. Then, stability of PGPAP binding to Keap1 was characterized by MD
simulations of 50 ns length. Root-mean-square deviation (RMSD) is an important parameter
for measuring the stability of the system. Figure 4a shows the changes in the RMSD values
of all atoms in the PGPAP–Keap1 complex system over time. The RMSD of the complex
increased significantly at the initial stage of simulation. Subsequently, the RMSD of the
system began to stabilize at approximately 20 ns, and the average RMSD of the whole
process was 0.389 ± 0.086 nm. Therefore, the dynamic simulation based on RMSD was
stable and reliable, which could be used for further analysis.
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Radius of gyration (Rg) indicates the compactness of the protein’s overall structure [30].
If protein folding is stable, then Rg can maintain a relatively stable value, and a large change
in Rg indicates that the system is more expansive. As shown in Figure 4b, the Rg of the
whole system decreased at the beginning of the simulation and then gradually increased.
The whole complex interacts with solvent molecules, leading to a certain expansion of the
protein structure, followed by complete stabilization at approximately 30 ns. The Rg value of
the PGPAP–Keap1 complex during simulation reached approximately 3.202 ± 0.072 nm. This
finding indicated that the structure of the PGPAP–Keap1 complex was compact and stable.

Root-mean-square fluctuation (RMSF) indicates the flexibility of amino acid residues
in a protein. As shown in Figure 4c, the RMSF value of PGPAP indicated that the whole
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protein structure was stable during simulation and the polypeptide molecule did not alter
greatly after binding to proteins. Thus, it was determined that such a molecule could stably
bind to the active pocket of the Keap1 protein.

The solvent-accessibility surface area (SASA) was used to characterize the molecular
surface area of the protein system, which may be in contact with the solvent. Consequently,
the structural volume changes of proteins in a solvent were analyzed. A high SASA value
indicates a loose protein structure and large volume. The SASA value of the PGPAP–Keap1
complex did not increase or decrease significantly during simulation, and the mean value of
SASA was 276.219 ± 3.312 nm2 during the whole process (Figure 4d). The small fluctuation
indicated that the complex formed by the peptide and Keap1 protein remained stable
throughout the dynamic simulation. Therefore, PGPAP could tightly bind to Keap1 in
stable conformations, thereby confirming its potential application as an antioxidant peptide.

2.6. Molecular Mechanism Analysis of Peptide PGPAP Binding to Keap1

Variations in the number of hydrogen bonds between the Keap1 protein and PGPAP
polypeptide were analyzed (Figure 4e). The number of hydrogen bonds between them
decreased slightly when the whole PGPAP–Keap1 complex underwent conformational
change and stabilized, and the number of hydrogen bonds increased further. The average
number of hydrogen bonds between Keap1 and PGPAP was 5.36 when the RMSD value
was stable at 25–50 ns. Consequently, PGPAP polypeptide molecules could stably bind to
Keap1 protein.

This study extracted the complex conformation of polypeptides after MD simulation
and analyzed the interaction among them to confirm the main interaction regions between
Keap1 and PGPAP as well as key amino acids involved in the interaction. As shown in
Figure 5a, the polypeptide molecules are primarily bound to the hydrophobic cavities of the
Keap1 protein. Based on the analysis shown in Figure 5b,c, the O atom (carboxyl oxygen
from amide bond of the peptide PGPAP), which acts as the hydrogen bond acceptor formed
a hydrogen bond with the surrounding amino acids like Arg415 and Gly462. Meanwhile,
the polypeptide molecule also formed a π–π stacking interaction with the benzene ring on
the surrounding amino acids—Phe478 and Tyr572—which further enhanced the affinity of
the polypeptide molecule towards the Keap1 protein. The results indicated that the peptide
PGPAP can stably bind to the active cavity of the Keap1 protein to play the corresponding
biological role. In addition, the hydrophobic interfaces between PGPAP and Keap1 are
shown in Figure 5d. The peptide PGPAP was bent and folded into the hydrophobic pocket
of Keap1. The residues Gly462 and Phe478 were responsible for forming the PGPAP-
induced hydrophobic interface, which helped the polypeptide molecules enter the active
pocket and stably bind to the Keap1 protein.

The human Keap1 protein has five domains, namely, N-terminal region, POZ region
(also known as the BTB region), IVR region, KELCH region, and C-terminal region [31].
The human Nrf2 protein can be divided into six conserved domains, namely, Neh1, Neh2,
Neh3, Neh4, Neh5, and Neh6 [32]. The Neh2 region is responsible for binding to the Keap1
protein. Under normal physiological conditions, Nrf2 is continuously produced in cells.
Keap1 binds to cytoplasmic actin through its POZ region to form homologous dimers;
moreover, it binds to the DLG and ETGE sequences of the Neh2 region of Nrf2 protein
through two Klech regions of the dimer [33]. In addition, the Keap1 protein dimer binds to
Cul3 through its POZ region, which may promote the ubiquitination of the Nrf2 bound
to the Keap1 protein dimer, thereby leading to the degradation of ubiquitinated Nrf2 and
ensuring that free Nrf2 proteins in the body are present at low levels [34]. When the cells
are under oxidative stress, foreign oxidants can alter the conformation of key cysteine
residues in POZ and IVR regions of Keap1, thereby altering the conformation of the Keap1
dimer. This conformational change may interfere with the Keap1–Nrf2 interaction. If
foreign antioxidants affect the Keap1–Nrf2 interaction, which may increase the intracellular
Nrf2 content, then such substances can activate the pathway and improve the antioxidant
capacity of the body. In this study, MD simulation suggested that PGPAP could stably bind
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to Keap1, indicating that it has good potential antioxidant function. Further experiments
are warranted to explore its intracellular antioxidant activity and mechanism using HepG2
cell models.
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Figure 5. Docking interactions of PGPAP with Keap1. (a) Crystal structure of Keap1 bound with
PGPAP, (b) 2D diagram how PGPAP interacts with Keap1. The dotted green lines represent hydrogen
bonding, orange represent salt bridge interactions, and pink represent π–π stacking interaction.
(c) 3D diagram how PGPAP interacts with Keap1, and (d) hydrophobic interfaces of PGPAP binding
to Keap1. Blue and gray colors represent the hydrophilic and hydrophobic parts of the protein
surface, respectively.
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3. Materials and Methods
3.1. Materials and Reagents

Donkey-hide gelatin (batch number: 2110014) was purchased from Dong-E-E-Jiao Co., Ltd.
(Liaocheng, China). Alcalase 2.4L was obtained from Novozymes Biotech. Co., Ltd.
(CPH, Denmark). Potassium bromide (KBr), potassium persulfate (K2S2O8), formic acid,
acetonitrile, 2, 2-diphenyl-1-picrylhydrazyl (DPPH), 2, 2-azino-bis (3-ethylbenzothiazoline-
6-sulfonic acid) diammonium salt (ABTS), and amino acid standard (AAS18) were obtained
from Sigma Chemicals Co. (USA). All other chemical reagents were of analytical grade
purity and obtained from Peking Chemical Plant (Beijing, China).

3.2. Preparation of Gelatin Peptides with Different MWs

Gelatin peptides were prepared according to the method of Yu et al. [35]. Briefly, 5 g of
donkey-hide gelatin was dissolved in 120 mL of water and then simmered in a water bath
at 80 ◦C for 30 min. After cooling at 63 ◦C, the pH of the donkey-hide gelatin solution was
adjusted to 10.5 using NaOH (1 mol/L), and Alcalase 2.4L (enzyme to substrate ratio of
9%) was added to initiate hydrolysis. During enzymolysis, the pH range was maintained
within ±0.05. After hydrolysis for 3 h, the enzyme was inactivated in a water bath at 90 ◦C
for 10 min, followed by centrifugation of gelatin hydrolysates for 10 min at 104 r/min and
4 ◦C. Then, the supernatant was filtered through Amicon ultra centrifugal filters (Millipore,
Burlington, MA, USA) with interceptions of 30, 10, 3, and 1 kDa. Finally, the gelatin-derived
peptide solutions with different MWs were obtained.

3.3. Analysis of the Amino Acid Composition of Gelatin Peptides

Overall, 100 mg of gelatin peptide powder was placed in a hydrolytic tube, and 10 mL
of HCl (6 M) was added to the tube in a ratio of 1:1. Nitrogen was blown into the tube
for 30 s, after which the tube was sealed. Then, the sample was hydrolyzed in an oil
bath at 110 ◦C for 24 h. After hydrolysis, it was cooled to room temperature and filtered
through a 0.45-µm membrane into a 50-mL volumetric bottle. Next, the samples were
deacidified and filtered through a 0.45-µm filter for machine analysis using Biochrom
30+ amino acid analyzer (Biochrom Ltd., FCE, Cambridge, UK). An Na-type cationic
resin chromatography column (200 mm × 4.6 mm) was used for gradient elution. The
temperature of the separation column was 55 ◦C–65 ◦C–77 ◦C, and the temperature of the
reaction tank was 138 ◦C. The flow rate of the buffer solution was 20 mL/h, whereas that
of the reaction solution was 10 mL/h. The sample volume was 50 µL, and the ultraviolet
(UV) detection wavelengths were 570 nm and 440 nm.

3.4. Analysis of the Functional Groups of Gelatin Peptides via FTIR Spectroscopy

FTIR spectroscopy was performed with a resolution of 4 cm−1 over the range of
4000–400 cm−1 using a UV spectrometer (Thermo Nicolet iS5, Thermo Fisher, Waltham,
MA, USA). Briefly, 2 mg of peptide powder and 200 mg of dried KBr were mixed to prepare
the sample pellets. The pellets were placed in a sample compartment and measured 32 times
at a scanning speed of 2.8 mm/s. After background correction (dried KBr spectrum used
as background), the sample spectra were obtained.

3.5. Analysis of the Secondary Structure of Gelatin Peptides via CD

The CD spectra and secondary structures were analyzed using Chirascan 100 Circular
Dichroism Spectropolarimeter (Applied Photophysics Ltd., FCE, Surrey, UK). Before the
detection test, the nitrogen flow rate was adjusted to between 0.15 and 0.2 MPa; nitrogen
was passed for 30 min, and the gas in the optical path of the instrument was removed.
The gelatin peptide powder was mixed with deionized water to form a liquid sample
(1 mg/mL), which was then slowly poured into the sample pool with an optical path of
1.0 cm for the test. The wavelength range was set from 190 to 270 nm; optimal bandwidth
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was set to 1 nm; scanning speed was set to 100 nm/min; and the scan time was set to three
accumulations. Finally, the data were analyzed using the following equation [36]:

[θ] =
θ

10LCN

where θ indicates instrument readings, L indicates the path length (cm), C indicates con-
centration of the peptide (mol/L), and N indicates the number of amino acid residues in
the peptide.

3.6. Determination of the Antioxidant Activity of Gelatin Peptides
3.6.1. DPPH Radical Scavenging Assay of Gelatin Peptides

The reaction system comprised of 96-well microplates containing 100 µL of gelatin
peptide solution (6 mg/mL), 100 µL of fresh DPPH (0.6 mM), and 100 µL of methanol.
Subsequently, samples were shaken vigorously and incubated at 25 ◦C for 30 min under
dark conditions. Then, the absorbance was measured at a wavelength of 515 nm (using
methanol as a blank). Finally, the DPPH radical scavenging activity of gelatin peptides was
estimated using the following equation:

DPPH radical scavening activity (%) = (1− Asample
Ablank

)× 100

3.6.2. ABTS Radical Scavenging Assay of Gelatin Peptides

The ABTS radical scavenging assay was performed in accordance with the method of
Kozics et al. with minor modifications [37]. Overall, 10 mL of ABTS (7 mM) and 10 mL of
K2S2O8 (2.45 mM) were mixed under dark conditions for 16 h to generate ABTS radical
cations. Then, 50 µL of gelatin peptide solution (6 mg/mL) or deionized water (as blank)
was added to 150 µL of diluted ABTS solution (absorbance of 0.70 ± 0.02 at 734 nm) in a
96-well microplate. Subsequently, the solution was left to incubate for 6 min under dark
conditions, and the absorbance was measured at a wavelength of 734 nm. The ABTS
scavenging activity of gelatin peptides with different MWs was calculated as follows:

ABTS radical scavening activity (%) = (1− Asample
Ablank

)× 100

3.7. Peptide Sequence Identification Using Liquid Chromatography (LC)–Tandem Mass
Spectrometry (MS/MS)

A Zorbax 300SB-C18 peptide trap (Agilent Technologies, Wilmington, DE, USA)
was used to separate the gelatin peptides, and while a RP-C18 capillary column was
used as the analytical column (0.15 mm × 150 mm; Column Technology Inc., Mississippi,
USA). Separation was performed using a mobile phase consisting of 0.1% (v/v) formic
acid aqueous solution (A) and 0.1% (v/v) formic acid acetonitrile solution (B), according
to the method of Yu et al. [38]. The elution conditions were set as follows: 0–50 min,
4% B→ 50% B; 50–54 min, 50% B→ 100% B; and 54–60 min, 100% B. After the separation
of gelatin peptides via capillary high-performance LC, they were analyzed via MS using
a Q Exactive mass spectrometer (Thermo Fisher, Mass, USA). The analysis duration was
set to 60 min, and detection was performed in the positive-ion mode. Ten fragment
maps (MS2 scan) were collected after each full scan. Finally, the raw mass spectrum file
was uploaded to MaxQuant 1.5.5.1 to obtain peptide sequences based on the database
UniProt_Equus_asinus_33662_20221212. The peptide tolerance was set to 20 ppm, MS/MS
tolerance was set to 0.1 Da, and false discovery rate of peptides and proteins was set
to ≤0.01.

3.8. Peptide Synthesis

The antioxidant peptides with known sequences were synthesized by Hubei Qiangyao
Biotech Co., Ltd. (Hubei, China), using Fmoc-protected amino acid synthesis.
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3.9. Antioxidant Activity Tests of Synthetic Peptides

The antioxidant activity of synthetic peptides was tested using DPPH and ABTS radical
scavenging assays, as described in Section 2.6. The concentration of synthetic peptides was
determined to be 2 and 1 mg/mL according to DPPH and ABTS assays, respectively.

3.10. Molecular Docking of Gelatin Peptides with Keap1

The Keap1 protein with a three-dimensional crystal structure (obtained by ab initio
modeling with AlphaFold2 [39]) was used as the initial receptor for molecular docking, and
the PGPAP polypeptide was a straight chain structure directly constructed via Pymol [40].
The random coil part (1–55 amino acid residues) with very low modeling quality was
deleted in the Keap1 sequence. This structure section is far from the overall active structure
of the protein and has no impact on the biological function of the whole protein. The
polypeptide and Keap1 were connected globally, and the sites with the strongest binding
effect were selected for analysis. The binding site of the polypeptide molecule in a protein
is primarily located in the cavity above the center of the barrel structure, which is composed
of a large number of β-sheets at the C-terminus of the protein. Therefore, the active docking
site of the polypeptide and protein was selected in this pocket. Molecular docking was
implemented using AutoDock 4.2.6, and the center coordinates of the docking box were set
as follows: x = 14.219, y = 1.850, and z =−21.613. The number of cells in each XYZ direction
was set to 60 × 60 × 60, and the frequency of docking was set to 100 times. The docking
was carried out by Lamarckian genetic algorithm in Autodock. The whole docking process
adopted a semi-flexible method; that is, the receptor was regarded as rigid and the ligand
as flexible. An independent docking run was performed during the molecular docking
of gelatin peptides with Keap1. In this docking run, the protein and the small molecule
were docked 50 times. An Amber14 force field was adopted for energy optimization [30]. It
was carried out in two steps: firstly, the structure was optimized by the steepest descent
method with 1000 steps, and then further optimized by the conjugate gradient method
with 500 steps.

3.11. Molecular Dynamic (MD) Simulations of the PGPAP-Keap1 Complex

Gromacs 2018.4 [30] was used to run MD simulations of the PGPAP-Keap1 complex
using the Amber14SB force field [41] and TIP3P water model [30]. During MD simulation,
all bonds involving hydrogen atoms were constrained using the LINCS algorithm, and
the integral step was 2 fsc. The electrostatic interaction was calculated using the particle-
mesh Ewald method. The nonbond interaction cutoff value was set to 10 Å and was
updated every 10 steps. The simulated temperature was controlled at 298.15 K using the
V-rescale temperature coupling method, and the pressure was controlled at 1 bar using the
Parrinello–Rahman method.

3.12. Statistical Analysis

One-way analysis of variance was used to perform triplicate analyses using SPSS 13.0
software (SPSS Inc., Chicago, IL, USA). All data were presented as the mean ± standard.
A p-value of < 0.05 was considered to indicate statistical significance.

4. Conclusions

This study investigated the structural characteristics and antioxidant mechanism
of donkey-hide gelatin peptides. The DPPH and ABTS free radical scavenging activity
assays indicated that gelatin peptides with a MW of 1–3 kDa had the strongest antioxidant
activity. Amino acid analysis, FTIR spectroscopy, and CD revealed that gelatin peptides
with different MWs differed in terms of amino acid composition, peak strength of functional
groups, and content of secondary structures, which might result in different antioxidant
activities. In addition, molecular docking and MD simulation indicated that PGPAP could
bind to the Keap1 protein at the following key residues: Arg415, Gly462, Phe478, and
Tyr572. The PGPAP–Keap1 complex exhibited stable and compact conformations, which
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appear a plausible basis to exert its biological function. Overall, the antioxidant activity of
gelatin peptides is closely related to their structural properties, and PGPAP may serve as
an antioxidant peptide targeting in vivo metabolism.
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Abstract: Ultra-high-pressure jet processing (UHPJ) is a new non-thermal processing technique
that can be employed for the homogenization and the sterilization of dairy products. However,
the effects on dairy products are unknown when using UHPJ for homogenization and sterilization.
Thus, this study aimed to investigate the effects of UHPJ on the sensory and curdling properties of
skimmed milk and the casein structure in skimmed milk. Skimmed bovine milk was treated with
UHPJ using different pressures (100, 150, 200, 250, 300 MPa) and casein was extracted by isoelectric
precipitation. Subsequently, the average particle size, Zeta potential, contents of free sulfhydryl and
disulfide bonds, secondary structure, and surface micromorphology were all used as evaluation
indicators to explore the effects of UHPJ on the structure of casein. The results showed that with an
increase of pressure, the free sulfhydryl group content changed irregularly, while the disulfide bond
content increased from 1.085 to 3.0944 µmol/g. The content of α-helix and random coil in the casein
decreased, while the β-sheet content increased at 100, 150, 200 MPa pressure. However, treatment
with higher pressures of 250 and 300 MPa had the opposite effect. The average particle size of the
casein micelles first decreased to 167.47 nm and then increased up to 174.63 nm; the absolute value
of Zeta potential decreased from 28.33 to 23.77 mV. Scanning electron microscopy analysis revealed
that the casein micelles had fractured into flat, loose, porous structures under pressure instead of
into large clusters. After being ultra-high-pressure jet-processed, the sensory properties of skimmed
milk and its fermented curd were analyzed concurrently. The results demonstrated that UHPJ could
alter the viscosity and color of skimmed milk, shortening curdling time from 4.5 h to 2.67 h, and that
the texture of the curd fermented with this skimmed milk could be improved to varying degrees
by changing the structure of casein. Thus, UHPJ has a promising application in the manufacture of
fermented milk due to its ability to enhance the curdling efficiency of skimmed milk and improve the
texture of fermented milk.
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1. Introduction

Ultra-high-pressure jet (UHPJ) processing is a new non-thermal processing technology.
It divides liquids into two or more streams for Y-type, Z-type, or vertical impact [1].
The impact process combines multiple mechanical forces, such as high-velocity impact,
high-frequency vibration, instantaneous pressure drop, intense shear, cavitation, and ultra-
high pressure, and can generate a dynamic pressure of up to 200 MPa in a short period.
Consequently, UHPJ processing can facilitate the homogenization of liquid materials,
physical modification, and auxiliary sterilization.

Studies have been conducted to investigate the effects of UHPJ processing on the struc-
tural and functional characteristics of proteins derived from food, such as ovalbumin [2],
isolated soybean protein [3], peanut protein isolate [4], and myofibrillar protein [5]. The
results indicate that UHPJ processing conducted at a relatively low pressure can partially

86



Molecules 2023, 28, 2396

unfold and denature part of a protein structure, leading to a decrease in the particle size and
a changing in its secondary structure. As a result, proteins transition from an ordered state
to a disordered one, while their structure loosens and the surface hydrophobicity increases.
With an increase of pressure or treatment time, a protein will refold and aggregate, resulting
in an increase in the particle size and a decrease in the surface hydrophobicity. In addition,
UHPJ processing can enhance protein solubility [6]. At present, the research is focused
on the alteration of high-purity food-derived proteins using UHPJ processing, though
a few studies have explored the changes of unpurified proteins in raw materials using
UHPJ processing.

Bovine milk, which is rich in protein, fat, vitamins, and minerals, is an important
source of nutrition for humans. Accounting for approximately 80% of its total protein
content, casein is the most abundant protein in milk and is divided into four main types:
αs1-casein, αs2-casein, β-casein, and κ-casein [7]. Given that UHPJ processing can be
applied to dairy manufacture [8,9], it is necessary to investigate the changes of casein in
milk after UHPJ processing, and the potential effects of such processing on subsequent dairy
processing. In this study, skimmed milk was treated using UHPJ processing at 100–300 MPa.
Subsequently, the effects of the pressure on the structure of casein in skimmed milk and
the changes of the sensory properties of skimmed milk and skimmed milk curd were
studied. This provided a theoretical reference for the application of UHPJ technology in
dairy processing.

2. Results and Discussion
2.1. Effect of UHPJ Processing on Temperature of Skimmed Milk

As shown in Figure 1, the sampling temperature of skimmed milk rose rapidly with
the increase in pressure. The injection temperature of the skimmed milk in this study was
10 ◦C. When the treatment pressure increased from 100 MPa to 300 MPa, the sampling
temperature gradually increased from 39.5 ± 2.9 ◦C to 83.4 ± 3.2 ◦C. The reasons for this
increase in temperature include ultra-high pressure, intense friction caused by shear, and
the vaporization of milk when forced through a narrow reaction chamber microchannel [10].
This demonstrates that the UHPJ processing can increase the temperature of skimmed milk,
which may be the consequence of high-velocity impact, high-frequency vibration, intense
shear, or cavitation in addition to adiabatic heating generated by the machine [11].
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Figure 1. Sampling temperature of skimmed milk under different pressure conditions. Different
superscript letters within a column indicate significant differences between means (p < 0.05).

2.2. Effect of UHPJ Processing on the Composition of Skimmed Milk

The composition of skimmed milk was determined by the Milko Scan FT-120. The data
in Table 1 shows that the UHPJ processing had no significant effect on the composition of the
skimmed milk, thus indicating that the UHPJ processing will not cause the decomposition
of nutrients.
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Table 1. The composition of samples.

Protein (%) Fat (%) Lactose (%) SNF (%) TS (%)

Raw milk 3.37 ± 0.01 4.04 ± 0.02 4.73 ± 0.01 9.18 ± 0.02 12.98 ± 0.02
Skimmed

milk 3.01 ± 0.00 a 0.11 ± 0.03 a 4.91 ± 0.00 a 9.76 ± 0.01 a 9.82 ± 0.02 a

100 MPa 3.01 ± 0.02 a 0.11 ± 0.02 a 4.91 ± 0.03 a 9.76 ± 0.02 a 9.82 ± 0.02 a

150 MPa 3.01 ± 0.03 a 0.11 ± 0.01 a 4.91 ± 0.02 a 9.76 ± 0.01 a 9.82 ± 0.02 a

200 MPa 3.01 ± 0.02 a 0.11 ± 0.02 a 4.91 ± 0.01 a 9.76 ± 0.02 a 9.82 ± 0.02 a

250 MPa 3.01 ± 0.02 a 0.11 ± 0.02 a 4.91 ± 0.02 a 9.76 ± 0.02 a 9.82 ± 0.02 a

300 MPa 3.01 ± 0.02 a 0.11 ± 0.02 a 4.91 ± 0.02 a 9.76 ± 0.03 a 9.82 ± 0.02 a

Results are presented as mean ± SD for triplicate samples. SNF: non-fat milk solid. TS: total solids. Different
superscript letters within a column indicate significant differences between means (p < 0.05).

2.3. Effect of UHPJ Processing on Content of Free Sulfhydryl and Disulfide Bonds in Casein

Free sulfhydryl and disulfide bonds are important chemical bonds that stabilize the
conformation of protein molecules and are critical in determining the functional properties
of proteins [12]. Treatments such as high pressure and heating can cause changes in the
content of the free sulfhydryl and disulfide bonds in proteins. As shown in Figures 2 and 3),
the content of the free sulfhydryl in casein increased initially but then decreased after
the high-pressure jet treatment. This content was significantly higher than that of the
control group except for the sample at 200 MPa (p < 0.05). The content of the disulfide
bond decreased at first but then increased and was significantly higher than that of the
control group (p < 0.05) except for the 100 MPa sample; this is consistent with results
from Wang et al. [13]. Under 100 MPa pressure, the content of the free sulfhydryl group in
casein was 0.6887 µmol/g, which was significantly higher than that of the control group
(p < 0.05). This may be attributed the strong shear and impact of the high-pressure jet,
which destroyed the molecular structure of casein, exposing the sulfhydryl groups buried
in αs2-casein [14] and κ-casein [15] molecules. The production rate of the free sulfhydryl
group was higher than that of the oxidation, thus resulting in an increase in the content
of the free sulfhydryl group (p < 0.05) and a decrease in the content of the disulfide bond
(p < 0.05). The oxidation of the sulfhydryl groups was dominant at 150–300 MPa. The
surface of the newly formed casein particles was thermodynamically unstable and some
of the sulfhydryl groups were folded and embedded into the casein molecules. Therefore,
compared with a treatment pressure of 100 MPa, the free sulfhydryl group content of casein
decreased significantly (p < 0.05) while the disulfide bond content increased significantly
(p < 0.05).

Molecules 2023, 28, x FOR PEER REVIEW 3 of 13 
 

 

composition of the skimmed milk, thus indicating that the UHPJ processing will not cause 
the decomposition of nutrients.  

Table 1. The composition of samples. 

 Protein (%) Fat (%) Lactose (%) SNF (%) TS (%) 
Raw milk 3.37 ± 0.01 4.04 ± 0.02 4.73 ± 0.01 9.18 ± 0.02 12.98 ± 0.02 
Skimmed 

milk 3.01 ± 0.00 a 0.11 ± 0.03 a 4.91 ± 0.00 a 9.76 ± 0.01 a 9.82 ± 0.02 a 

100 MPa 3.01 ± 0.02 a 0.11 ± 0.02 a 4.91 ± 0.03 a 9.76 ± 0.02 a 9.82 ± 0.02 a 
150 MPa 3.01 ± 0.03 a 0.11 ± 0.01 a 4.91 ± 0.02 a 9.76 ± 0.01 a 9.82 ± 0.02 a 
200 MPa 3.01 ± 0.02 a 0.11 ± 0.02 a 4.91 ± 0.01 a 9.76 ± 0.02 a 9.82 ± 0.02 a 
250 MPa 3.01 ± 0.02 a 0.11 ± 0.02 a 4.91 ± 0.02 a 9.76 ± 0.02 a 9.82 ± 0.02 a 
300 MPa 3.01 ± 0.02 a 0.11 ± 0.02 a 4.91 ± 0.02 a 9.76 ± 0.03 a 9.82 ± 0.02 a 

Results are presented as mean ± SD for triplicate samples. SNF: non-fat milk solid. TS: total solids. 
Different superscript letters within a column indicate significant differences between means (p < 
0.05). 

2.3. Effect of UHPJ Processing on Content of Free Sulfhydryl and Disulfide Bonds in Casein 
Free sulfhydryl and disulfide bonds are important chemical bonds that stabilize the 

conformation of protein molecules and are critical in determining the functional proper-
ties of proteins [12]. Treatments such as high pressure and heating can cause changes in 
the content of the free sulfhydryl and disulfide bonds in proteins. As shown in Figures 2 
and 3), the content of the free sulfhydryl in casein increased initially but then decreased 
after the high-pressure jet treatment. This content was significantly higher than that of the 
control group except for the sample at 200 MPa (p < 0.05). The content of the disulfide 
bond decreased at first but then increased and was significantly higher than that of the 
control group (p < 0.05) except for the 100 MPa sample; this is consistent with results from 
Wang et al. [13]. Under 100 MPa pressure, the content of the free sulfhydryl group in ca-
sein was 0.6887 μmol/g, which was significantly higher than that of the control group (p < 
0.05). This may be attributed the strong shear and impact of the high-pressure jet, which 
destroyed the molecular structure of casein, exposing the sulfhydryl groups buried in αs2-
casein [14] and κ-casein [15] molecules. The production rate of the free sulfhydryl group 
was higher than that of the oxidation, thus resulting in an increase in the content of the 
free sulfhydryl group (p < 0.05) and a decrease in the content of the disulfide bond (p < 
0.05). The oxidation of the sulfhydryl groups was dominant at 150–300 MPa. The surface 
of the newly formed casein particles was thermodynamically unstable and some of the 
sulfhydryl groups were folded and embedded into the casein molecules. Therefore, com-
pared with a treatment pressure of 100 MPa, the free sulfhydryl group content of casein 
decreased significantly (p < 0.05) while the disulfide bond content increased significantly 
(p < 0.05). 

 
Figure 2. Free sulfhydryl content of casein under different pressure conditions. Different superscript 
letters within a column indicate significant differences between means (p < 0.05). 

e

a

d
f

c

b

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

0 100 150 200 250 300

Fr
ee

 S
ul

fh
yd

ry
l(μ

m
ol

/g
) 

Pressure(MPa)

Figure 2. Free sulfhydryl content of casein under different pressure conditions. Different superscript
letters within a column indicate significant differences between means (p < 0.05).
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Figure 3. Disulfide bond content of casein under different pressure conditions. Different superscript
letters within a column indicate significant differences between means (p < 0.05).

The content of the disulfide bond in casein increased more under 200–300 MPa pres-
sure, which may be attributed to the denaturation of β-lactoglobulin owing to the higher
pressure and temperature, and then formed an intermolecular disulfide bond with κ-
casein [16]. The content of the disulfide bond reached its maximum value at 300 MPa, and
simultaneously, the sensory evaluation experiment results showed that the cooking flavor
of skimmed milk was also at its strongest (data not shown), indicating that an excessively
high pressure was not conducive to preserving the milk’s unique flavor.

2.4. Effect of UHPJ Processing on Secondary Structure of Casein

The direction of the hydrogen bond in an α-helix is consistent with that of the helix
axis, consequently it has strong rigidity, while the direction of hydrogen bond in a β-sheet
is perpendicular to the direction of folding, consequently it has better flexibility. The
stability of these secondary structures is different when subjected to the UHPJ processing
and thermal treatment. The effect of the UHPJ processing on the content of the casein
secondary structure is shown in Table 2. After pressure treatments of 100, 150, and 200 MPa,
the content of the α-helix decreased significantly (p < 0.05), which may be attributed to the
fact that the hydrogen bonds which maintain the structural stability of casein are partially
broken under the action of a high-pressure jet, leading to the extension of the casein. Such a
significant increase in the content of the α-helix (p < 0.05) under 250 and 300 MPa pressure
may be due to the synergistic effect of high temperature and pressure, which enhances the
interaction between casein molecules, changing the orientation of the hydrogen bonds in
casein to generate a greater amount of them [17]. There was no significant difference in
the content of the β-turn (p > 0.05) under different pressure conditions. The content of the
random coil first decreased and then increased, while the content of the β-sheet changed in
the opposite direction. In summary, the content of the α-helix and the random coil of casein
decreased, yet the content of the β-sheet increased, when treated with the UHPJ at lower
pressures (100, 150, 200 MPa), while the effect of UHPJ treatment with a higher pressure
(250, 300 MPa) had the opposite effect.

Table 2. Content of secondary structural components of casein under different pressure conditions.

Pressure/MPa
Content of Secondary Structure Components of Casein (%)

α-Helic β-Sheet β-Turn Random Coils

0 12.22 ± 0.23 c 26.92 ± 0.35 b 25.07 ± 0.04 a 36.14 ± 0.22 c

100 11.14 ± 0.18 f 27.35 ± 0.11 b 24.86 ± 0.08 a 34.75 ± 0.17 e

150 11.73 ± 0.32 d 28.41 ± 0.25 a 25.19 ± 0.12 a 35.09 ± 0.13 de

200 11.48 ± 0.09 e 28.95 ± 0.05 a 24.65 ± 0.22 a 35.52 ± 0.19 d

250 14.39 ± 0.15 a 24.63 ± 0.18 c 24.53 ± 0.14 a 37.07 ± 0.16 b

300 13.21 ± 0.21 b 23.18 ± 0.16 d 24.71 ± 0.13 a 39.03 ± 0.21 a

Results are presented as mean ± SD for triplicate samples; different superscript letters within a column indicate
significant differences between means (p < 0.05).
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2.5. Effect of UHPJ Processing on Average Particle Size of Casein Micelle

The average particle size of the casein micelles under different pressures is shown in
Figure 4. The average particle size decreased first but then increased with an increase in
the treatment pressure, which is consistent with the research results from Mohan et al. [18].
At the relatively low pressures of 100 MPa and 150 MPa, the decrease in average casein
particle size was due to external forces such as impact force, strong shear, and the void
effect acting on the casein in the reaction chamber of the UHPJ homogenizer. The casein
particles were crushed and the micelle structure was destroyed such that the average
particle size was reduced. The average particle size of the casein micelles increased under
pressures of 200–300 MPa, with no significant difference in average particle size between
the sample at 300 MPa and the control. The reasons for this phenomenon are as follows:
(1) The dissolution of κ-casein on the surface of the casein micelles under high pressure
reduced the spatial repulsion between the micelles and the negative charge on the surface,
thus promoting aggregation between the micelles [19]. (2) In the process of using the UHPJ,
an increase of pressure was accompanied by an increase of temperature. β-lactoglobulin
will denature when the pressure reaches 200 MPa or the temperature is 75–80 ◦C. As shown
in Figure 1, the sample temperature of skimmed milk under 250 MPa pressure treatment
reached 76.9 ◦C. The modified β-lactoglobulin interacted with the surface of the casein
micelles, binding to increase the average particle size of the micelles [20].
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Figure 4. Average particle size of casein under different pressure conditions. Different superscript
letters within a column indicate significant differences between means (p < 0.05).

2.6. Effect of UHPJ Processing on Zeta Potential of Casein Micelles

Zeta potential is the potential of the shear surface in a charged double layer of charged
particles in solution [21], and it is one of the indicators used to evaluate the stability of
colloids. The greater the absolute value of the Zeta potential, the greater the electrostatic
repulsion force on the molecular surface and the more stable the casein colloid in the milk
system. The smaller the absolute value of the Zeta potential, the more unstable the casein
micelle. The absolute value of the Zeta potential of the samples in this study decreased
after the pressure treatment compared with the control group, indicating that the stability
of casein micelles also decreased (Figure 5). Janahar et al. [22] found that pressure-only
treatments up to 400 MPa do not reduce the apparent particle size of whole milk’s viscosity,
while ultra-shear technology (UST) or high-pressure homogenization facilitate both the
particle size and the Zeta potential reduction. This suggests that shear is the dominant
effect for the change of the particle size in ultra-high pressure processing.

Sandra [23] reported that the mechanism by which ultra-high-pressure homogeniza-
tion (UHPH) modifies the structural properties of casein micelles in reconstituted skimmed
milk powder is likely to be due to hydrophobic interaction or a shearing effect, while the
application of heat treatment only has a minimal effect on the average casein micelle size.
UHPH does not disrupt the casein micelles completely but rather dissociates parts of their
surfaces. As a result, the protein complexes formed after UHPH are different from those
formed after heating.
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Figure 5. Zeta potential of casein under different pressure conditions. Different superscript letters
within a column indicate significant differences between means (p < 0.05).

2.7. Effect of UHPJ Processing on the Microstructure of Casein

The microstructure of casein treated by UHPJ processing was observed by scanning
electron microscope and the results are shown in Figure 6. Casein without the UHPJ
processing showed an irregular and large cluster structure (Figure 6A). After being treated
at 100 MPa (Figure 6B) and 150 MPa (Figure 6C) respectively, large clusters of casein were
dispersed into small fluffy and porous clumps, which is consistent with the results of the
particle size reduction. This shows that UHPJ processing can destroy protein structures
and produce fragments of differing size and shape [24]. When the pressure exceeded
200 MPa, the casein micelle showed completely different structural characteristics, such as
the formation of small casein clumps into aggregates. Casein aggregates formed at 250 MPa
(Figure 6D) were larger than those formed at 200 MPa (Figure 6E), which is consistent with
the results of the particle size increase. When the pressure reached 300 MPa, dense casein
aggregates formed and the micelle structure flattened (Figure 6F). The above results suggest
that protein depolymerization can be promoted by UHPJ processing at lower pressures,
whereas protein re-aggregation can be initiated at higher pressures. Correspondingly, the
casein particle size decreased at first and then increased, and the minimum particle size
was observed at 150 MPa.
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Figure 6. Scanning electron microscope diagram of casein under different pressure conditions.
(A): 0 MPa (control); (B): 100 MPa; (C): 150 MPa; (D): 200 MPa; (E): 250 MPa; (F): 300 MPa; The
magnification of scanning electron microscope was 100 times.

In addition, it has been demonstrated that colloidal calcium phosphate plays a critical
role in maintaining the structural stability of the casein micelles [25]. High pressure can
lead to the dissolution of colloidal calcium phosphate and a decrease in the particle size of
the casein micelles.
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2.8. Effect of UHPJ Processing on Apparent Viscosity of Skimmed Milk

The change in apparent viscosity of the skimmed milk after the UHPJ processing is
shown in Figure 7. The variation trend of apparent viscosity with pressure is consistent
with that of the average particle size (Figure 4). Janahar et al. [22] reported that there is
no significant difference between the viscosity of 400 MPa ultra-shear technology-treated
whole milk and that of an untreated sample. Their results are similar to the viscosity of
the sample treated with 300 MPa UHPJ in our experiment, although skimmed milk was
used in our experiment. This phenomenon can be attributed to the disintegration of the
original casein micelles under high pressure, which resulted in the formation of larger
protein aggregates with a higher hydrodynamic volume [26].
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Figure 7. Apparent viscosity of skimmed milk under different pressure conditions. Different super-
script letters within a column indicate significant differences between means (p < 0.05).

2.9. Effect of UHPJ Processing on Skimmed Milk Color

The color of the object is typically expressed using a three-dimensional color model
of L-a-b or L*-a*-b*, wherein L* represents brightness; a* represents the red-green system,
with a* < 0 indicating the sample is greener than the standard; b* represents the yellow-blue
system, with b* < 0 indicating the sample is bluer than the standard. At present, the color
of milk and dairy products is mainly analyzed according to the relationship between the
changes of L* and the changes of the milk protein structure, especially the particle size of the
casein micelles. The color change of skimmed milk after the UHPJ processing is shown in
Table 2. The smaller the value of L*, the lower the brightness of the skimmed milk, where L*
is related to the state and the particle size of the casein. After being treated with UHPJ, the
L* value of the skimmed milk decreased initially (100, 150 MPa) and subsequently increased
(200–300 MPa). Usually, the variation of L* was consistent with that of the average particle
size, which may be attributed to the destruction of the casein micelles and the formation of
small fragments, thus increasing the transmittance of the milk [27,28]. In this study, there
was no significant difference among all the samples (p > 0.05), which means the UHPJ
processing had no significant effect on the brightness of skimmed milk.

The values of a* and b* for the samples both showed the trend of decreasing initially
and then increasing, which is consistent with results from Pereda et al. [11]. This means that
samples were much greener and bluer than the control under the pressures of 100–250 MPa,
while samples were redder and yellower than the control at 300 MPa. However, there are
few studies on the relationship between the change of a* and b* and the specific structural
change of the components in skimmed milk.

The chromatic aberration value ∆E* presents overall color change, with a higher
value of ∆E* indicating a greater overall color change between the sample and the control.
According to the ∆E* data in Table 3, the color of all the samples changed to some extent,
among which skimmed milk at 100 MPa showed the greatest difference in color compared
to the control group.
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Table 3. Color change of skimmed milk under different pressures.

Pressure/MPa L* a* b* ∆E*

0 70.60 ± 0.29 a −7.22 ± 0.07 a −5.12 ± 0.07 b /
100 70.61 ± 0.29 a −7.79 ± 0.27 b −6.57 ± 0.27 d 1.57 ± 0.31 a

150 70.80 ± 0.12 a −7.74 ± 0.05 b −5.74 ± 0.12 c 0.90 ± 0.00 b

200 70.50 ± 0.25 a −8.01 ± 0.10 b −5.55 ± 0.30 bc 0.91 ± 0.27 b

250 70.60 ± 0.33 a −7.87 ± 0.06 b −5.33 ± 0.06 bc 0.68 ± 0.02 b

300 70.59 ± 0.39 a −6.89 ± 0.13 a −4.16 ± 0.22 a 1.03 ± 0.20 b

Results are presented as mean ± SD for triplicate samples; different superscript letters within a column indicate
significant differences between means (p < 0.05).

2.10. Effect of UHPJ Processing on Coagulation Properties of Skimmed Milk

The particle size (Figure 4), secondary structure (Table 2), and microstructure (Figure 6)
of the casein changed after the UHPJ processing; therefore, the processing properties of
raw milk [28–31], such as the coagulation properties, emulsibility, and foaming properties,
changed accordingly. In order to investigate the effects of the UHPJ processing on the
follow-up processing of dairy products, skimmed yogurt was prepared from the skimmed
milk that had been subjected to the UHPJ processing. The indexes related to the quality of
the yogurt, such as the clotting time, apparent viscosity, and the water holding capacity,
were evaluated and the results are shown in Table 4.

Table 4. Coagulation properties of skimmed milk after different pressure treatments.

Pressure/
MPa

Curding
Time/h

Apparent
Viscosity/mPa·s

Water Holding
Capacity/% Firmness/g Cohesive/g Viscosity/g.Sec

0 4.50 ± 0.08 a 70.72 ± 0.12 f 24.51 ± 1.1 d 6.21 ± 0.56 d 0.79 ± 0.53 d 1.19 ± 0.78 e

100 4.50 ± 0.22 a 131.93 ± 0.16 d 25.77 ± 0.95 c 6.36 ± 0.37 c 0.81 ± 0.42 bc 1.21 ± 0.43 cd

150 3.75 ± 0.15 b 130.81 ± 0.09 de 26.86 ± 1.5 b 6.35 ± 1.2 c 0.87 ± 0.86 b 1.39 ± 0.39 c

200 3.33 ± 0.05 bc 148.16 ± 0.13 c 26.80 ± 1.3 b 6.33 ± 0.81 c 0.85 ± 0.94 b 1.43 ± 1.2 c

250 2.67 ± 0.8 d 286.38 ± 0.21 b 35.31 ± 0.68 a 6.86 ± 0.85 a 1.07 ± 0.68 a 1.95 ± 0.94 b

300 2.67 ± 0.13 d 419.95 ± 0.25 a 35.85 ± 0.84 a 6.61 ± 0.62 b 1.10 ± 0.83 a 2.39 ± 1.7 a

Results are presented as mean ± SD for triplicate samples; different superscript letters within a column indicate
significant differences between means (p < 0.05).

UHPJ processing above 150 MPa can shorten the curdling time of skimmed milk
to varying degrees; for example, the clotting time of the samples treated with 250 and
300 MPa was 1.83 h shorter than that of the control group. In contrast to the change trend
in the apparent viscosity of the unfermented skimmed milk treated by the UHPJ processing
(Figure 7), the apparent viscosity and the viscosity of yoghurt prepared from this skimmed
milk always increased with the increase of pressure. The water holding capacity (WHC)
represents the ability of curd to retain water under the action of centrifugal, stirring, and
other external forces. The WHC of skimmed yogurt increased continuously with an increase
of pressure and reached its maximum when the pressure was 250 MPa, as reported by
Serra et al. [28] and Ciron et al. [32]. The strength of the sample’s intermolecular binding
was reflected by its cohesiveness, which increased as the pressure increased, suggesting
that the UHPJ processing enhanced the interaction of the proteins in the skimmed yogurt.
Firmness also kept rising with an increase in the pressure. When the pressure reached
250 MPa, however, it attained its extreme value. Even though firmness slightly declined
when the pressure reached 300 MPa, it was still significantly higher than that of the
control group.

The changes in texture properties observed above can be attributed to several factors.
As the pressure increases, the casein micelles become smaller, which leads to an increase
of effective surfaces with interaction forces and the formation of a strong gel network in
skimmed yogurt [32]. Additionally, the temperature of raw milk at the outlet increased with
the increase of pressure in the process of using the UHPJ (Figure 1). Under the combined
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effects of heating and pressure, the denaturation of the whey protein (β-lactoglobulin,
immunoglobulins, and α-lactalbumin) intensified [28–30] and the solubility of the protein
decreased, which also accelerated the coagulation of milk. Furthermore, the UHPJ process
induced the formation of covalent disulfide bonds between casein and whey proteins, which
contributed to the formation of a more compact gel and increased its water retention [33].

3. Materials and Methods
3.1. Materials and Reagents

For this study, fresh bovine milk was provided by the farm passing the GAP first-level
certification (Tianjin, China). The chemical composition of raw milk is shown in Table 1.
YoFlex® Premium 1.0, the direct VAT inoculation composed of Lactobacillus bulgaricus
and Streptococcus thermophilus, was provided by Chr. Hansen Holding A/S (Hoersholm,
Denmark). Tris, glycine, ethylene diamine tetraacetic Acid (EDTA), dinitrobenzoic acid
(DTNB), trichloroacetic acid (TCA), urea, and β-mercaptoethanol were all purchased from
Beijing Solarbio Science & Technology Co., Ltd. All other chemicals and reagents used were
of analytical grade.

3.2. Degreasing

The preparation of the sample and the subsequent experimental process are shown in
Figure 8. A pilot-type milk fat separator (GEA Group Co., Ltd., Bochum, Germany) was
used for cold degreasing treatment of the fresh milk. The treatment flow was 450 L/h with
a rotational speed of 9000–10,100 r/min.
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3.3. UHPJ Processing

The milk was treated using ultra-high pressures of 100, 150, 200, 250 and 300 MPa
(Dynamic ultra-high-pressure jet processing homogenizer, laboratory’s self-developed
equipment, Tianjin, China) immediately after skimming. Each sample was processed only
once. Samples were collected and cooled to 8 ◦C using a mixture of ice and water; then the
samples were stored and refrigerated at 4 ◦C.

3.4. Analysis of Milk Composition

The composition of milk was determined by Milko Scan FT-120 (FOSS Analytical
A/S, Denmark). Sample injection, testing and data analysis were controlled by the FT-120
software program, with an input temperature of 45 ◦C and injection volume of 30 mL.

3.5. Extraction of Bovine Casein

The skimmed milk treated by UHPJ processing was cooled to room temperature and its
pH value was adjusted to 4.6 with a 1 mol/L HCl solution. Next, it was centrifuged at 4 ◦C
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and 7000 r/min for 15 min (high-speed freezing centrifuge 3K15, Sigma Laborzentrifugen
GmbH, Osterode, Germany), after which the underlying precipitate was casein. This
precipitate was washed several times with deionized water until it was neutral, then
freeze-dried and preserved.

3.6. Determination of Sulfhydryl and Disulfide Bonds in Casein

The contents of the free sulfhydryl group and the disulfide bond of casein were
determined according to Wang C.Y.’s [10] method.

For the determination of the free sulfhydryl content (SHF), 1 mL of casein solution
with a concentration of 10 mg/mL was mixed with 5 mL of Tris-Gly-8M urea solution
(0.086 mol/L Tris, 0.09 mol/L glycine, 0.004 mol/L EDTA and 8 mol/L urea) and 0.04 mL of
DTNB solution (4 mg/mL), and then allowed to react at 25 ◦C for 30 min. The samples were
monitored by measuring absorbance at 412 nm. The determination of the blank control
was carried out using distilled water instead of casein.

For the determination of total sulfhydryl content (SHT), 1 mL of casein solution
with a concentration of 10 mg/mL was mixed with 5 mL of Tris-Gly-10 M urea solution
(0.086 mol/L Tris, 0.09 mol/L glycine, 0.004 mol/L EDTA and 10 mol/L urea) and 0.1 mL
of β-mercaptoethanol, and then allowed to react at 25 ◦C for 1 h. Next, 10 mL of 12% TCA
solution was added and this mixture was maintained at the same temperature for 1 h, then
centrifugated at 3000 r/min for 10 min. After that, the precipitate was washed with 12%
TCA solution and centrifuged for 15 min at 4000 r/min. This was repeated three times. The
samples were monitored by measuring absorption at 412 nm, and distilled water was used
for the control.

Sulfhydryl groups and disulfide bonds were calculated as follows:

Sulfhydryl group content (µmol/g protein) =
73.53 × A412

C
(1)

Disulfide bond content (µmol/gprotein) =
SHT − SHF

2
(2)

A412 was the absorbance at λ = 412 nm; C was the casein concentration of the sample
in mg/mL.

3.7. Analysis of the Secondary Structure of Casein by Circular Dichroism

The secondary structure of casein was determined by circular dichroism spectrometer
(MOS-500, Bio-Logic Science Instruments, Seyssinet-Pariset, France). The lyophilized casein
powder was dissolved in a 0.02 mol/L phosphate buffer (pH 7.5) at a concentration of
0.1 mg/mL. Detection was carried out in the range of 190–260 nm with a step of 1 nm;
one data point was collected every second. The same phosphate buffer was used as a blank.
The secondary structure of each sample, including α-helix, β-fold, β-turning and random
coil, was fitted and calculated by CDNN software to obtain the relative percentage content.

3.8. Determination of Particle Size and Zeta Potential of Casein

The particle size and Zeta potential of casein micelles in skimmed milk were deter-
mined by a laser nano-particle size potentiometer (Zetasizer Nano ZS, Malvern Panalytical,
Malvern, UK). The skimmed milk was diluted 100 times with ultrapure water. The particle
size of the diluent was measured at a diffraction angle of 173◦. The test mode was a protein
and the solution mode water. The Zeta potential of the same diluted skimmed milk was
measured at room temperature. The test mode was automatic.

3.9. Surface Structure of Casein Mapped by Scanning Electron Microscope (SEM)

Following the method of Zhang A.Q. et al. [34], the microstructure of casein was
observed with an SU8100 scanning electron microscope (Hitachi, Ltd., Tokyo, Japan).
The freeze-dried casein powder was placed in a 1.5 mL centrifuge tube and fixed with
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glutaraldehyde for more than 4 h. Samples were washed 3 times at 10 min per time with a
0.1 mol/L phosphate buffer and were then fixed with 1% osmium tetroxide for 1 h.

The samples were gradient dehydrated with 50%, 70%, 80%, 90% and 100% ethanol
for 10 min each time. The centrifugal tube was dried in a dryer for 12 h. Subsequently, the
sample was taken out and adhered to a copper plate for conductive treatment. The sample
was then observed by scanning electron microscope and the acceleration voltage was found
to be 3 kV.

3.10. Measurement of Color of Skimmed Milk

Following the method employed by Chi X.L. et al. [35], a colorimeter (TS7700, Shen-
zhen ThreeNH Technology Co., Ltd., Shenzhen, China) was used to assess the color of
skimmed milk after UHPJ processing. The Commission Internationale de l’Eclairage (CIE)
L*, a* and b* of samples were measured with an illuminant of D65 at a standard 10◦. ∆L*,
∆a* and ∆b*, which represent the differences between L*, a* and b* of each sample and the
control, respectively, were calculated and subsequently the color difference value of each
sample was calculated according to the following formula:

∆E∗ =

√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2 (3)

3.11. Fermentation of Skimmed Milk

Skimmed milk treated by an UHPJ was inoculated with starter (YoFlex® Premium 1.0,
0.02 U per 50 g of skimmed milk), shaken well, and fermented in a water bath at 42 ◦C until
its pH reached 4.6. The curdling time of the sample was recorded. After the curd structure
was destroyed by hand stirring, the curd was refrigerated at 4 ◦C for more than 4 h.

3.12. Properties of Skimmed Milk and Curd Texture

The apparent viscosity of skimmed milk and that of curd was measured with a
rheometer (MCR302, Anton Paar, Graz, Austria). Then a texture analyzer was used to
determine the curd’s hardness, cohesiveness, and viscosity (TA-XT Plus, Stable Systems
Co., Ltd., U.K.). Texture measurement conditions were as follows: probe: A/BE35; Test
distance: 25.0 mm; Probe speed: 2.0 mm/s; Inductive force: Auto-10.0 g. Each of the
samples was measured 3 times.

3.13. Water-Holding Capacity of Curd

An amount of 25 g of the curd sample was weighed and recorded as W1. After being
centrifuged at 4500 r/min (3K15, Sigma Laborzentrifugen GmbH, Osterode, Germany) for
15 min, the curd rested for 10 min. The supernatant was removed, after which the weight
of the lower precipitate was measured and recorded as W2.

The water holding capacity of curd was calculated according to the following formula:

water holding capacity (%) = (W2/W1) × 100% (4)

3.14. Data Processing and Analysis

The experiment was conducted three times to obtain all data, the outcomes of which
were expressed as means ± SD. The significance threshold for the statistical analysis was
set to 0.05 using SPSS 19.0.

4. Conclusions

The results of this study show that UHPJ processing not only alters the secondary and
tertiary structures of casein, but also reduces the average particle size and Zeta potential of
casein in skimmed milk, while also inducing changes in the microstructure of casein. The
combination of these changes affects sensory properties, such as the color and viscosity
of skimmed milk. At the same time, the curdling time of skimmed milk was effectively
shortened, and the coagulation properties, such as the water holding capacity and the
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viscosity were significantly increased. As a result, UHPJ processing, which combines
homogenization and sterilization functions, has prominent advantages for the raw milk
pretreatment of yogurt, and these can be applied in dairy manufacture to improve the
fermentation efficiency and the texture of fat-free yogurt.

However, the change in the coagulation property is the result of the combination of
changes in both the casein and the whey proteins. Further research, which is currently
being carried out by our team, will focus on the evaluation of the effects of the UHPJ
processing on whey protein.
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Abstract: The effects of Steam Flash-Explosion (SFE) on the physicochemical properties and molecular
structure of high-temperature denatured defatted rice bran protein isolate (RBPI) were investigated.
The mechanism of SFE treatment on high-temperature denatured defatted RBPI was revealed. The
analysis of the physical and chemical properties of RBPI showed that the surface hydrophobicity,
characteristic viscosity, and thermal stability of rice bran protein isolate were significantly affected by
the pressure of saturated steam and pressure holding time. Under the conditions of 2.1 MPa and 210 s,
the surface hydrophobicity index decreased significantly from 137.5 to 17.5, and the characteristic
viscosity increased significantly. The peak temperature of denaturation decreases from 114.2 to
106.7 ◦C, and the enthalpy of denaturation decreases from 356.3 to 231.4 J/g. The higher structure
(circular dichroic spectrum and endogenous fluorescence spectrum) of rice bran protein isolate was
analyzed by volume rejection chromatography (SEC). The results showed that steam flash treatment
could depolymerize and aggregate RBPI, and the relative molecular weight distribution changed
greatly. The decrease in small molecules with poor solubility was accompanied by the increase in
macromolecules (>550 kDa) soluble aggregates, which were the products of a Maillard reaction. The
contents of free sulfhydryl and disulfide bonds in high-temperature rice bran meal protein isolate
were significantly increased, which resulted in the increase in soluble aggregates containing disulfide
bonds. Circular dichroism (CD) analysis showed that the α-helix content of the isolated protein
was significantly decreased, the random curl content was increased, and the secondary structure
of the isolated protein changed from order to disorder. The results of endogenous fluorescence
spectroscopy showed that the high-temperature rice bran meal protein isolate was more extended,
tryptophan was in a more hydrophilic microenvironment, the fluorescence intensity was reduced,
and the tertiary structure was changed. In addition, the mean particle size and net surface charge of
protein isolate increased in the aqueous solution, which was conducive to the development of the
functional properties of the protein.

Keywords: high-temperature denatured defatted rice bran; steam flash-explosion; rice bran protein
isolate; structural properties

1. Introduction

Rice bran, as the main by-product of rice production, is extremely rich in resources.
It not only has a huge yield and low price but also concentrates more than 60% of the
nutrients of rice [1], has a high content of unsaturated fatty acids such as linoleic acid, up
to 80%, and is rich in dozens of natural bioactive substances such as vitamin E, tocopherol
trienes and squalene [2]. Compared with other plant proteins, the lysine content in rice bran
protein is higher, which not only requires complete amino acids, reasonable composition,
close to the FAO/WHO recommended model, and high biological titer but also has the
advantages of being hypoallergenic, which is a plant protein resource with great potential
for development [3]. The protein content is about 11.3–14.9%. Soluble protein accounted
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for about 70% of the total, containing all four proteins in Osbron’s classification, namely
albumin, globulin, gluten, and glycolysin [4], with a nutritional value comparable to that of
egg protein [5]. However, these proteins have strong polymerization and a large number of
disulfide bonds, and the high content of dietary fiber and phytic acid in rice bran aggravates
the intercoalescence of rice bran components and the functional properties such as solubility
decline [6], which makes the extraction and separation of proteins difficult and greatly
limits its application in the food industry.

The Steam flash-explosion (SFE) treatment can cause the material to be subjected to
the mechanical shear caused by high-temperature cooking and steam release at the same
time, which can not only damage the cell wall structure of rice bran but also degrade
hemicellulose and release the protein embedded in it. In addition, these effects can also
cause changes in molecular structure and physical and chemical properties of proteins
in high-temperature denatured defatted rice bran (HTDDRB), thus affecting functional
properties such as solubility [7] and effectively improving the extraction rate and nitrogen
solubility index of proteins in HTDDRB. In addition, according to the principle and char-
acteristics of the Maillard reaction, high-temperature cooking in the steam flash process
may cause covalent binding of proteins and sugars in high-temperature rice bran meal,
resulting in increased polarity of protein molecules and changes in spatial structure, leading
to changes in solubility [8]. SFE technology, as a typical physicochemical treatment tech-
nology, is a treatment method in which raw materials are placed in a closed environment
of high-temperature liquid water and high-pressure steam for a certain period of time
and then immediately released to atmospheric pressure. It is economical, efficient, and
pollution-free [9,10]. At present, there are few reports on the effect of steam flash detonation
treatment on the physicochemical properties and structure of rice bran protein isolate.

Therefore, on the basis of previous studies, taking high-temperature rice bran meal
protein isolates with high nitrogen dissolution index and high protein extraction rate as the
research object, this study analyzed the effects of SFE treatment on the physicochemical
properties and structure of high-temperature denatured defatted rice bran protein isolate,
and discussed its mechanism of action, providing a theoretical basis for the development
and utilization of high-temperature rice bran protein.

2. Results and Discussion
2.1. Surface Hydrophobicity (H0) Analysis

Surface hydrophobicity is an important physical and chemical property of proteins,
which is of great significance for protein stability, conformation, and function [11]. The
interaction of proteins with water and other compounds in solution is closely related
to surface hydrophobicity, so the solubility, emulsification, water absorption, and other
functional properties of proteins are affected by surface hydrophobicity. The surface
hydrophobicity is also affected by the higher structure of proteins. For example, when
proteins are subjected to high-temperature, high-pressure, shear force, and other factors,
the higher structure will change, thus affecting the surface hydrophobicity of proteins [12].
ANS fluorescent probe method is the most commonly used method for the determination
of protein surface hydrophobicity because it has the advantages of simple operation, fast
operation, and a small amount of protein. As a fluorescence probe sensitive to polarity,
8-aniline-1-naphthalene sulfonic acid (ANS) can combine with the hydrophobic cavity of
protein molecules to enhance the fluorescence intensity of proteins, and the fluorescence
intensity will increase with the addition of ANS until excessive fluorescence probe is added,
so it can be used to determine the surface hydrophobicity of proteins [13]. Figure 1 shows
the surface hydrophobicity of rice bran protein isolates prepared by high-temperature rice
bran meal treated by steam flash under different conditions.
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Figure 1. Surface hydrophobicity of RBPI prepared from different SFE pretreatment conditions. 
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As can be seen from Figure 1, the surface hydrophobicity of RBPI decreased signifi-
cantly (p < 0.05) after SFE treatment, and the maximum decrease was 87.3%, from 137.5
(RBPI) to 17.5 (rbPI-2.1-210), and the surface hydrophobicity of protein isolates was greatly
affected by steam pressure and pressure holding time. This is consistent with the research
results of Zhang Yanpeng et al. [14]. The decrease in surface hydrophobicity indicated
that the structure and physicochemical properties of RBPI changed obviously during SFE.
The RBPI of HTDDRB can be subjected to various physical and chemical effects, such as
high-temperature cooking, mechanical shear force, and Maillard reaction caused by the
instant release of steam. Among them, mechanical shearing can depolymerize protein
aggregates, and some hydrophobic groups leak out. With the extension of pressure holding
time, high-temperature cooking is strengthened, and these proteins gather again due to
hydrophobic action, and the hydrophobic groups leaked out are hidden inside molecules,
reducing the hydrophobic surface property of proteins [15]. In addition, previous studies
have confirmed that the Maillard glycosylation reaction triggered by SFE can also signif-
icantly affect the surface hydrophobicity of RBPI [16]. Achouri et al. [17] modified 11S
globulin by glycation and found that the decrease in surface hydrophobicity was related
to the improvement of grafting degree. Meanwhile, glycation increased the hydroxyl
group on the protein molecule, thus increasing the hydrophilicity of the protein, and some
hydrophobic groups were shielded. Due to the Maillard reaction, the free amino group on
the amino acid side chain of the protein binds sugar molecules, which affects the binding of
protein and ANS, thus reducing the measured value of surface hydrophobicity. Gasymov
et al. [18] found that protein glycosylation reduced lysine and arg in protein, thus reducing
the binding site of ANS and protein. This is consistent with the results of this study.

2.2. Intrinsic Viscosity Analysis

The intrinsic viscosity [η] is a physical property of polymer solution. Polymer solution
concentration tends to zero specific viscosity, that is, polymer solution in infinite dilution of
a single polymer molecule and the internal friction between solvent molecules; because
the solution is very thin, polymer molecules are far away from each other, so the intrinsic
viscosity [η] value is not affected by the solution concentration. However, [η] values are
related to the molecular weight and molecular morphology of the polymer and increase
with the increase in molecular weight and molecular stretching degree of the polymer.

Figure 2 shows the change in Intrinsic viscosity of RBPI from HTDDRB after SFE.
As shown in Figure 2, the Intrinsic viscosity of RBPI prepared by HTDDRB after SFE
increased significantly (p < 0.05), from 28.6 to 68.7 mL/g by 140.2%, and showed a trend
of increasing with the increase in steam pressure and pressure holding time. The results
indicated that the stretch degree of RBPI prepared by SFE was significantly higher than
that of untreated RBPI, and the internal friction between protein and solvent molecules was
increased, which was greatly affected by steam pressure and pressure holding time. This is
mainly because of the process of SFE. The material is first subjected to heat treatment and
the mechanical shear brought by the rapid movement of high-pressure steam. The heat
treatment can make the protein partially denature and allow molecular aggregation to occur.
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At the same time, the mechanical shear brought by high-pressure steam can destroy the
aggregation state of proteins and cause molecular stretching. The force is greatly affected
by steam pressure. Therefore, the increase in steam pressure leads to an increase in Intrinsic
viscosity and molecular stretching. The extension of protein molecules exposed more free
amino groups, promoted the occurrence of the Maillard reaction, introduced more sugar
molecules, and changed the spatial structure of proteins. Therefore, the extension of the
pressure holding time is conducive to the occurrence of the Maillard reaction, which makes
protein molecules more extended. In the later stage of steam flash, the material is subjected
to shear action caused by the instantaneous release of high-pressure steam, which further
causes the depolymerization of protein molecules, and the molecules are more extended.
Thus, the Intrinsic viscosity is higher.
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Figure 2. Intrinsic viscosity of RBPI prepared from different SFE pretreatment conditions. 

2.3. Thermal Stability (DSC) Analysis 

Differential scanning calorimetry (DSC) is widely used to study the thermal stability 

of proteins. When heated, the hydrogen bonds inside proteins break, causing the protein 
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Figure 2. Intrinsic viscosity of RBPI prepared from different SFE pretreatment conditions.

2.3. Thermal Stability (DSC) Analysis

Differential scanning calorimetry (DSC) is widely used to study the thermal stability
of proteins. When heated, the hydrogen bonds inside proteins break, causing the protein
molecules to stretch, a process that requires energy absorption, known as denaturation heat.
Protein denaturation is manifested by molecular structure changing from folded state to
unfolded state, from an ordered state to a disordered state, and from a natural state to a
denatured state, and these processes are accompanied by energy changes. Thermal analysis
of proteins involves the destruction of higher structures by heat and the measurement of
energy changes in the process.

Figure 3 and Table 1, respectively, show the DSC curve and thermodynamic character-
istics of RBPI before and after SFE (steam pressure 2.1 MPa, holding time 210 s). It can be
seen that the denaturation peak of RBPI before and after steam flash detonation is upward,
indicating that the RBPI absorbs heat during the denaturation process. The denaturation
peak temperatures and enthalpy changes of original RBPI and RBPI-2.1-210 were 114.2 ◦C
and 106.7 ◦C, respectively, and the enthalpy changes of denaturation were 356.3 J/g and
231.4 J/g, respectively. The denaturation temperatures and enthalpy changes of the two
were significantly different, indicating that the structure and composition of the two were
significantly different.

Table 1. Thermal transition characteristics of rice bran protein isolate.

Protein Sample
Starting

Temperature
To/◦C

Peak
Temperature

Tp/◦C

End
Temperature

Te/◦C

Enthalpy
∆H (J/g)

RBPI 77.8 114.2 179.2 356.3
RBPI-2.1-210 80.7 106.7 142.6 231.4
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Non-covalent bonds such as hydrogen bonds and hydrophobic interactions play an
important role in the stability of protein molecular structure. They may be reversed bonds,
which play a major role in thermal denaturation temperature and enthalpy change. The
thermal denaturation temperature of plant proteins is closely related to their secondary
structure and is generally determined by non-covalent bonds [19]. In this study, the de-
naturation temperature of RBPI-2.1-210 decreased after SFE, indicating that the thermal
stability of the protein decreased, while the decrease in enthalpy change value indicated
that the molecular structure of the protein was locally expanded, the hydrophobic groups
were closer to the polar microenvironment, and some internal hydrogen bonds were likely
to break, and the protein molecules were closer to the disordered state. Although raw mate-
rials are subjected to high-temperature cooking in the process of the steam flash explosion,
the thermal denaturation is not obvious due to the very short time of action. Meanwhile,
proteins are also subjected to mechanical shear caused by the instantaneous release of
steam, which can damage non-covalent bonds in proteins, partially break hydrogen bonds,
and reduce surface hydrophobicity (previous studies have confirmed this). At the same
time, due to the introduction of sugar molecules into RBPI by the Maillard reaction, the
non-covalent bond of protein molecules was damaged, which resulted in a decrease in
thermal denaturation temperature. In addition, the thermal stability of proteins is also
closely related to disulfide bonds in protein molecules. More disulfide bonds in protein
molecules can promote a more stable conformation of proteins [20]. Kinsella et al. [21]
found that the more disulfide bonds there are, the higher the thermal stability of proteins
is. It can be inferred that steam flash treatment may damage the disulfide bond of RBPI to
some extent and reduce thermal stability.

2.4. Size Exclusion Chromatography (SEC) Analysis (Relative Molecular Mass Distribution)

Figure 4 shows the effect of SFE treatment conditions on the relative molecular weight
distribution and aggregation state of RBPI. The main peak locations of RBPI prepared
before and after steam flash treatments were 8.27 min, 15.24 min, 17.28 min, 22.8 min, and
23.5 min, and their corresponding relative molecular weights were 654.4 kDa, 350.1 kDa,
238 kDa, respectively. The peaks with 24.9 kDa, 9.8 kDa molecular weight, and an 8.27 min
retention time, correspond to the protein molecular aggregates (654.4 kDa). As can be seen
from Figure 4, the peak value of protein isolate (RBPI) from rice bran meal at 8.27 min is
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very small, and the peak value of RBPI increases significantly after steam flash treatment,
while the peak value of RBPI at other locations decreases. The results indicated that there
were few macromolecular weight aggregates in the RBPI, but the macromolecular weight
aggregates were formed in the RBPI after SFE.
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In order to further analyze the relative molecular mass distribution changes of rice
bran protein isolate, the chromatogram was fitted using Peakfit v4.12, and the peak integral
area of each part was calculated. According to the molecular weight distribution of rice bran
protein isolate, it was divided into FractionI (>550 kDa). For FractionII (550~80 kDa) and
Fraction III (<80 kDa), the effect of steam blitzing treatment on rice bran protein aggregates
can be reflected through the change in peak integral area of each elution region, as shown
in Table 2.

Table 2. Molecular weight distribution of RBPI prepared from different SFE pretreatment conditions (%).

Elution Peak Area RBPI RBPI-0.9-210 RBPI-2.1-90 RBPI-2.1-210

Fraction I (>550 kDa) 1.5 ± 0.08 6.7 ± 0.34 9.3 ± 0.16 13.8 ± 0.49
Fraction II (550~80 kDa) 58.1 ± 1.02 43.9 ± 0.51 44.5 ± 1.03 50.8 ± 0.83

Fraction III (<80 kDa) 40.4 ± 0.53 49.4 ± 0.24 46.2 ± 0.68 35.4 ± 0.15

It can be seen from Table 2 that the relative content of Fraction I of isolated protein
increased from 1.5 to 13.8% after SFE treatment, and the relative content of Fraction II
and Fraction III decreased significantly, indicating that steam flash burst can promote the
formation of soluble protein aggregates [22]. In addition, it can be seen from Table 2 that the
distribution of the relative molecular weight of rice bran protein is greatly affected by the
steam pressure and holding time, and Fraction II decreases from 58.1 to 43.9% at lower steam
pressure (0.9 MPa), accompanied by the increase in Fraction I and Fraction III., indicating
that some rice bran proteins depolymerize under mechanical shearing at lower pressure,
and molecular aggregation occurs under high-temperature cooking, and with the increase
in steam pressure, The relative content of small molecular weight Fraction III decreased
significantly (p < 0.05), from 49.4 to 35.4%, and with the increase in Fraction I and Fraction
III., the effect of holding time on relative molecular mass was basically the same as that of
vapor pressure, indicating that higher vapor pressure and longer holding time contributed to
the unfolding of proteins to form soluble protein aggregates [23]. Since the surface properties
of proteins are greatly affected by their molecular aggregation state, SFE treatment can affect
the surface properties of the RBPI and then affect its functional properties.

2.5. Mercaptol and Disulfide Bond Content

Disulfide bonds (SS) are important covalent chemical bonds that constitute the higher
structure of proteins, which play an extremely important role in stabilizing the higher
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structure of proteins and maintaining their active functions, and disulfide bonds (SS) and
sulfhydryl groups (-SH) can be converted to each other by redox [24]. Table 3 shows the
contents of free sulfhydryl (SHF) and disulfide bond (SS) of different RBPI, among which
the SHF and SS of the original high-temperature rice bran meal protein isolate (RBPI) were
4.38 µmol/g and 6.13 µmol/g, respectively, while the SHF of rice bran protein isolate was
5.54 µmol/g (RBPI-0.9-210), 5.63 µmol/g (RBPI-2.1-90) and 5.15 after SFE treatment under
different conditions µmol/g (RBPI-2.1-210), SS 8.88 µmol/g (RBPI-0.9-210), 9.32 µmol/g
(RBPI-2.1-90), and 7.46 µmol/g (RBPI-2.1-210), it can be seen that Steam Flash Explosion
can significantly increase the SS and SHF of RBPI of HTDDRB, and the steam pressure and
holding time have a great influence on it, and the SS and SHF are significantly increased
(p < 0.05) under the long-term or high-pressure short-term treatment conditions, while
the two are reduced to different degrees under the long-term treatment conditions of
high-pressure (2.1 MPa, 210 s).

Table 3. Free sulfhydryl and disulfide bond contents (SHF and SS) of RBPI prepared from different
SFE pretreatment conditions (µmol/g).

Project RBPI RBPI-0.9-210 RBPI-2.1-90 RBPI-2.1-210

SHF 4.38 ± 0.15 5.54 ± 0.08 5.63 ± 0.14 5.15 ± 0.09
SS 6.13 ± 0.16 8.88 ± 0.15 9.32 ± 0.09 7.46 ± 0.13

The SS of the protein isolate of the original RBPI was higher than that of Wu Wei
et al. [25] on the determination of fresh rice bran, which was mainly due to the oxidation
of some sulfhydryl groups to disulfide bonds during the thermal stabilization of rice
bran, which covalently crosslinked proteins to form thermal aggregates. In the process
of SFE treatment under low-pressure long-term or high-pressure short-term conditions,
the molecular structure of the protein can be destroyed due to the mechanical shearing
action of high-pressure steam, and the peptide chain is stretched so that the sulfhydryl
group buried inside the molecule is exposed, so that the SHF content increases. At the same
time, the high-temperature cooking effect during SFE treatment can induce the formation
of soluble aggregates containing disulfide bonds, which increases the SS content. When
the steam pressure is 2.1 MPa, the holding time is extended from 90 to 210 s, which will
greatly increase the heat treatment strength, and some studies have shown that [26] the heat
treatment strength is too high but will cause some disulfide bonds to break into sulfhydryl
groups, and at the same time, due to the Maillard reaction to form more non-disulfide bond
covalent aggregates, free sulfhydryl groups can be wrapped inside the aggregates, so the
SHF content is slightly reduced.

2.6. Secondary Structure—Circular Dichroism (CD) Analysis

Protein secondary structure refers to the local spatial arrangement (folded and coiled
form) of the main chain atoms in the polypeptide chain, that is, the conformation, excluding
the conformation of the side chain part, mainly including α-helix, β folding, β-angle and
irregular curl, and other structural forms. Circular dichroic spectroscopy is an effective
means for the study of protein secondary structure. The asymmetric α-carbon atom of
amino acids has optical activity, when the plane circularly polarized light passes, these
optically active centers have different absorption intensities for their left and right circularly
polarized light, resulting in an absorption difference, resulting in the amplitude difference
of the polarized light vector, and the plane circularly polarized light becomes elliptically
polarized light, which is the circular dichroism of proteins [27].

The far-ultraviolet circular dichroic spectrum (190~250 nm) mainly reflects the protein
backbone conformation, which is often used in the study of protein secondary structure.
According to the literature [28], the α-helical has a positive peak near 192 nm, two negative
characteristic shoulder peaks at 208 nm and 222 nm, a negative peak at 216~218 nm at
β-fold, a strong positive peak at 195 nm, and a positive peak near 205 nm at the β-turn. The
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irregular curl has a negative peak around 198 nm and a small, wide positive peak around
220 nm. Figure 5 shows the circular dichroic spectra of different rice bran protein isolates
(RBPI), from which it can be seen that the peak shape of the circular bichromatogram of rice
bran protein isolate obtained after Steam Flash Explosion treatment is basically unchanged,
the peak position changes slightly, and the peak intensity changes greatly. There is a strong
negative peak at 216~228 nm, which is the overlapping peak of α-helical and β-rotation
angle, and this peak is significantly weakened after Steam Flash Explosion. The original
high-temperature rice bran meal protein isolate had a negative peak at 197 nm, and the
peak position shifted to 200~202 nm after Steam Flash Explosion treatment, which was
closer to the irregular coiling peak position, and the intensity increased. At the same time,
it was found that a weak positive peak appeared at 195 nm after the SFE, indicating the
presence of β-folding.
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The relative content of the secondary structure of RBPI is shown in Table 4. It can
be seen from Table 4 that after SFE, the α-helix content of isolated protein decreased
significantly (p < 0.05), the content of random coil increased significantly (p < 0.05), and
the contents of β-fold and β-corner remained basically unchanged, indicating that the
secondary structure changed from ordered to disordered. This is consistent with the
findings of Damodarand et al. [29]. The α-helix structure plays an important role in
stabilizing the protein structure, so the stability of the protein isolate molecules obtained
after SFE is reduced, the molecules are fully stretched, and the flexibility is increased, which
contributes to the exertion of its functional properties. This is consistent with the findings
of surface hydrophobicity, thermal stability (DSC), and intrinsic viscosity and also explains
these changes in secondary structure.

Table 4. Secondary structure content of RBPI prepared from different SFE pretreatment conditions (%).

Sample α-Helix β-Corner Random Coil β-Fold

RBPI 29.1 ± 0.25 34.1 ± 0.24 36.8 ± 0.36 0
RBPI-0.9-210 23.3 ± 0.18 33.2 ± 0.35 42.3 ± 0.14 1.2 ± 0.11
RBPI-2.1-90 21.5 ± 0.21 33.6 ± 0.17 43.6 ± 0.38 1.3 ± 0.09
RBPI-2.1-210 19.8 ± 0.09 32.4 ± 0.44 47.0 ± 0.23 0.8 ± 0.03

2.7. Tertiary Structure—Endogenous Fluorescence Spectroscopy

Based on the study of the thermal stability, surface hydrophobicity, and intrinsic
viscosity of rice bran protein isolate, endogenous fluorescence spectroscopy was used to
analyze the differences in the tertiary structure of RBPI prepared before and after SFE
treatment. Taking 290 nm as the excitation wavelength, the endogenous fluorescence
spectrum with tryptophan (Try) as the main emitting group can be obtained, and its peak
migration can reflect the change in the polarity of the tryptophan microenvironment and
then reflect the spatial conformation change in the protein (mainly characterizing the
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tertiary structure). The peak redshift indicates an increase in the microenvironmental
polarity of the fluoroemitting group (Try) and greater exposure to solvents, while the
blue shift indicates an increase in the microambient hydrophobicity of the emitting group
(Try), while the decrease in fluorescence peak intensity is associated with fluorescence
quenching [30]. Shutova et al. [31] found that the maximum emission peak of tryptophan
residues, when exposed to the protein surface, was between 350~353 nm, and the maximum
emission peak of tryptophan encapsulated in the protein was between 326~332 nm.

Figure 6 is the endogenous fluorescence spectrum of the RBPI obtained by different SFE
treatments of HTDDRB, from which it can be seen that the maximum emission wavelength
of the RBPI prepared from the original HTDDRB is 336 nm, and the peak position is
high, indicating that the tryptophan residue of the isolated protein prepared from the
original RBPI is relatively close to the hydrophilic microenvironment, and after the SFE,
the maximum emission wavelength of the isolated protein undergoes different degrees
of redshift, from 336 to 343, 345, 346 nm. It shows that tryptophan (Try) residues are
gradually exposed on the surface of protein molecules and are in a more hydrophilic
microenvironment [32], and the degree of migration is affected by the steam pressure and
holding time. This is mainly caused by mechanical shearing and glycosylation during Steam
Flash Explosion, which can depolymerize protein aggregates, stretch molecules, gradually
expose embedded tryptophan, and covalent binding of proteins and carbohydrates can also
enhance the polarity of the microenvironment [33]. At the same time, it can also be found
from Figure 6 that the fluorescence intensity of RBPI is significantly reduced after a steam
flash burst (p < 0.05), and it is greatly affected by steam pressure and holding time. This is
mainly due to the fact that glycosylated proteins covalently bind carbohydrates, which can
mask the generation of fluorescence and reduce the endogenous fluorescence of tryptophan,
which is consistent with the results of Corzo-Martinez et al. [34]. In addition, some proteins
can be reaggregated under high-temperature action, tryptophan side chains are shielded,
and high-temperature action may also oxidize tryptophan, thereby reducing fluorescence
intensity. In addition, the increase in vapor pressure and the extension of the holding time
can make the protein molecules more stretched, and the protein molecules covalently bind
more carbohydrates, so the maximum emission wavelength of tryptophan is larger, and
the fluorescence intensity is lower. Wu et al. [35] found that the fluorescence intensity of
soybean protein decreased after modification with 13-hydroperoxyoctadecadienoic acid,
which was thought to be caused by changes in the aggregation state and tertiary structure
of proteins.
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Figure 6. Intrinsic fluorescence spectra of RBPI prepared from different SFE pretreatment conditions.

The above results show that after SFE treatment, the isolated protein molecules are
more stretched, the polarity of the tryptophan microenvironment increases, the protein
molecules are covalently bound to the sugar chain, and the tertiary structure is changed,
which is consistent with the increase in surface hydrophobicity of the isolated proteins.
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2.8. Protein Particle Size Analysis

Dynamic laser scattering (DLS) was used to measure the diffusion of RBPI particles
in solution as Brownian motion particles, which were converted into cumulant average
particle sizes according to the Stokes-Einstein equation, as shown in Figure 7.
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Figure 7. Average size of RBPI prepared from different SFE pretreatment conditions.

It can be seen from Figure 7 that the average particle size of RBPI from high-temperature
rice bran meal was significantly affected by the Steam Flash Explosion treatment conditions
and increased significantly with the increase in steam pressure and the extension of holding
time (p < 0.05). The average particle size of the protein isolates was 102.8 nm (RBPI), and the
average particle size of the protein isolates increased to 143.6 nm (RBPI-0.9-210), 151.5 nm
(RBPI-2.1-90) and 168.7 nm (RBPI-2.1-210), with a maximum increase of 65.9%. This is
consistent with the results shown by size exclusion chromatography, which once again
proves that after SFE treatment, soluble macromolecular aggregates appear in the isolated
proteins of high-temperature rice bran meal, resulting in increased protein solubility. Due
to the change in the conformation of rice bran protein molecules by SFE, the existence form
of spherical particles of protein molecules in an aqueous solution is destroyed, and at the
same time, due to the Maillard reaction, the cross-linking between molecules is increased,
resulting in an increase in the hydration radius of protein particles, so the average particle size
of rice bran protein determined by dynamic laser scattering increases. Sun Tianying et al. [36]
found that the isolated proteins of sunflowers underwent covalent crosslinking after heat
treatment, forming macromolecular aggregates, and the protein particle size increased.

2.9. Zeta Potential Analysis

There exists an abstract boundary within the dispersion layer of the double electric
layer of protein particles. When the particles move, the ions inside the boundary move
with the particles, but the ions outside the boundary do not move with the particles. This
boundary is called the hydrodynamic shear layer or slip surface. The potential that exists
at this boundary is called the Zeta potential. Therefore, the Zeta potential of protein can be
used to reflect the surface charge of protein molecules. The Zeta potential (ζ-potential) of
protein at pH 7.0 was determined by a Zeta potential measuring system, the Nano ZS90
nano-particle potential analyzer, and the results are shown in Figure 8.

As can be seen from Figure 8, the Zeta potential of HTDDRB RBPI can be significantly
increased by SFE, which is greatly affected by steam pressure and retention time. When
the steam pressure was 2.1 MPa and the pressure holding time was 90 s, the Zeta potential
of rice bran protein isolate increased by 19.4% to −24.6 mV (the Zeta of the original RBPI
was −19.6 mV). When the pressure holding time was extended to 210 s under this pressure,
However, the Zeta potential of RBPI decreased. This indicated that SFE could change
the molecular structure of HTDDRB RBPI and increase the net charge on the molecular
surface [37]. By studying the changes of endogenous fluorescence spectra of RBPI, it is
concluded that the tertiary structure of RBPI is changed after sSFE, the protein molecules

108



Molecules 2023, 28, 643

are more extended, and the charged polar amino acids such as tryptophan move to the
surface of protein molecules, which increases the surface charge of proteins.

Molecules 2023, 28, x FOR PEER REVIEW 12 of 18 
 

 

Figure 7. Average size of RBPI prepared from different SFE pretreatment conditions. 

2.9. Zeta Potential Analysis 

There exists an abstract boundary within the dispersion layer of the double electric 

layer of protein particles. When the particles move, the ions inside the boundary move 

with the particles, but the ions outside the boundary do not move with the particles. This 

boundary is called the hydrodynamic shear layer or slip surface. The potential that exists 

at this boundary is called the Zeta potential. Therefore, the Zeta potential of protein can 

be used to reflect the surface charge of protein molecules. The Zeta potential (ζ-potential) 

of protein at pH 7.0 was determined by a Zeta potential measuring system, the Nano ZS90 

nano-particle potential analyzer, and the results are shown in Figure 8.  

As can be seen from Figure 8, the Zeta potential of HTDDRB RBPI can be significantly 

increased by SFE, which is greatly affected by steam pressure and retention time. When 

the steam pressure was 2.1 MPa and the pressure holding time was 90 s, the Zeta potential 

of rice bran protein isolate increased by 19.4% to −24.6 mV (the Zeta of the original RBPI 

was −19.6 mV). When the pressure holding time was extended to 210 s under this pressure, 

However, the Zeta potential of RBPI decreased. This indicated that SFE could change the 

molecular structure of HTDDRB RBPI and increase the net charge on the molecular sur-

face [37]. By studying the changes of endogenous fluorescence spectra of RBPI, it is con-

cluded that the tertiary structure of RBPI is changed after sSFE, the protein molecules are 

more extended, and the charged polar amino acids such as tryptophan move to the surface 

of protein molecules, which increases the surface charge of proteins.  

RBPI RBPI-0.9-210 RBPI-2.1-90 RBPI-2.1-210

0

-5

-10

-15

-20

-25

Z
et

a 
p
o
te

n
ti

al
(m

V
)

RBPI
 

Figure 8. Zeta potential (ζ) of RBPI prepared from different SFE pretreatment conditions. 

2.10. Mechanism of SFE Treatment on RBPI from HTDDRB 

Because rice bran protein contains more disulfide bonds, the molecular aggregation 

is strong, and the heat stabilization of rice bran results in excessive denaturation of pro-

teins in HTDDRB, and the cross-linking effect of proteins is enhanced, and the solubility 

of proteins is reduced, which leads to difficult extraction. The protein in HTDDRB can be 

subjected to various physical effects, such as high-temperature cooking, rapid movement 

of high-pressure steam, and instantaneous release of mechanical shear force. These effects 

can destroy the molecular structure of rice bran protein, reduce the α-helix content, and 

increase the random curling content. The secondary structure of protein changes from 

order to disorder, and the molecule is more extended. At the same time, mechanical shear-

ing can depolymerize the disulfide bond covalent aggregates of protein in high-tempera-

ture rice bran meal, and stretch the peptide chains, so that the sulfols buried in the mole-

cules are exposed. Surface hydrophobic groups, tryptophan residues, and other charged 

groups move to the molecular surface, and the net surface charge increases. In addition, 

due to high-temperature cooking and surface hydrophobic action, the oxidation of ex-

posed sulfhydryl groups can occur so that protein molecules reaggregate, the formation 

of large molecules containing disulphide bond soluble aggregates, the leakage of hydro-

phobic groups are hidden inside the molecule so that the protein surface hydrophobicity 

Figure 8. Zeta potential (ζ) of RBPI prepared from different SFE pretreatment conditions.

2.10. Mechanism of SFE Treatment on RBPI from HTDDRB

Because rice bran protein contains more disulfide bonds, the molecular aggregation is
strong, and the heat stabilization of rice bran results in excessive denaturation of proteins
in HTDDRB, and the cross-linking effect of proteins is enhanced, and the solubility of
proteins is reduced, which leads to difficult extraction. The protein in HTDDRB can be
subjected to various physical effects, such as high-temperature cooking, rapid movement
of high-pressure steam, and instantaneous release of mechanical shear force. These effects
can destroy the molecular structure of rice bran protein, reduce the α-helix content, and
increase the random curling content. The secondary structure of protein changes from order
to disorder, and the molecule is more extended. At the same time, mechanical shearing
can depolymerize the disulfide bond covalent aggregates of protein in high-temperature
rice bran meal, and stretch the peptide chains, so that the sulfols buried in the molecules
are exposed. Surface hydrophobic groups, tryptophan residues, and other charged groups
move to the molecular surface, and the net surface charge increases. In addition, due
to high-temperature cooking and surface hydrophobic action, the oxidation of exposed
sulfhydryl groups can occur so that protein molecules reaggregate, the formation of large
molecules containing disulphide bond soluble aggregates, the leakage of hydrophobic
groups are hidden inside the molecule so that the protein surface hydrophobicity reduced,
solubility increased; At the same time, due to the extension of protein molecules, more free
amino groups are exposed, which increases the probability of collision with sugar molecules,
promotes the occurrence of Maillard reaction, makes protein molecules introduce more
sugar chains, increases hydrophilicity, and further improves the solubility of proteins.

3. Materials and Methods
3.1. Materials

HTDDRB (130 ◦C, 30 min after moist heat stabilization treatment, the powder is
degreased) was purchased from Heilongjiang Beidahuang Rice Industry Group Co., Ltd.
(Harbin, China); 5,5′-disulfide (2-nitrobenzoic acid) (DNTB), guanidine hydrochloride,
sodium dodecyl sulfate (SDS), β-mercaptoethanol (Shanghai Boao Biotechnology Co., Ltd.,
Shanghai, China), the above are biotechnology grade.8-aniline-1-naphthalene sulfonic acid
(ANS) (Amresco Co., Ltd., Solon, OH, USA); Sodium dihydrogen phosphate, disodium
hydrogen phosphate, urea, ethylenediamine tetraacetic acid (EDTA) (Tianjin Bodi Chemical
Co., Ltd., Tianjin, China), all the above reagents are analytically pure. High relative
molecular weight standard proteins: thyroglobulin (669 kDa), ferritin (440 kDa), aldolase
(158 kDa), albumin (75 kDa), ooalbumin (44 kDa), ribonuclease (13.7 kDa), (GE-Healthcare
UK Limited).
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3.2. HTDDRB Steam Flash-Explosion (SFE) Treatment

The HTDDRB was crushed to 50 mesh particle size (VB-200, Beilite Vibration Machin-
ery Co., Ltd., Xinxiang, China) by a dispersing machine (T25 basic, IKA Company, Staufen,
Germany) and then divided and used. Take 400 g of crushed rice bran meal powder,
according to the moisture content of 57%, and add a certain amount of distilled water to
stir evenly into the SFE treatment chamber (QBS-8, Zhengdao Bioenergy Co., Ltd., Hebi,
China), through a certain pressure of saturated steam and maintain pressure in a certain
period of time, and then in a very short time (ms) steam flash treatment, collect steam flash
samples and stored at −20 ◦C.

3.3. Preparation of Rice Bran Protein Isolate (RBPI)

A certain amount of HTDDRB was weighed and added with deionized water accord-
ing to the solid-liquid ratio of 1:20 (g:mL), and the pH was adjusted to 9.0 by acidity meter
(PB-10, Sartorius Co., Ltd., Goettingen, Germany). The meal was put into a 45 ◦C water
bath (HWS-26, Shanghai Yiheng Scientific Instrument Co., Ltd., Shanghai, China) and
extracted for 2 h under the action of mechanical agitation. The supernatant was obtained
by centrifuging with a high-speed refrigerated centrifuge (TGL-20M, Hunan Xiangyi Cen-
trifuge Instrument Co., Ltd., Changsha, China) at 4000 r/min for 15 min. The supernatant
was discarded, washed, and precipitated in deionized water 3 times and centrifuged in the
same way. Finally, the solution was precipitated in deionized water, the pH was adjusted
to 7.0, and RBPI was obtained after freeze-drying (PDU-1100, Riken (EYELA) Devices,
Tokyo, Japan). The RBPI prepared from HTDDRB treated under different SFE conditions
were expressed as RBPI-0.9-150, RBPI-0.9-210, RBPI-1.5-90, RBPI-1.5-150, RBPI-2.1-90, and
RBPI-2.1-210, respectively (0.9, 1.5 and 2.1 represented the pressure of saturated steam, MPa.
Steam pressure; 90, 150, 210 represented pressure holding time, s), and the protein isolate
prepared from untreated HTDDRB is expressed as RBPI. Mico-Kjeldahl method [38] was
used to determine the protein content in rice bran protein isolate and the protein content in
rice bran meal. The protein purity was calculated according to Formula (1). Table 5 shows
the purity of RBPI under different SFE treatment conditions.

purity of RBPI (%) =
Protein content in RBPI

RBPI content
× 100 (1)

Table 5. Purity of RBPI under different SFE conditions (%).

SFE Treatment Conditions Purity of RBPI (%)

RBPI 83.6 ± 0.86
RBPI-0.9-150 79.9 ± 0.56
RBPI-0.9-210 78.1 ± 0.64
RBPI-1.5-90 77.4 ± 0.72

RBPI-1.5-150 76.6 ± 0.66
RBPI-2.1-90 75.8 ± 0.44

RBPI-2.1-210 75.0 ± 0.78

3.4. Determination of Surface Hydrophobicity (H0)

The surface hydrophobicity (H0) was determined by ANS (8-aniline-1-naphthalene
sulfonic acid, molecular weight: 299.34) fluorescence probe [39]. The protein samples
were dissolved in 10 mmol/L phosphate buffer (pH 7.0) at a protein concentration of
1.5% (w/v) (centrifugation 4000 r/min). Volumes of 10, 20, 30, 40, and 50 µL 1.5% protein
solution were added to a plastic centrifuge tube containing 4 mL phosphate buffer solution,
and 20 µL 8 mmol/L ANS storage solution was added before the test. The solution was
shaken evenly and placed away from light for 8–15 min. The fluorescence intensity (FI) of
the samples was detected by a fluorescence spectrophotometer (RF-5301PC, SHIMADZU
Company, Shanghai, China). The excitation and emission wavelengths are 390 nm and
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470 nm, respectively, and the slit widths are both 5 nm. The fluorescence intensity of
the sample minus the reagent blank (phosphoric acid buffer) is the relative fluorescence
intensity of the protein. The relative fluorescence intensity was used to plot the protein
concentration, and the slope of the initial segment was used as the surface hydrophobicity
index (H0) of the protein.

3.5. Determination of Intrinsic Viscosity

The dilute solution viscosity measurement method was used. Each rice bran protein
isolate was prepared into a dilute solution (0~0.008 g/mL) with deionized water as the
control. A volume of 10 mL of dilute protein solution and deionized water of each concen-
tration was placed in an Austenitic viscometer (type 1831, Shanghai Chemical Experimental
Equipment Co., Ltd., Shanghai, China), and the outflow time t0 of deionized water and
the outflow time t of each dilute solution were measured in a 25 ◦C constant temperature
water bath (HWS-26, Shanghai Yiheng Scientific Instrument Co., Ltd., Shanghai, China).
The relative viscosity ηr and increased viscosity ηsp of each dilute solution were calculated
according to Formulas (2) and (3). Time measurement accuracy is controlled within±0.01 s,
each sample is measured in parallel 4 times, and the error shall not exceed 0.1 s.

The concentration of dilute protein solution c is taken as the abscissa, and the lnηr/c
and ηsp/c are taken as the ordinate to create two straight lines, which are extrapolated to
c→0, and the intercept is the intrinsic viscosity [η].

ηr =
t
t0

(2)

ηsp = ηr − 1 (3)

3.6. Differential Scanning Calorimetry (DSC) Analysis

The denaturation temperature of RBPI before and after SFE was measured by a
differential scanning calorimeter (DSC-200F3, NETZSCH Instrument Company, Weimar,
Germany). The temperature scanning range was 25~250 ◦C, and the heating rate was
5 ◦C/min [40].

3.7. Size Exclusion Chromatography (SEC)

The protein solution concentration was 5 mg/mL, 0.22 µm cellulose filter membrane
filtration, and the loading volume was 10 uL. Agilent 1260 HPLC system and ZORBAX GF-
250/50 gel column (9.4 mm × 250 mm, particle size 4 µm/6 µm) were used for the analysis
(Agilent Technologies, Santa Clara, CA, USA;). The eluent was 0.05 mol/L phosphoric
acid buffer solution (pH 7.0, 50 mmol/L NaCl), the flow rate was 1.0 mL/min, the column
temperature was 25 ◦C, and the wavelength of the UV detector was 280 nm.GE high molecular
weight standard protein was used to make a relative molecular weight standard curve.

3.8. Determination of Sulfhydryl and Disulfide Bonding Content

Refer to the methods of Zhang [41] and Mary et al. [42]. A mass of 100 mg rice bran
protein isolate was accurately weighed and dissolved in 20 mL 0.1 mol/L pH 8.0 phosphate
buffer (containing 1 mmol EDTA and 1% SDS), stirred at room temperature for 2 h, centrifuged
at 10,000 r/min for 20 min (TGL-20M, Hunan Xiangyi Centrifuge Instrument Co., Ltd., Hunan,
China), and the supernatant was used as the protein solution to be tested for use.

3.8.1. Free Sulfhydryl (SHF) Determination

Take 3 mL of the protein solution to be tested and add the same volume of 0.1 mol/L
pH 8.0 phosphate buffer (containing 1 mmol EDTA and 1% SDS) and 0.1 mL DNTB solution
(39.6 mg DNTB dissolved in 10 mL 0.1 mol/L pH 8.0 phosphate buffer, the same below). The
supernatant was mixed in a water bath at 25 ◦C for 1 h and centrifugation at 10,000 r/min
for 20 min. The absorbance (AF) of the supernatant was measured at 412 nm with an
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Ultraviolet-visible Spectrophotometer (T6, Beijing Puchan Universal Instrument Co., Ltd.,
Beijing, China). The content of free sulfhydryl (SHF) was calculated according to Formula (4).

3.8.2. Total Sulfhydryl Determination (SHT)

Take 1 mL protein solution to be tested, add 0.05 mL β-mercaptoethanol and 4 mL urea-
guanidine hydrochloride solution (0.1 mol/L pH 8.0 phosphate buffer, including 8 mol/L
urea and 5 mol/L guanidine hydrochloride), and then add 10 mL 12% TCA solution in
25 ◦C water bath for 1 h. After a water bath at 25 ◦C for 1 h, centrifuge at 5000 r/min
for 10 min (TGL-20M, Hunan Xiangyi Centrifuge Instrument Co., Ltd., Changsha, China),
discard the clear liquid, wash precipitate with 12% TCA to remove β-mercaptoethanol,
and repeat twice. A volume of 10 mL of 0.1 mol/L pH 8.0 phosphate buffer (containing
1 mmol EDTA and 1% SDS) and 0.08 mL DNTB solution were added to the precipitation.
After the solution was fully dissolved, the water bath at 25 ◦C for 1 h was centrifuged at
10,000 r/min for 20 min. The absorbance (AT) of the supernatant was measured at 412 nm
with an Ultraviolet-visible Spectrophotometer (T6, Beijing Puchan Universal Instrument
Co., Ltd., Beijing, China). The reaction solution without DNTB was used as the control.
The total sulfhydryl (SHT) content and disulfide (SS) content were calculated according to
Formula (5) and (6), respectively.

SHF(µmol/g) = 73.53× AF ×
D
C

(4)

SHT(µmol/g) = 73.53× AT ×
D
C

(5)

SS(µmol/g) =
SHT − SHF

2
(6)

Formula: C—protein concentration, mg/mL; D—dilution factor.

3.9. Circular Dichroic (CD) Spectrum

According to the method of Shahabadi et al. [43], a certain amount of RBPI was accu-
rately measured by freeze-dried samples and dissolved in 10 mmol/L pH 7.0 phosphate
buffer to prepare 0.2 mg/mL protein solution. The solution was measured on a circular
dichroic spectrometer (J-810, Japan Spectroscopic JASCO Corporation, Tokyo, Japan). De-
termination conditions: The optical diameter was 2 mm, the temperature was 25 ◦C, the
sensitivity was 20 mdeg/cm, the scanning speed was 100 nm/min, the width was 1 nm, the
scanning range was 190~255 nm, the response time was 0.5 s, the scanning was repeated
5 times to take the mean value, the pH 7.0 phosphate buffer was used as blank. The Spectra
Manager driver software workstation of the machine provides the secondary structure of
the protein.

3.10. Determination of Endogenous Fluorescence of RBPI

RBPI, RBPI-0.9-210, RBPI-2.1-90, and RBPI-2.1-210 were used as research objects to
determine the endogenous fluorescence spectra of tryptophan by a fluorescence spec-
trophotometer (RF-5301PC, SHIMADZH Company of Japan, Kyoto, Japan). Each protein
isolate was dissolved in a phosphate buffer solution (pH 7.0, 0.01 mol/L) and prepared
into 0.15 mg/mL solution. The excitation wavelength is 295 nm, the scanning range of the
emission spectrum is 300~400 nm, the slit width of excitation and emission is 5 nm, and the
scanning speed is 10 nm/s.

3.11. Dynamic Laser Light Scattering (DLS) Determines Protein Particle Size

A certain amount of RBPI was accurately measured from freeze-dried samples, dis-
solved in 10 mmol/L pH 7.0 phosphate buffer, and filtered by 0.22 µm cellulose filter
membrane to prepare 1 mg/mL protein solution. The diffusion of Brownian motion of
protein particles was measured by the DLS component of a Malvern Nano ZS90 nanopar-
ticle potential analyzer, which was converted into cumulative Z-average Size according
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to the Stokes-Einstein equation using DTS software [44]. The distribution characteristics
of dynamic light scattering data at a 90◦ scattering Angle were analyzed by the cumulant
analysis method.

3.12. Determination of Zeta Potential

Prepare 1 mg/mL protein solution with the same method as 3.11. The Zeta potential
(Zeta—potential) of protein was determined by the Zeta potential measuring system of a
Malvern Nano ZS90 nano size potential analyzer (Malvern Ltd., Royal Leamington Spa,
UK). Electrophoretic mobility (UE) was measured using a combination of electrophoresis
and laser Doppler velocimetry (laser Doppler electrophoresis), and Zeta potential was
calculated based on the Henry equation.

3.13. Statistical Analysis

All experimental data were averaged over three replicates, and SPSS 24.0 data analysis
software was used for one-way ANOVA and significance analysis, and experimental data
processing and plotting were performed by Excel 2010 and OriginPro 9.0 software.

4. Conclusions

HTDDRB was treated by SFE, the surface hydrophobicity and thermal stability of the
isolated proteins decreased significantly, the characteristic viscosity increased significantly,
the α-helix content decreased, but the random curling content increased, and the secondary
structure of the proteins tended to be disordered. The analysis of relative molecular mass
distribution, endogenous fluorescence spectrum, free sulfhydryl and disulfide bonds, parti-
cle size, and the Zeta potential of binding proteins showed that after steam flash treatment,
the disulfide bond covalent aggregates of rice bran protein isolates were depolymerized,
the molecules extended, the sulfhydryl groups buried in the molecules were exposed, and
the hydrophobic surface groups and tryptophan residues moved to the molecular surface.
The net surface charge increases; At the same time, due to high-temperature cooking and
surface hydrophobic action, some proteins aggregate, forming soluble macromolecular
aggregates, hydrophobic groups leaked inside the molecules, and surface hydrophobicity
decreased while protein solubility increased.
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Abstract: Plant protein-based adhesives could fundamentally solve the problem of formaldehyde-
based adhesive releasing formaldehyde, but enhancing bonding strength and water resistance is a
necessary measure to realize practical applications. In this study, the effects of different denaturants
on the properties of a hot-pressed peanut meal (HPM)-based adhesive before and after crosslinking
were studied. Papain, sodium dodecyl sulfate (SDS), urea and crosslinker-polyamide epichlorohydrin
(PAE) were used to prepare HPM-based adhesives. The functional groups, bonding strength, thermal
behaviors, mass loss, moisture uptake value, viscosity and fracture surface of adhesive samples were
analyzed. As a result, (1) papain was used to break HPM protein (HPMP) into polypeptide chains
and to reduce the water resistance. (2) SDS and urea unfold the HPMP molecule and expose internal
hydrophobic groups to improve the water resistance of the adhesive. (3) A denser network structure
was formed by PAE and HPMP molecules, which significantly improved the bonding strength and
water resistance of adhesives. In particular, after SDS denaturation and PAE crosslinking, compared
with pure HPM adhesive, the wet shear strength increased by 96.4%, the mass loss and moisture
uptake value reduced by 41.4% and 69.4%, and viscosity increased by 30.4%. This work provided an
essential guide to design and prepare HPM-based adhesives.

Keywords: hot-pressed peanut meal; denaturation; network structure; crosslinking; water resistance

1. Introduction

Formaldehyde-based adhesives are widely used in the manufacturing of plywood,
particleboard and fiberboard, and they are derived from non-renewable fossil sources [1].
In addition, formaldehyde-based adhesive release formaldehyde and free phenol in the
process of preparation, transportation and application, which can harm the human body [2].
Therefore, plant proteins [3], lignin [4], starch [5] and other sustainable bio-based raw
materials have been used as alternatives to develop new wood adhesives and have a high
potential for use in industry. Most studies have focused on the use of different chemical
methods to enhance the mechanical performance and water resistance of soybean meal
adhesives in recent years [6]. However, soybean meal is mainly used for feed and is
affected to the soybean market. Therefore, it is important to make full use of existing
protein resources that are considered waste to alleviate protein shortages and to promote
sustainable development.

Hot-pressed peanut meal (HPM) is a by-product of pressing peanut oil at high temper-
ature from peanut kernels. [7]. It cannot be used in feed or food processing industry due
to the content of aflatoxin exceeding the standard, and thus can only be used as waste [8].
HPM contains more than 45% protein, 87% of which is globulin, which is mainly composed
of arachin (glycinin) and conarachin (vicilin) [9]. According to previous reports, HPM
protein (HPMP) and soybean protein are similar in their amino acid composition and
protein structure; they can both react with compounds to produce adhesives [10].
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However, HPM adhesive cannot be used in wet environments due to molecular physi-
cal entanglement and hydrogen bonding [11]. In order to realize the practical application
of HPM adhesives, the structure and properties of natural proteins must be modified to
improve their reactivity [12]. Common strategies used in previous reports include denatu-
ration [13], crosslinking [14], and nano-material modification [15]. However, there have
been no reports on the effects of different denaturation methods on the properties of HPM
adhesive. Therefore, this study can help to develop a more efficient preparation method for
HPM-based adhesives.

In this study, different denaturants (papain, SDS, urea) were used to improve the
properties of HPM-based adhesives. After the papain treatment, more hydrophilic groups
were exposed because HPMP was broken into peptides, which increased the reaction sites
and facilitated the cross-linking reaction between HPM and the cross-linking agent [16]. SDS
could be inserted into HPMP molecules to break hydrogen bonds and expose hydrophobic
groups [17]. The intramolecular hydrogen bonds were destroyed by urea, promoting the
unfolding of HPMP molecules [18]. Based on this consideration, three different HPM-based
adhesives were prepared through a reaction with PAE. Furthermore, the effects of different
denaturation methods on the functional groups, bonding strength, thermal behaviors,
mass loss (ML), moisture uptake value (MUV), viscosity and fracture surface of different
HPM-based adhesives were studied by means of FTIR, DTG, bonding strength evaluation
and viscosity analysis. These results provide a theoretical basis for the further development
of HPM-based adhesives.

2. Materials and Methods
2.1. Materials

HPM (200 mesh, 48.2% protein, 25.8% carbohydrates, 6.39% moisture content, 6.96%
ash, 6.87% fiber and 5.14% fat) was obtained from Shandong LuHua grain, oil and Food
Co., Ltd. (Shandong, China). SDS, urea and papain were obtained from Shanghai Macklin
Biochemical Co., Ltd. (Shanghai, China). Polyamide epichlorohydrin resin (PAE, 25 wt%)
was obtained from Zhejiang ChuanHua Huayang Chemical Co., Ltd. (Zhejiang, China).
Poplar veneer (25 cm × 25 cm × 0.17 cm, 9.4% moisture content) was obtained from Wenan,
Hebei province, China.

2.2. Preparation of HPM-Based Adhesive

HPM powder (20 g) and deionized water (55 g) were stirred at 25 ◦C for 20 min to
prepare pure HPM adhesive. Then, 0.8 g of the denaturant agent (papain, SDS and urea)
was added into pure HPM adhesive and continuously stirred for 20 min, and the mixtures
were marked as HPM-papain, HPM-SDS and HPM-urea adhesive, respectively. Then,
PAE (16g) was mixed with different adhesives, and stirred for 10 min at 25 ◦C, and the
mixtures were marked as HPM-papain-PAE, HPM-SDS-PAE and HPM-urea-PAE adhesives,
respectively. The formulations are shown in Table 1.

Table 1. Formulations used for adhesive samples.

Adhesive Sample HPM (g) Distilled Water (g) Denaturant (g) PAE (g)

Pure HPM 20 55 0 0
HPM-Papain 20 55 0.8 0

HPM-SDS 20 55 0.8 0
HPM-Urea 20 55 0.8 0
HPM-PAE 20 55 0 16

HPM-Papain-PAE 20 55 0.8 16
HPM-SDS-PAE 20 55 0.8 16
HPM-Urea-PAE 20 55 0.8 16
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2.3. Fourier Transform Infrared (FTIR) Spectroscopy

The samples of adhesive were freeze-dried for 72 h and ground to 200 mesh. Before
the test, the sample powder was mixed with KBr at 1:100 and pressed into thin slices. The
FTIR spectra were obtained at a wave number from 400 to 4000 cm−1 during 64 scans, with
2 cm−1 resolution.

2.4. Three-Ply Plywood Preparation and Bonding Strength Test

Three layers of plywood were prepared with different adhesive, and the amount
of adhesive applied on each layer was 220 g/m2. The veneer coated with adhesive was
placed in the middle as the core layer, and the grain was perpendicular to the upper and
lower sides of the veneer. It was stored at room temperature for 5 min after assembly. Hot
pressing was performed at 120 ◦C, 1.2 MPa and 100 s/mm. The prepared plywood was
tested after being left at room temperature for 24 h. A total of 30 specimens (adhesive joint
area of 25 mm × 25 mm) were cut from five different plywood samples to determine the
dry shear strength (DS) and wet shear strength (WS) according to GB/T 9846-2015 [19]. The
DS was tested using a universal testing machine with a crosshead speed of 5 mm/min. For
WS, the specimen was immersed in water at 63 ◦C for 3 h and cooled to room temperature
for 10 min, then the WS was measured.

2.5. Thermogravimetry (TGA)

Freeze-dried samples (8 mg dry weight) were weighed in an aluminum crucible. The
temperature was increased from 30 ◦C to 500 ◦C under a nitrogen flow of 10 mL/min, the
heating rate was 20 ◦C/min [20].

2.6. Mass Loss (ML) and Moisture Uptake Value (MUV) Test

ML and MUV measurement were performed according to the scheme of Qu et al. [21].
The adhesive samples were oven-dried at 110 ◦C to a constant weight (Ma). The cured
adhesive samples were immersed in water at room temperature. After 48 h, the adhesive
samples were taken out and dried to a constant weight (Mb). The formulas were as
listed below:

ML (%) = [(Mb − Ma)/Mb] × 100% (1)

To determine the dry mass, the adhesive samples (8 g) were desiccated to a constant
weight at 105 ◦C. Next, we placed the adhesive samples in a constant-temperature and
-humidity incubator at 50 ◦C and 85% humidity (saturated KCl solution). We recorded the
mass of the adhesive sample every 2 h and continued to measure until the sample reached
a constant weight. M1 and M2 were the mass of the samples after MUV and after drying,
respectively. The equation was rendered thus:

Moisture uptake (%) = [(M1 − M2)/M2] × 100% (2)

2.7. Viscosity Test

The viscosity of adhesive samples was measured at room temperature using a vis-
cometer (DV-III, Ultra, Middleboro, MA, USA), and each sample was measured three times.

2.8. Scanning Electron Microscopy (SEM)

The cured adhesive sample was adhered to the metal table, then the sample was
sprayed with gold using JFC-1100E ion sputter (JEOL, Tokyo, Japan). The micromorphology
of the adhesive fracture surface was observed using a field-emission scanning electron
microscope (Hitachi SU8010).

3. Results and Discussion
3.1. FTIR Analysis

The structural changes of different adhesive samples were studied by FTIR (Figure 1).
The characteristic absorption peaks of HPM were observed at 1654, 1542 and 1342 cm−1,
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which belong to amide C=O stretching (amide I), N-H bending (amide II), C–N stretching
and N–H vibrations (amide III), respectively [9]. No new characteristic peaks appeared
in the infrared spectrum after adding papain (HPM-Papain adhesive), SDS (HPM-SDS
adhesive) and urea (HPM-urea adhesive), demonstrating that the primary structure of the
protein molecule had not been changed [22]. Incorporating SDS into the adhesive led to a
blue shift of the amide I, amide II, and amide III peaks from 1654, 1542, and 1242 cm−1 to
1664, 1545, and 1244 cm−1 for the HPM-SDS adhesive, respectively. Similar phenomena
were observed in the HPM-urea adhesive, indicating that the intermolecular hydrogen bond
of protein was destroyed and more active groups were exposed [16]. With the addition of
PAE, a significant blue shift occurred in the characteristic peak of 3369 cm−1 (O–H and N–H
bending vibrations), indicating that the original hydrogen bond was destroyed and physical
bonding was reconstructed [23]. The peak area (COO–) decreased at 1391 cm−1, and a new
characteristic peak of the carbonyl group appeared at 1742 cm−1, which was attributed
to esterification of the azacyclobutane group with the carbonyl group of HPMP [21]. In
addition, the activation energy of the amino group was lower than that of the carbonyl
reaction, which means that it forms a network structure with PAE. The network structure
helped to decrease the number of hydrophilic groups in the adhesive and improve the
water resistance. The mechanism of the cross-linking is presented in Figure 2.
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Figure 1. Attenuated total reflection FTIR spectroscopic results from the cured adhesive samples:
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3.2. Bonding Strength Measurement

The DS and WS of the different adhesive samples are presented in Figure 3. The
HPM adhesive had a DS of 0.97 MPa and a WS of 0.57 MPa. After adding papain, the
HPMP was broken down into polypeptide, the DS and WS of plywood with HPM-papain
adhesive were reduced by 10.3% (0.87 MPa) and 40.4% (0.34 MPa) [24]. The ordered
structure of native HPMP was denatured as SDS concentration increased, so the DS and
WS of HPM-SDS adhesive were significantly increased by 61.9% (1.57 MPa) and 24.6%
(0.74 MPa). When the urea was added, the DS (1.49 MPa) and WS (0.67 MPa) of HPM-urea
adhesive was also increased significantly. This was due to the secondary structure of the
HPMP unfolding, which was conducive to the exposure of hydrophobic groups. The WS of
HPM-papain-PAE adhesive, HPM-SDS-PAE adhesive and HPM-urea-PAE adhesive was
increased by 57.9% (0.9 MPa), 96.4% (1.12 MPa) and 93% (1.1 MPa) with the addition of
PAE, which met the plywood (type II) of Chinese National Standard (GB/T 9846-2015).
This was attributed to PAE being distributed into HPM and forming a network structure
with the active group (–NH2, –COOH) [25]. This result was confirmed by comparison with
the HPM-PAE adhesive.
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Figure 3. The (a) dry shear strength and (b) wet shear strength of different adhesive samples:
(0) HPM adhesive, (1) HPM-papain adhesive, (2) HPM-sodium dodecyl sulfate (SDS) adhesive,
(3) HPM-urea adhesive, (4) HPM-PAE adhesive, (5) HPM-papain-PAE adhesive, (6) HPM-SDS-PAE
adhesive, (7) HPM-urea-PAE adhesive.

3.3. TGA Analysis

The thermal behaviors of different adhesive samples are shown in Figure 4. The three
stages of thermal degradation of the adhesive could be clearly observed (Figure 4a). The
first stage occurred over the 123–222 ◦C temperature range, while the weight loss was
attributable to the evaporation of residual moisture [26]. The second stage (222–282 ◦C)
had the most obvious mass loss, which was the decomposition of small molecular sub-
stances [27]. Finally, the third stage (282–362 ◦C) corresponded to adhesive skeleton degra-
dation, including the degradation of peptide bonds and the cleavage of C–N, C–O [28].
After papain treatment, the degradation peak of adhesive 1 moved to a low temperature
(299.45 ◦C), which indicated that the thermal stability decreased. Under SDS and urea,
the thermal decomposition temperature of adhesive 2 and adhesive 3 increased by 3.5%
(316.69 ◦C) and 2.8% (314.53 ◦C), respectively, the improvement could be attributed to
the physical enhancement [29]. The thermal degradation peaks of adhesive 5 (324.89 ◦C),
adhesive 6 (325.78 ◦C) and adhesive 7 (325.99 ◦C) moved toward higher temperatures with
the addition of PAE. Combined with the FTIR analysis, the network structure formed by
PAE and HPM could enhance the thermal stability of the adhesive.
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cured adhesive layer during the hot-press cycle, thus having a poor water resistance and 

bonding strength [32]. The viscosity of the HPM-papain adhesive was increased by 77.8% 
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Figure 4. (a) Derivative thermogravimetric (DTG) and (b) thermogravimetric and curves of the differ-
ent adhesive samples: (0) HPM adhesive, (1) HPM-papain adhesive, (2) HPM-sodium dodecyl sulfate
(SDS) adhesive, (3) HPM-urea adhesive, (4) HPM-PAE adhesive, (5) HPM-papain-PAE adhesive,
(6) HPM-SDS-PAE adhesive, (7) HPM-urea-PAE adhesive.

3.4. ML and MUV Measurement

The ML and MUV were significantly and negatively correlated with the adhesive’s
crosslinking degree [30]. Figure 5 showed the ML and MUV of HPM adhesive were
54.37% and 9.25%, respectively. In addition, papain exposed the active hydrophilic groups
inside the HPMP molecule, so that the ML and MUV of HPM-papain were increased to
73.25% (Figure 5a) and 12.8% (Figure 5b). As expected, the ML and MUV of HPM-SDS
adhesive and HPM-urea adhesive decreased slightly. The ML of HPM-PAE adhesive, HPM-
papain-PAE adhesive, HPM-SDS-PAE adhesive, and HPM-urea-PAE adhesive decreased
to 44.37%, 38.67%, 31.68% and 34.44%, respectively. The MUV demonstrated the same
tendency. This showed that the network structure formed by PAE and HPM significantly
improved the water resistance of the adhesive. These results are consistent with the bonding
strength analysis.
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Figure 5. The (a) mass loss and (b) moisture uptake value of the different adhesive samples: (0)
HPM adhesive, (1) HPM-papain adhesive, (2) HPM-sodium dodecyl sulfate (SDS) adhesive, (3) HPM-
urea adhesive, (4) HPM-PAE adhesive, (5) HPM-papain-PAE adhesive, (6) HPM-SDS-PAE adhesive,
(7) HPM-urea-PAE adhesive.

3.5. Viscosity Measurement

Viscosity is an important physical property related directly to the flowability of adhe-
sives, and the optimal viscosity of wood adhesives is between 5000 and 25000 mPa·s [24].
HPM adhesive demonstrates over-penetration (Figure 6) in the application process be-
cause of its low viscosity (4378 mPa·s) [31]. Therefore, it was unable to form a denser
cured adhesive layer during the hot-press cycle, thus having a poor water resistance and
bonding strength [32]. The viscosity of the HPM-papain adhesive was increased by 77.8%
(7784 mPa·s), and the results indicate that papain hydrolysis broke the peptide bond of
HPMP molecules and degraded the molecules into small polypeptide chains [33]. After
the introduction of SDS (HPM-SDS adhesive) and urea (HPM-urea adhesive), the viscosity
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increased by 58.5% (6940 mPa·s) and 25.8% (5509 mPa·s), which was attributed to the reduc-
tion in distance and the enhancement of intermolecular friction caused by the destruction
of intermolecular hydrogen bonds [9]. Compared with the HPM adhesive, HPM-papain
adhesive, HPM-SDS adhesive and HPM-Urea adhesive, the viscosity of the HPM-PAE
adhesive, HPM-papain-PAE adhesive, HPM-SDS-PAE adhesive, and HPM-urea-PAE ad-
hesive was decreased by 26.3% (3227 mPa·s), 16.7% (6484 mPa·s), 17.8% (5708 mPa·s)
and 6.3% (5162 mPa·s), respectively after adding PAE. There were three reasons for this:
(1) the PAE reduced the solid content of adhesives; (2) the positively charged groups of
PAE form electrostatic interaction with charged protein chains, resulting in the reduction in
attraction and repulsion between surrounding molecules, thus reducing the viscosity [12];
and (3) in the process of crosslinking, PAE could be embedded into molecules and act as
“lubricant” [34].
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Figure 6. The viscosity of the different adhesive samples: (0) HPM adhesive, (1) HPM-papain
adhesive, (2) HPM-sodium dodecyl sulfate (SDS) adhesive, (3) HPM-urea adhesive, (4) HPM-PAE
adhesive, (5) HPM-papain-PAE adhesive, (6) HPM-SDS-PAE adhesive, (7) HPM-urea-PAE adhesive.

3.6. SEM Analysis

Figure 7 shows the fracture surface of the cured adhesive samples. There were a lot of
holes and cracks on the surface of the HPM adhesive, which could be used as a channel
for water intrusion, resulting in poor water resistance [35]. The above holes and cracks
increased after the introduction of papain, indicating that the water resistance of HPMP
molecules reduced, degraded by papain. This result was supported by ML and MUV.
Although SDS and urea contribute to HPMP molecular unfolding, they would reduce its
cohesion, so there were still holes and cracks on the surface of the HPM-SDS adhesive
and HPM-urea adhesive. The massive micro-cracks appear on the HPM-PAE adhesive,
indicating that the layer was brittle and could easily expose the hydrophobic pathway along
the cracks [26]. This was compared with the HPM-papain-PAE adhesive, HPM-SDS-PAE
adhesive, and the HPM-urea-PAE adhesive, in which the fracture surface became more
compact. The results show that the denaturant treatment was helpful to further improve
the crosslinking density of the network, which contributed to the water resistance and
thermal behavior of the adhesive.

122



Molecules 2022, 27, 4878

Molecules 2021, 26, x FOR PEER REVIEW 8 of 10 

 

 

 

 

Figure 7. Fracture surface micrographs of the different cured adhesive samples: (0) HPM adhesive, 

(1) HPM-papain adhesive, (2) HPM-sodium dodecyl sulfate (SDS) adhesive, (3) HPM-urea adhesive, 

(4) HPM-PAE adhesive, (5) HPM-papain-PAE adhesive, (6) HPM-SDS-PAE adhesive, (7) HPM-

urea-PAE adhesive. 

4. Conclusions 

In this study, (1) after papain treatment, the WS of the HPM-papain adhesive was 

reduced by 40.4% (0.34 MPa), the ML and MUV were increased by 34.7% (73.25%) and 

38.4% (12.8%), and the viscosity increased by 141.2% (7784 mPa·s). With the addition of 

PAE, the WS of HPM-papain-PAE adhesive was increased 57.9% (0.9 MPa), the ML and 

MUV were reduced by 28.9% (38.67%) and 46.6% (4.17%), and the viscosity was decreased 

by 16.7% (6484 mPa·s). (2) The HPMP molecule hydrogen bond was destroyed under the 

SDS and urea, the water resistance was improved. Compared with pure HPM adhesive, 

PAE significantly improved the WS, water resistance and viscosity of the adhesive. The 

WS of the HPM-SDS-PAE adhesive and HPM-urea-PAE adhesive were increased by 

96.4% (1.12 MPa) and 93% (1.1 MPa), the ML was reduced by 41.4% (31.88%) and 36.7% 

(34.44%), the MUV also showed the same trends (2.83% and 3.71%), and the viscosity was 

increased by 30.4% (5708 mPa·s) and 17.9% (5162 mPa·s). (3) SDS and urea could improve 

the water resistance. On this basis, the addition of the PAE improved the bonding strength 

and water resistance of the prepared plywood, which was due to the cross-linking struc-

ture formed during curing and the nail structure formed by the adhesive penetrating into 

the wood pores. 

Author Contributions: Data curation and writing—original draft, Y.Q.; Formal analysis, Q.G.; 

Methodology, T.L.; Supervision and Writing—review and editing, H.L.; Supervision, Q.W. All au-

thors have read and agreed to the published version of the manuscript. 

Funding:  This research was funded by the Key Research and Development Plan of Xinjiang Auton-

omous Region (2021B02003-3, 2021B02003-4), Subei science and technology special fund (XZ-

SZ202036), Science and Technology Innovation project of Chinese Academy of Agricultural Sciences 

(CAAS-ASTIP-201X-IAPPST). 

Institutional Review Board Statement:  Not applicable. 

Informed Consent Statement:  Not applicable. 

Data Availability Statement: Not applicable. 

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

Notes: The authors declare no competing financial interest. 

References 

1. Gu, W.; Li, F.; Liu, X.; Gao, Q.; Gong, S.; Li, J.; Shi, S.Q. Borate chemistry inspired by cell walls converts soy protein into high-

strength, antibacterial, flame-retardant adhesive. Green Chem. 2020, 22, 1319–1928. 

Figure 7. Fracture surface micrographs of the different cured adhesive samples: (0) HPM adhesive,
(1) HPM-papain adhesive, (2) HPM-sodium dodecyl sulfate (SDS) adhesive, (3) HPM-urea adhesive,
(4) HPM-PAE adhesive, (5) HPM-papain-PAE adhesive, (6) HPM-SDS-PAE adhesive, (7) HPM-urea-
PAE adhesive.

4. Conclusions

In this study, (1) after papain treatment, the WS of the HPM-papain adhesive was
reduced by 40.4% (0.34 MPa), the ML and MUV were increased by 34.7% (73.25%) and
38.4% (12.8%), and the viscosity increased by 141.2% (7784 mPa·s). With the addition of
PAE, the WS of HPM-papain-PAE adhesive was increased 57.9% (0.9 MPa), the ML and
MUV were reduced by 28.9% (38.67%) and 46.6% (4.17%), and the viscosity was decreased
by 16.7% (6484 mPa·s). (2) The HPMP molecule hydrogen bond was destroyed under the
SDS and urea, the water resistance was improved. Compared with pure HPM adhesive,
PAE significantly improved the WS, water resistance and viscosity of the adhesive. The
WS of the HPM-SDS-PAE adhesive and HPM-urea-PAE adhesive were increased by 96.4%
(1.12 MPa) and 93% (1.1 MPa), the ML was reduced by 41.4% (31.88%) and 36.7% (34.44%),
the MUV also showed the same trends (2.83% and 3.71%), and the viscosity was increased
by 30.4% (5708 mPa·s) and 17.9% (5162 mPa·s). (3) SDS and urea could improve the water
resistance. On this basis, the addition of the PAE improved the bonding strength and
water resistance of the prepared plywood, which was due to the cross-linking structure
formed during curing and the nail structure formed by the adhesive penetrating into the
wood pores.
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Abstract: Soy protein isolate (SPI), including β-conglycinin (7S) and glycinin (11S), generally have
low solubility under weakly acidic conditions due to the pH closed to their isoelectric points (pIs),
which has limited their application in acidic emulsions. Changing protein pI through modification
by esterification could be a feasible way to solve this problem. This study aimed to obtain stable
nano-emulsion with antibacterial properties under weakly acidic conditions by changing the pI of soy
protein emulsifiers. Herein, the esterified soy protein isolate (MSPI), esterified β-conglycinin (M7S),
and esterified glycinin (M11S) proteins were prepared. Then, pI, turbidimetric titration, Fourier
transform infrared (FTIR) spectra, intrinsic fluorescence spectra, and emulsifying capacity of esterified
protein were discussed. The droplet size, the ζ-potential, the stability, and the antibacterial properties
of the esterified protein nano-emulsion were analyzed. The results revealed that the esterified
proteins MSPI, M7S, and M11S had pIs, which were measured by ζ-potentials, as pH 10.4, 10.3,
and 9.0, respectively, as compared to native proteins. All esterified-protein nano-emulsion samples
showed a small mean particle size and good stability under weakly acidic conditions (pH 5.0), which
was near the original pI of the soy protein. Moreover, the antibacterial experiments showed that the
esterified protein-based nano-emulsion had an inhibitory effect on bacteria at pH 5.0.

Keywords: esterification; soy protein; nano-emulsion; acidic; antibacterial

1. Introduction

Generally, nano-emulsions are defined as colloidal systems with a particle size in the
range of 50–500 nm that exhibit greater resistance to creaming, sedimentation, coalescence,
and flocculation than conventional emulsions, thus exhibiting higher stability [1]. When
emulsions are used, they often involve acidic environments (pH 4.0–7.0) [2]. Therefore,
whether the emulsion is stable at an acidic pH is a matter of concern. In particular, the
improvement of nano-emulsion applications is closely related to the utilization of emul-
sifiers. As a kind of natural emulsifier with a wide range of sources and select functional
properties, soybean protein has been widely used in the preparation of emulsion—based
systems [3,4]. However, the solubility and emulsifying properties of soy protein in weakly
acidic environments has typically been low, because when the pH value is close to the
isoelectric point (pI) of the protein (pI ≈ 4.5), the charge of the protein molecule is almost
zero, and the intermolecular repulsion is weak [5], which is not conducive to the application
of nano-emulsions made of soybean protein.

Until recently, changing the protein pI by chemical modification has been considered
an effective method to improve the solubility of protein near the original pI [6–8]. The
esterification reaction has blocked the carboxyl groups of the protein, so that the net positive
charge of the protein increases, along with the pI, thereby causing a higher solubility of
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the protein in a low-pH range. Sitohy et al. [9] reported that the pI of esterified soy protein
could be increased from 4.5 to 8.0. This was attributed to the formation of esters between
the alcohol and carboxyl groups, reducing the content of negatively charged groups on the
protein surface.

In addition, esterification is also a feasible way to ensure that a protein achieves
antibacterial activity [9,10]. Generally, a protein is positively charged when pH < pI [11].
Blocking the free carboxyl groups (mainly derived from aspartic acid and glutamic acid)
of the protein by alcohol ensures that the protein carries positive charges in a wider pH
range. The positive charge surface of a protein was then able to act on the negatively
charged cell membrane in order to play a role in inhibiting the growth of bacteria [9,12].
Wang et al. [13] found that lactoferrin, after esterification, carried positive charges and had a
direct fungitoxic property against the pathogens of blue mold in apple fruit. Sitohy et al. [9]
found that esterified legume proteins had a good inhibitory effect on Gram-positive and
Gram-negative bacteria due to the presence of static electricity. In conclusion, the esterified
proteins exhibited excellent solubility, emulsification, and antibacterial properties under
weakly acidic conditions. An emulsion prepared by esterified proteins as an emulsifier had
smaller particle sizes, more uniform internal structures, and stronger stability. Therefore,
it should be valuable to apply esterification as a modification to improve not only the
functional properties of the protein or the preparation of stable emulsions at low pH
values but also the antibacterial properties of proteins. However, little is known about the
preparation of esterified protein nano-emulsions and their antibacterial properties, so more
research is required to explore this process.

In this study, oil-in-water (O/W)-type nano-emulsions (MSPI-NE, M11S-NE, and
M7S-NE) were prepared by ethanol-esterified soybean proteins (MSPI, M11S, and M7S).
The structures and properties of the esterified proteins were discussed, and the stability and
the antibacterial properties of emulsion were also analyzed under weakly acidic conditions.
This work provided theoretical proof that soybean proteins could prepare nano-emulsions
under weakly acidic conditions and had the dual functions of emulsifier and antiseptic,
broadening the prospects for its application in the food-processing, pharmaceutical, and
cosmetic industries.

2. Results and Discussion
2.1. Protein Isoelectric Point (pI)

The pI value of protein is often affected by chemical side-chain modifications, the
amino-acid composition, and the molecular conformation [14]. The surface charge of the
proteins was measured to reveal the pI of the esterified proteins. As shown in Figure 1b,
the pI of M11S occurred at a pH of 9.0, according to the zero ζ-potential of M11S at
this pH. For the same reason, the pIs of MSPI and M7S occurred at a pH of 10.3 and
10.4, respectively. Therefore, the pI orders of MSPI, M11S, and M7S were as follows:
M7S > MSPI > M11S, and the increases were consistent with the orders of the esterifi-
cation rates. After the reaction between the protein carboxyl groups and ethanol, sig-
nificantly, the pI of the ethanol-esterified protein had increased due to the negatively
charged carboxyl group of the protein being blocked [9]. As shown in Figure 1a, similar
results were observed in the esterified soybean, broad-bean, and chickpea protein isolates
(pI ≈ 8.0) [9]. Moreover, the lowest pI of M11S could have been related to the compact
conformation of 11S linked by an acid such as A polypeptide (37–42 kDa) and a basic B
polypeptide (17–20 kDa) via the disulfide bonds [15]. Therefore, it could have had a large
number of carboxyl groups embedded in the protein molecule, reducing the number of
the carboxyl groups that could react with the ethanol. However, esterification was still
an effective method for increasing the positive charges carried by proteins in a wider pH
range, especially for SPI and 7S.
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Figure 1. ζ-potetial (mV) of native protein (a) and esterified protein (b) solution at different pH.

2.2. Turbidity

The turbidity analysis is an intuitive technique to characterize the number and the
size of the complex aggregates of proteins [16]. The magnitude of the increase in turbidity
depends on the number, the size, and the refractive index of the contrast of the particles [17].
Generally, larger sizes of protein particles dispersed in a solution lead to higher absorbance
measurements, which indicate a higher turbidity value. As shown in Figure 2, the turbidity
measurements of the native SPI, 11S, and 7S under a range of 4.0–5.5 pH were significantly
greater than at other pH values, and this phenomenon revealed the formation of the larger
protein particles via pH-induced self-assembly due to their low ζ-potentials and weak
electrostatic repulsion [18]. In the range of 3.0–7.0 pH, the turbidity values of the esterified
protein solutions were very low, indicating that these were stable solutions. As the pH
continued to increase, the turbidity values of all the esterified protein solutions increased
significantly, indicating that the esterified proteins did not aggregate at acidic pH values but
at alkaline pH values. This verified the results of the pI: The modification by esterification
had increased the positive charge of the protein, and thus, the pI had increased.
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2.3. FTIR Spectra

To determine the formation of the ester groups in the proteins, the infrared spectrum
of the esterified proteins, and the control were measured. The FTIR results of the proteins
are shown in Figure 3. A typical broad peak around 3200–3400 cm−1 was shown in all
the samples due to the intermolecular H–bond and the stretching vibration of O–H and
N–H [19]. The absorption peak around 2960 cm−1 was attributed to the C–H stretching
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vibration of the CH3 and CH2 groups in the protein. The peaks around 1650 and 1540 cm−1

in the FTIR spectra of the native proteins were assigned to the C=O stretching vibration
and C–N stretching vibration of the amide-I band and the N–H deformation vibration
and the stretching vibration of C–N in the amide-II band. At the same time, the esters
had 2 characteristically strong absorption bands as a result of the C=O (1750–1735 cm−1)
and C–O (1300–1000 cm−1) stretching [20]. All the esterified proteins (MSPI, M11S, and
M7S) showed a small peak at 1733 cm−1 due to the C=O absorption band, indicating the
formation of the ester groups in the proteins (Figure 3a–c). The results indicated that the
esterified proteins were successfully prepared, as these were similar to the results obtained
by Wang et al. [20].
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2.4. Fluorescence Spectra

The structural and polarity information of the proteins was investigated by the in-
trinsic fluorescence spectra [21]. Generally, the change in the protein conformation in the
surrounding environment of the tryptophan residues would be reflected by the changes
in the tryptophan fluorescence intensity and the shift trends, depending on whether the
tryptophan residues were exposed or buried [22]. As shown in Figure 4a–c, the maximum
emission intensity of the protein fluorescence spectrum was greatly affected by the pH. The
fluorescence intensity of the native proteins gradually decreased as the pH decreased from
9.0 to 5.0. This phenomenon was attributed to the tryptophan being masked when the na-
tive soy proteins aggregated at pH 5.0, as it was then closed to the pI [23]. Similarly, due to
the higher pIs of the esterified proteins, MSPI, M11S, and M7S had the lowest fluorescence
intensity at pH 9.0. As compared to the native proteins, the higher fluorescence intensity
values for the esterified proteins at all the pH values suggested that the tryptophan residues
were in the slightly unfolded protein structures of MSPI, M11S, and M7S [23].

2.5. Emulsifying Activity Index (EAI) and Emulsion Stability Index (ESI)

Native soy protein is a multifunctional protein, which has greatly restricted its ap-
plication in weakly acidic fields due to its poor water solubility near its pI. In this study,
the emulsifying abilities of the esterified proteins were evaluated to analyze the proba-
bility of the fabrication of an esterified protein emulsion under weakly acidic conditions.
As shown in Figure 5, the emulsifying properties of an esterified protein at 5.0 pH was
satisfactory after esterification, which had changed the pI and the solubility, which was
similar to the results of Sitohy et al. [10] on esterified β-lactoglobulin. As the pH increased,
the EAI values of the esterified soybean protein decreased. This result was attributed to
the fewer charges and the worsened solubility of the esterified protein emulsifiers near
pI, as the esterified proteins could not fully be absorbed on the surface of the droplets or
supply enough electrostatic repulsion between the oil droplets. Until they had reached a
pH of 9.0, the emulsifying abilities of the esterified proteins were very low, and the EAI
values of MSPI, M11S, and M7S were 3.6, 1.4, and 4.9 m2/g, respectively. Moreover, from
Figure 5b, we observed that the ESI values of the esterified proteins showed the same
trend as EAI. Therefore, the esterification had enhanced the emulsification of soy protein at
5.0 pH, laying a theoretical foundation for the preparation of a stable and uniform emulsion
system under weakly acidic conditions. Then, the pHs of 5.0 and 7.0 were selected for
subsequent research to further analyze the application potential of the esterified proteins
for emulsion preparation.

2.6. Physical Properties of Emulsions
2.6.1. Particle Size and ζ-Potential of Emulsions

The nano-emulsions were prepared using esterified proteins at pHs of 5.0 and 7.0,
and the controls were the emulsions prepared with the corresponding natural proteins.
The average particle size and ζ-potential of the different emulsion samples are shown in
Table 1. The emulsions prepared from the native proteins were unstable at a pH of 5.0 and
separated quickly (Figure 6), with average particle sizes in the micrometer range. However,
the emulsions prepared by the esterified proteins were stable and uniformly dispersed at a
pH of 5.0 with a small particle size. The average particle diameters of MSPI-NE, M11S-NE,
and M7S-NE were 256.9 nm, 438.7 nm, and 257.0 nm, respectively. This difference was
consistent with the result of the EAI and ESI. At a pH of 5.0, the ζ-potentials of the emulsions
stabilized by MSPI, M11S, and M7S were +26.7, +22.7, and +27.1 mV (Table 1), respectively.
They were much higher than the ζ-potentials of +11.2, +6.3, and +11.9 mV, respectively, at a
pH of 7.0.The ζ-potentials of the emulsions stabilized by MSPI, M11S, and M7S were +11.2,
+6.3, +11.9 mV, respectively, at a pH of 7.0. Therefore, at a pH of 7.0, the mean particle sizes
of all the esterified protein nano-emulsions were larger than those at a pH of 5.0. This was
attributed by the weakening of the electrostatic repulsion on the surface of the oil droplets,
and the oil droplets tended to form larger droplets. There were no significant differences
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(p > 0.05) between the particle sizes of MSPI-NE, as compared to SPI-NE, M7S-NE, and 7S-
NE, at a pH of 7.0. This illustrated that the esterified proteins could still stabilize emulsions
under neutral conditions because the ζ-potentials of MSPI-NE and M7S-NE were 11.2 and
11.9 mV, respectively, which could still provide a certain amount of electrostatic repulsion.
In addition, the surface hydrophobicity of the soy proteins had been reported to increase
after modification by esterification [24,25]. As a result, the modification by esterification
enabled the soy proteins to be more easily adsorbed at the oil-water interface and form
a sturdy interfacial layer, thereby stabilizing the emulsion with a smaller droplet size via
strong steric resistance [26].
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Figure 5. Emulsifying activity index (EAI) (a) and emulsion stability index (ESI) (b) for esterified soy
proteins under different pH conditions. Different capital letters (A–C) indicate that under the same
pH conditions, there were significant differences in EAI/ESI results among the different proteins
(p < 0.05), and different lowercase letters (a–c) indicate that the same protein sample had significant
differences in their EAI/ESI values at different pHs (p < 0.05).

Table 1. Mean particle sizes (nm) and ζ-potentials (mV) of oil-in-water nano-emulsions stabilized by
various proteins at different pH values.

Sample
Mean Particle Size (nm) ζ−Potential (mV)

pH 5.0 pH 7.0 pH 5.0 pH 7.0

SPI-NE 3500 ± 100 c 278.2 ± 5.5 a −1.7 ± 0.1 b −33.2 ± 1.8 a

MSPI-NE 256.9 ± 10.1 a 278.4 ± 3.0 a 26.7 ± 0.5 e 11.2 ± 0.3 d

11S-NE 5130 ± 170 e 357.8 ± 8.2 b 1.2 ± 0.1 c −30.6 ± 0.5 b

M11S-NE 438.7 ± 17.2 b 479.0 ± 9.7 c 22.7 ± 0.2 d 6.3 ± 0.1 c

7S-NE 3840 ± 140 d 273.6 ± 8.4 a −1.4 ± 0.1 a −32.6 ± 0.7 a

M7S-NE 257.0 ± 8.1 a 270.8 ± 7.5 a 27.1 ± 0.1 e 11.9 ± 0.6 d

Data not sharing the same superscript letter in the same column are significantly different (p < 0.05).
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2.6.2. Emulsion Morphology

The microstructures of the esterified protein nano-emulsions were further observed
by TEM. First, the images of the microstructures of the native protein emulsions were
acquired at a pH of 5.0 (Figure 7a–c). The TEM images showed the flocculation of
the oil droplets in the fresh emulsions were stabilized by native proteins, as proteins
typically precipitated near the pI [27]. However, the oil droplets of the esterified pro-
tein nano-emulsions maintained better spherical microstructures, which was a result of
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the relatively high electrostatic repulsion and the space resistance between the droplets
(Figure 7d–f). At a pH of 7.0, the native protein-based nano-emulsions (Figure 7g–i) and
the esterified protein-based nano-emulsions (Figure 7j–l) all displayed regular spherical
particles. This suggested that both the esterified and native proteins could be adsorbed
on the surface of the oil droplets sufficiently to maintain uniform and stable emulsions.
The TEM image results were consistent with the particle-size and ζ-potential results of
the emulsions.
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Figure 7. Transmission electron microscopy (TEM) analysis of SPI-NE (pH 5.0, (a)), 11S-NE (pH 5.0, (b)),
7S-NE (pH 5.0, (c)), MSPI-NE (pH 5.0, (d)), M11S-NE (pH 5.0, (e)), M7S-NE (pH 5.0, (f)), SPI-NE
(pH 7.0, (g)), 11S-NE (pH 7.0, (h)), 7S-NE (pH 7.0, (i)), MSPI-NE (pH 7.0, (j)), M11S-NE (pH 7.0, (k)),
M7S-NE (pH 7.0, (l)).

2.7. Emulsion Stability Analysis

It was important to examine the influence of the storage time and the temperature
changes on the stability of the oil-in-water nano-emulsions that had been stabilized by the
esterified proteins. This information would be essential for determining the applicable
fields for the esterified protein-stabilized nano-emulsions so they could be successfully
employed in the food industry.

2.7.1. Storage Stability

It is well known that long-term storage can lead to the destabilization of emulsions by
flocculation, coalescence, and Ostwald ripening [28], and droplet size was a parameter that
assisted in determining the kinetic stability of the emulsions during storage. As shown in
Figure 8, at a pH of 5.0, the mean particle sizes had remained relatively small (<500 nm)
during the 28-day storage period, although there had been an appreciable increase on
the 21st day in the esterified-protein nano-emulsions (Figure 8a). The particle size results
indicated that the esterified protein had the ability to maintain stable nano-emulsions
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under weakly acidic conditions. In addition, considering the highest esterification rates
and ζ-potentials, the modification by esterification could have had the strongest effect on
the surface charge and the hydrophobicity of 7S. Therefore, M7S showed the strongest
ability to generate electrostatic repulsion and supply space resistance; thus, the emulsion
prepared by M7S showed the best stability at the end of storage.
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emulsion after storage (p < 0.05).

Though the esterified proteins had prepared nano-emulsions with small particle sizes,
the particle size of the emulsion increased significantly after 7 days at a pH of 7.0 (Figure 8b).
There was appreciable droplet aggregation in the emulsions because of the poor electrostatic
repulsion induced by the low net-charge of the droplets at a pH of 7.0 (Table 1), which
could not, therefore, stabilize the emulsion in long-term storage. The relationship between
the emulsion stability and the electrostatic repulsion had been confirmed in many studies.
For example, Wang et al. [29] found a similar result: Emulsions stabilized by soy protein
isolates complexes showed weak electrostatic repulsions, so the particle size of the emulsion
had changed significantly after storage.

2.7.2. Temperature Treatment

Emulsion products may be subjected to various effects of temperature fluctuations
during industrial production, such as high-temperature sterilization or low-temperature
storage to extend their shelf lives. Therefore, it was important to determine the influence
of temperature on the particle size of the esterified protein nano-emulsions. For the soy
proteins, the temperature conditions could lead to conformational changes, exposing the
interior hydrophobic patches and decreasing solubility [30,31]. The particle sizes of the
emulsions after high-temperature heating and freeze-thaw treatments were measured, as
shown in Figure 9. After freeze–thaw treatment, all nano-emulsions produced oil droplets
with larger particle sizes by coalescence and flocculation, though to a different extent
(Figure 9a,b). At a pH of 5.0, the mean particle sizes of MSPI-NE and M7S-NE increased
from 256.9 nm to 293.0 nm and from 257.0 nm to 275.8 nm, respectively. Accordingly,
the small increments in mean particle sizes suggested that MSPI-NE and M7S-NE had
acceptable freeze-thaw stability. The phenomenon of droplet aggregation during freezing
and thawing was mainly related to the destruction of the emulsifier layer by the ice crystals.
The modification by esterification improved the hydrophobicity of the proteins [21], so
the adsorption of the proteins at the oil-water interface became strong, contributing to the
stability of the nano-emulsions. However, the droplets of M11S-NE gathered significantly
(>2 µm), which was attributed to the properties of 11S that precipitates after the freezing
treatment [16,32]. The 11S-protein molecules tended to aggregate at low temperatures,
which caused the emulsifier layer at the oil-water interface to be insufficient for the sta-
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bilization of the nano-emulsions. In addition, during freezing, the concentration of the
ions in the unfrozen water phase could increase, resulting in electrostatic shielding that
promoted a decrease in the electrostatic repulsion between the droplets [33]. This could
explain why the particle sizes of the nano-emulsions with a pH of 7.0 increased more
significantly. Because of the relatively low net-charge of the droplets at a pH of 7.0, they
were more affected by the electrostatic shielding.
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size between different nano-emulsions under the same treatment (p < 0.05), and different lowercase
letters (a–c) indicate significant differences (p < 0.05) in the mean particle size of the same emulsion
sample under different treatments.

After being treated at 95 ◦C for 30 min, the mean particle sizes of MSPI-NE, M11S-NE,
and M7S-NE changed from 256.9 nm, 438.7 nm, and 257.0 nm, respectively, to 263.6 nm,
475.2 nm, and 260.1 nm (Figure 9a), respectively, indicating that the effect of the heat treat-
ment had been limited at a pH of 5.0. On the one hand, the modification by esterification
improved the emulsification of the native proteins under acidic conditions, the proteins
could more easily be adsorbed on the surface of the oil droplets to form compact interface
layers in order to stabilize the emulsion through steric hindrance [10]. On the other hand,
the charge densities of the esterified proteins were higher at a pH of 5.0, which provided
sufficient electrostatic repulsion to inhibit the aggregation of the emulsion droplets. In
addition, the tertiary structures of the proteins unfolded after proper heat treatments, and
then the flexibility and the emulsification of the protein molecules increased, which was
also beneficial for the emulsion stability [34]. Regarding the thermal stability, M11S-NE still
showed the worst results among all the esterified protein nano-emulsions. According to the
above experimental results, the lower positive charges on the droplet surfaces of M11S-NE
(Table 1) may not have been enough to inhibit the aggregation of the droplets after the
heat treatment. In summary, the three esterified proteins were effective in stable emulsions,
but the modification of the densely structured 11S showed a slightly lower nano-emulsion
stability than SPI and 7S.

2.8. Bacteriostatic Analysis of Nano-Emulsion

In recent years, many studies have confirmed that esterified proteins have the functions
of inhibiting and killing bacteria and microorganisms due to their positive charges, which
act on the negatively charged cell membrane to restrain the growth of bacteria [9,13,35]. In
this experiment, the esterified soy proteins appeared to have dual functions as emulsifiers
and bacteriostatic agents.

It was found that the esterified protein-based nano-emulsions had an inhibitory effect
on the 3 kinds of bacteria, as shown in Figure 10, but no antibacterial activity was found
in any of the control samples. This result was attributed to the fact that the esterified
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protein carried a positively charged amino group and the bacterial surface potential was
usually negative [9]. The positively charged droplets could interact with the cell membrane
electrostatically, and then, the life activities of the bacteria were disturbed. As compared
to the microbial inhibition zone (Figure 10), we found that M7S-NE and MSPI-NE had a
good inhibitory effect on S. aureus and S. enteritidis. The diameters of the inhibitory zone
of MSPI-NE were 10.74 mm and 10.66 mm, and the diameters of the inhibitory zone of
M7S-NE were 10.55 mm and 11.32 mm. The inhibitory effect of the acid emulsion on E. coli
was lower, and the inhibitory zone of MSPI-NE, M11S-NE, and M7S-NE were 10.33 mm,
9.29 mm, and 10.38 mm, respectively. This result may have been related to the good growth
trend of E. coli. M11S-NE had the lowest amount of positive charge, and it also had a degree
of antibacterial activity against E. coli. Generally, the more positive the charge carried by
the bacteriostatic agent, the stronger the electrostatic interaction with the cell membrane,
and the easier it was to adsorb around the bacteria and destroy the morphology of the cell
membrane [36,37]. Sitohy et al. [9] found that an esterified legume-protein solution had
strong antibacterial properties due to the presence of a large amount of positive charges
that could act on the cell membrane. However, for proteins with low rates of esterification,
such as an esterified broad-bean protein (MBPI), the small electrostatic force between the
protein and the cell membrane led to the weaker antibacterial activity of MBPI.
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Figure 10. Diameters (mm) of the antibacterial zone formed by nano-emulsions at a pH of 5.0. For
the same bacteria, values of different nano-emulsions followed by different lowercase letters mean
significant differences (p < 0.05); for the same nano-emulsion sample, values of different bacteria
followed by different capital letters mean significant differences (p < 0.05).

In addition, the antibacterial properties of MSPI-NE, M11S-NE, and M7S-NE were
undiscovered at a pH of 7.0. As shown in Table 1, the positive charges of the nano-emulsions
were high (MSPI-NE: 26.7 mV; M11S-NE: 22.7 mV; M7S-NE: 27.1 mV) at a pH of 5.0, but
they were significantly decreased at a pH of 7.0 (MSPI-NE: 11.2 mV; M11S-NE: 6.3 mV;
M7S-NE: 11.9 mV), which could have reduced the electrostatic interaction at a pH of 7.0
between the esterified proteins and the bacteria [38]. In summary, the esterified proteins
had higher positive charged under acidic conditions, and therefore, they could inhibit the
growth of bacteria, but the bacteriostasis of the proteins was weakened or even lost as the
pH increased.

In the future, we will study the delivery characteristics of the esterified protein nano-
emulsions further. The esterified protein nano-emulsions could be embedded with bioactive
substances. And established an in vitro digestion model to investigate the digestion char-
acteristics of the esterified protein nano-emulsions, which will be investigated at three
digestion stages, including at the mouth, in the stomach, and in the small intestine.

136



Molecules 2023, 28, 3078

3. Materials and Method
3.1. Materials

Low-temperature defatted soybean meal was bought from the Zhaoyuan Food Factory,
Shandong, China. Staphyloccocus aureus (S. aureus), Escherichia coli (E. coli), and Salmonella
enteritidis (S. enteritidis) were obtained from the China General Microbiological Culture
Collection Center. Corn oil was purchased from the Yihai Kerry foodstuffs marketing
company (Harbin, China). All chemicals used in this study were of analytical grade.

These were all the samples used in this study: soybean protein isolate (SPI), β-conglycinin
(7S), glycinin (11S), esterified soybean protein isolate (MSPI), esterified β-conglycinin (M7S),
esterified glycinin (M11S), nano-emulsion prepared by esterified soy protein isolate (MSPI-
NE), nano-emulsion prepared by esterified β-conglycinin (M7S-NE), and nano-emulsion
prepared by esterified glycinin (M11S-NE).

3.2. Protein Sample Preparation

The soy protein isolate (SPI), β-conglycinin (7S), and glycinin (11S) proteins were
extracted according to previous research methods [39,40]. The precipitate was washed
3 times, dissolved with ultrapure water to pH 7.0, and then dialyzed for 3 days and
lyophilized. The protein contents of SPI, 7S, and 11S were determined by the Kjeldahl
method [12] (N × 6.25) to be 91.53 ± 1.27%, 91.74 ± 1.58%, and 93.62 ± 1.35% w/w,
respectively.

3.3. Protein Esterification

Samples were prepared following the procedure of Sitohy et al. [9], with some modifi-
cations. Esterified proteins preparation is shown in Figure 11. All proteins (SPI, 7S, or 11S)
were esterified at 4 ◦C by dispersing 5% w/v proteins in ethanol (>99.5%). The amount
of aspartic acid (Asp) and glutamic acid (Glu) contents in SPI, 11S, and 7S samples were
determined by amino acid analysis to calculate the amount of free carboxyl [41]. Amounts
of hydrochloric acid equivalent to 50 molar ratio (acid H+/COO−) were added drop-wise at
the beginning of the reaction to induce the protonation of the carboxylate on protein. After
continuous stirring for 10 h, the samples were centrifuged at 10,000 r/min for 10 min. The
esterified protein precipitate was dispersed in cold distilled water and rinsed repeatedly
three times to remove residual ethanol and hydrochloric acid. Vacuum filtration was used
instead of centrifugation to obtain precipitate, and then the precipitate was dissolved in
distilled water at pH 7.0. Finally, the samples were dialyzed against distilled water at
4 ◦C for 24 h and then lyophilized. The amount of carboxyl groups that had been esterified
by ethanol were determined based on the formation of colored hydroxymate–ferric ion
chelate [2]. Modification was quantified based on the standard curve for the molar adsorp-
tion of iron chelate (R2 = 0.99) that was prepared using ethyl thioacetate as a standard. In
this study, the esterification rate of esterified proteins MSPI, M11S, M7S was 75.49 ± 0.36%,
69.64 ± 0.43%, and 78.16 ± 0.25%, respectively.

3.4. Isoelectric Point (PI) Determination of Esterified Proteins

The method of Wang et al. [7] was referenced and slightly modified. The native
and esterified protein samples were dissolved in deionized water, and the ζ-potentials of
different protein dispersions (1 mg/mL) at pH 3–11 were determined using a Zetasizer
Nano ZS90 instrument (Malvern Instruments Ltd., Worcestershire, UK). A total of 0.1, 0.5,
and 1 M hydrochloric acid (HCl) solutions or sodium hydroxide (NaOH) solutions were
used for pH adjustment. The pI was considered to be the pH corresponding to a zero
ζ-potential in the ζ-potential-versus-pH curve.

3.5. Turbidimetric Titration

The method of Dong et al. [42] was referenced and slightly modified. The pH values
of native and esterified proteins (1 mg/mL) were adjusted from 3.0 to 11.5, varying by
0.5 units, and the turbidity was measured at each pH to form a turbidity titration curve.
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Turbidity was expressed as the absorbances of the samples at 600 nm, which were measured
using a UV-2450 spectrophotometer (Shimadzu, Kyoto, Japan).
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Figure 11. Flowchart of preparation of esterified protein.

3.6. Structural Analysis of Proteins
3.6.1. Fourier Transform Infrared (FTIR) Analysis

The samples were analyzed by FTIR spectrometer (IRTracer-100, Shimadzu, Kyoto,
Japan), operating at 0.09 cm−1 resolution with 64 scans per test. Native and esterified soy
protein samples (2 mg) were mixed with kalium bromatum (KBr) (200 mg) and placed
under the probe, and spectroscopic data were collected from 4000 to 400 cm−1 in the
absorbance mode [43].

3.6.2. Intrinsic Fluorescence Spectra

The intrinsic fluorescence spectra of native and esterified protein solutions (0.5 mg/mL)
at pHs of 5.0, 7.0, and 9.0 were acquired using an F-4700 fluorescence spectrophotometer
(Hitachi, Tokyo, Japan). The protein was excited at 290 nm, and the fluorescence intensity
in the wavelength range of 300–500 nm was recorded as the emission spectrum. Both the
excitation slit and the emission slit were 5 nm [44].

3.7. Emulsifying Capacity of Proteins

Emulsion stability (ESI) and activity indexes (EAI) were measured according to the
modified procedure of Ellouze and Pearce et al. [45,46]. Esterified protein solution (1%,
w/v) adjusted to pHs of 5.0, 7.0, and 9.0 was mixed with corn oil at a ratio of 3:1 (v/v) and
homogenized with a high-speed homogenizer (UltraTurrax T25, IKA, Staufen, Germany) at
10,000 r/min for 2 min. After standing for 0 and 10 min, 40 µL aliquots of the emulsion
were transferred to 10 mL of 0.1% (w/w) sodium dodecyl sulfate (SDS). Optical density
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was recorded at 500 nm using a UV-2450 spectrophotometer (Shimadzu, Kyoto, Japan). EAI
and ESI were then calculated using Equations (1) and (2), respectively:

EAI (m 2 /g) =
2 × 2.303 × A1 × N
c × (1 − ϕ) × 10000

(1)

ESI (min) =
A1

A1 − A2
×10 (2)

where A1 is the absorbance of the diluted emulsion immediately after homogenization, N is
the dilution factor (250), c is the weight of protein per volume (g/mL), ϕ is the oil volume
fraction in the emulsion (25%), and A1 − A2 is the difference of the absorbance between
time 0 and time 10 min.

3.8. Emulsion Properties
3.8.1. Preparation

Protein solutions (1%, w/v) at pHs of 5.0 and 7.0 were used as the water phase, and
corn oil was used as the oil phase. The oil and water phase were mixed at a ratio of 2:98
(v/v), homogenized at 10,000 r/min for 4 min, and then sonicated by ultrasound probe for
20 min at 500 W using Scientz-II D ultrasound generator (Scientz Biotechnology Co., Ltd.,
Ningbo, China). During sonication, the temperature of the samples was maintained below
20 ◦C by utilizing an ice-water bath.

3.8.2. Potential and Particle Size Measurements

The ζ-potentials and droplet sizes of the nano-emulsions with different pHs were
determined by a Zetasizer nano-zs90 instrument (Malvern Instruments Ltd., Worcestershire,
UK) and a Mastersizer 2000 instrument (Malvern Instruments Ltd., Worcestershire, UK),
respectively. The parameter settings of the refractive indices were oil phase (1.46) and
water phase (1.33). Samples were diluted 100-fold with deionized water to avoid multiple
scattering effects and used for analysis [47].

3.8.3. Microstructure Observation

The microstructure of the emulsions was evaluated by transmission electron mi-
croscopy (TEM) (EM 902A, ZEISS, Oberkochen, Germany). The nano-emulsion was di-
luted to a certain multiple. Then, the diluted nano-emulsion sample was dropped onto a
200-meshed carbon-coated copper grid. The nano-emulsion was stained with 1% (w/v)
phosphotungstic acid and dried at room temperature for 10 min before being observed
using an accelerating voltage of 100 kV.

3.9. Stability of Emulsion

The stability of emulsion was observed by measuring the particle size of emulsion.
First, we studied the stability of emulsion under different pH conditions; second, we
studied the stability of the emulsion after heat treatment (95 ◦C, 30 min); third, we studied
the stability of the emulsion after freeze-thaw treatment (−20 ◦C, 24 h); and finally, we
studied the storage stability of emulsion (4 ◦C, 28 days). Please refer to Section 3.8.2 for the
determination of emulsion particle size.

3.10. Agar Well Diffusion

According to the modified method of Yuan et al. [48], we evaluated the antibacterial
effect of esterified protein emulsion. The 100 mL of inoculum (106 CFU/mL) was uniformly
spread across the poured nutrient agar medium. Oxford cups of 7.8 mm diameter were
filled with 150 µL of the test emulsion and left at 4 ◦C for 12 h. The petri dish was incubated
for 24 h at 36 ± 1 ◦C. Additionally, the emulsions containing the same concentration of
native protein (pH 5.0 and 7.0) were prepared as a control. The zone diameter was measured
by a caliper.

139



Molecules 2023, 28, 3078

3.11. Statistical Analysis

All experiments were performed in triplicate and all data were presented as
mean ± standard deviation (SD). Data were subjected to one-way ANOVA and Duncan’s
significant difference analysis using SPSS software (IBM SPSS statistic 19). The significant
level (p) was set as 0.05.

4. Conclusions

In conclusion, the modification by esterification of soy proteins with ethanol changed
the structures of the soy proteins, increased the isoelectric point of the soy proteins, and
effectively promoted the emulsification of the soy proteins at a low pH range. Under
weakly acidic conditions, the esterified soy protein nano-emulsions exhibited excellent
storage stability, freeze-thaw stability, and thermal stability, as compared to natural soy
protein nano-emulsions. In addition, the modification by esterification also resulted in
antibacterial properties in the esterified protein nano-emulsions at a pH of 5.0. Therefore,
esterification could broaden the application of the proteins in emulsion delivery systems
under low pH conditions.
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Abstract: Background: Cashew (Anacardium occidentale L.) is a commercially important plant. Cashew
nuts are a popular food source that belong to the tree nut family. Tree nuts are one of the eight major
food allergens identified by the Food and Drug Administration in the USA. Allergies to cashew
nuts cause severe and systemic immune reactions. Tree nut allergies are frequently fatal and are
becoming more common. Aim: We aimed to identify the key allergenic epitopes of cashew nut
proteins by correlating the phage display epitope prediction results with bioinformatics analysis.
Design: We predicted and experimentally confirmed cashew nut allergen antigenic peptides, which
we named Ana o 2 (cupin superfamily) and Ana o 3 (prolamin superfamily). The Ana o 2 and Ana o
3 epitopes were predicted using DNAstar and PyMoL (incorporated in the Swiss-model package).
The predicted weak and strong epitopes were synthesized as peptides. The related phage library
was built. The peptides were also tested using phage display technology. The expressed antigens
were tested and confirmed using microtiter plates coated with pooled human sera from patients
with cashew nut allergies or healthy controls. Results: The Ana o 2 epitopes were represented by
four linear peptides, with the epitopes corresponding to amino acids 108–111, 113–119, 181–186, and
218–224. Furthermore, the identified Ana o 3 epitopes corresponding to amino acids 10–24, 13–27,
39–49, 66–70, 101–106, 107–114, and 115–122 were also screened out and chosen as the key allergenic
epitopes. Discussion: The Ana o 3 epitopes accounted for more than 40% of the total amino acid
sequence of the protein; thus, Ana o 3 is potentially more allergenic than Ana o 2. Conclusions: The
bioinformatic epitope prediction produced subpar results in this study. Furthermore, the phage
display method was extremely effective in identifying the allergenic epitopes of cashew nut proteins.
The key allergenic epitopes were chosen, providing important information for the study of cashew
nut allergens.

Keywords: cashew nuts; allergens; phage display technology; epitope prediction

1. Popular Scientific Summary

Bioinformatic analyses are frequently used to predict protein properties related to
antigenicity. We used two antigenic proteins present in cashew nuts to compare the results
of the bioinformatics-based antigenicity predictions with those of the experimental epitope
mapping. Several amino acid oligopeptides, representing the predicted and unpredicted
epitopes, were expressed using phage display and screened with the pooled human sera of
patients with a cashew nut allergy. The findings revealed that the computer predictions did
not correlate very well with the presence of linear epitopes.

2. Introduction

The cashew plant (Anacardium occidentale L.) is a member of the Anacardiaceae family,
which includes nine Anacardium species [1]. Cashew nuts are popular as snacks around
the world, and their consumption has increased in recent years. However, some people are
allergic to cashew nuts, so eating them poses a significant health risk to this population.
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With the increasing awareness of food allergies, a cashew nut allergy has become an
important public safety and health problem [2]. Food allergy is a global public health
problem which has increased significantly in the past decade, affecting the quality of life
of consumers and increasing the demand for health service resources [3]. Food allergies
affect approximately 2–4% of the population, peaking at 6–8% at the age of one year and
gradually declining to 2–4% in older children and adults [4].

Every antigen has its own antigenic determinant or epitope. Epitopes are kinds of
specific locations on antigens that could be recognized by immune cells [5]. An epitope
typically consists of several amino acid (aa) residues, often (but not always) aligned along
the peptide chain, which comes into physical contact with the lymphocytes during an
immune reaction. Antibodies can specifically bind with epitopes. Because the binding
sites between antibodies and antigens are relatively small, usually, the three-dimensional
size of an epitope is only approximately 3 nm × 1.5 nm × 0.7 nm; the smaller size of
the epitope typically allows about 5 to 7 aa or monosaccharide residues, and the epitope
seldom consists of more than 20 aa [6,7].

Until now, several methods have been employed to study the epitopes in macro-
molecules. Bioinformatic analysis and the use of specific databases allow for a rapid and
easy epitope prediction. For instance, Shan et al. successfully predicted the epitope segment
of the β-soya globulin α subunit by using three different bioinformatics tools, DNAStar,
the BepiPred 1.0, and the SOPMA web server [8]. Hu et al. predicted the dominant epitope
in the peanut allergen by using SOPMA software. In contrast, the T-cell epitopes in peanut
allergen Ara h 1, together with walnut allergen Jug r 2 and cashew allergen Ana o 1, were
identified using various bioinformatics tools [9–12]. However, these methods are not ac-
curate enough to predict such epitopes, and they need to be verified using in vitro assays,
such as the highly powerful phage display method.

Phage display, an experimental method to screen peptides with certain properties, was
first established by Smith [13] and subsequently used by others for various purposes [14,15].
Because of its continuous development, the phage display is currently being applied to
several areas, including an antigen epitope study [16,17], molecular interaction research [18],
vaccine development [19–24], and disease diagnosis and therapy [25–28].

Food allergy is a public health issue that has grown significantly in the last decade, affecting
consumers’ quality of life and placing additional strain on healthcare resources. Furthermore,
nut allergies can be fatal. The most common tree nut allergies in the USA are cashew nut allergy
and walnut allergy, both of which are increasing globally [29]. So far, it has been determined that
the condition is primarily caused by three proteins: Ana o 1 [30], Ana o 2 [31], and Ana o 3 [32].
Ana o 1 (a vicilin) and Ana o 2 (a legumin) are both members of the cupin superfamily, whereas
Ana o 3 belongs to the prolamin superfamily [33,34]. Cashew has a low Ana o 1 content and a
low sensitivity, making it difficult to isolate and obtain [35].

Here, we used bioinformatics tools to predict the epitopes on the Ana o 2 and Ana
o 3 proteins and used the phage display method to verify these predictions by epitope
identification. Phage libraries were screened using the human sera of patients with a
cashew allergy. Our study provides the theoretical foundation for a better characterization
of allergens, thereby assisting the development of hypoallergenic foods in the future.

3. Results
3.1. Identification of Cashew Allergens

The allergens in cashews were isolated using Sephadex G-150 column chromatog-
raphy, followed by SDS-PAGE electrophoresis and Western blot analysis. The Sephadex
purification yielded only four proteins in relatively large quantities. Moreover, the IgE
Western blotting of the allergens also revealed two major bands, approximately 33 KDa
and 17 KDa. The results of this experiment confirmed the previously reported findings
of purified Ana o 2 and Ana o 3 being the two main allergens of cashew nuts. We further
performed a structural analysis of these purified proteins.
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The main advantage of mass spectrometry in the detection of food allergens is the
sequence determination of the peptides and proteins by the protein spectrum. Specifically,
a protein was cut into small fragments by specific enzymatic or chemical hydrolysis, and
the molecular weight of each product was detected using mass spectrometry. The obtained
data were applied to the database to obtain the corresponding known protein and to
determine the sequence of the protein to be measured, as shown in Figure 1A. The impact
of detection during processing can thus be effectively avoided. The Ana o 2 and Ana o
3 allergens were also identified. The mass spectrometric profile data were compared to the
UniProt-Anacardium Occidentale (downloaded on 20 April 2019) and NCBI-Anacardium
Occidentale databases. A total of 60,842 profiles and 5 proteins were obtained. The number
of peptides obtained from UniProt-Anacardium occidentale was 147, and from the NCBI-
Anacardium occidentale, it was 148. The measured fragment sequences were compared with
those obtained from the NCBI database, and two of them were identified to match the
sequences of Ana o 2 and Ana o 3. The sequences of Ana o 2 and Ana o 3 are as follows:

Figure 1. Mass spectrometry analysis of the cashew allergenic proteins (A) and the circular dichro-
gram (B) to identify cashew allergenic proteins. Figure (A) is from the results of the protein sequencing
analysis of cashew allergens. The main purpose of this experiment is to identify two major allergens
by Western blotting and obtain the sequences of the two allergens by mass spectrometry sequencing,
as it is measured by liquid mass spectrometry. ESI mass spectrometry provides the total ion map.
After the NCBI database query, the allergen sequence and the results obtained by mass spectrometry
are compared. The secondary structure predicted by the Protein program in DNAstar is compared
with the protein structure determined by circular dichroism.
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The CD was used to determine the structure of the protein solution, and the CD
spectrum in the range of 180–260 nm was provided in the protein secondary structure.
From Figure 1B, we found that between 180 and 195 nm, the changes in the α–helix, β–turn,
and random coil were relatively stable. The α–helix decreased from 30.70% to 12.20%, the
β–turn increased from 17.70% to 22.40%, and the random coil increased from 32.80% to
54.00%, with an overall trend of a decreasing α–helix and an increasing β–turn and random
coil. Because of their bulge structures, the β–turn and random coil easily bind to antibodies
to form epitopes, whereas the α–helix is not easily deformed and does not easily bind to
antibodies to form epitopes, such as tropomyosin, a coiled–coil protein with an α–helix
structure that becomes a major allergen from shellfish [36]. Furthermore, a high frequency
of β–turn and random coil occurrence was found in the entire amino acid sequence of Ana
o 2 and Ana o 3, indicating a high possibility of epitope formation in this region.

3.2. Prediction of the Allergen Secondary Structure with Bioinformatic Analysis

The secondary structures of the allergens Ana o 2 and Ana o 3 were predicted using
Protean, a component of the DNAStar software, in conjunction with Swiss-model and
PyMoL software; the results are shown in Figure 2 (bioinformatic analysis of Ana o 2 (A)
and Ana o 3 (B) features). Those located on the outside of the protein were chosen from
among all the identified linear epitopes. Furthermore, those found in the flexible regions
and rich in beta–sheets and flexible loops were chosen. Any predicted protruding structure
would allow antibodies easy access to the epitope. Therefore, domains that met these
requirements were considered potential epitope candidates with a high probability.

Figure 2. Cont.
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Figure 2. Bioinformatic analysis of the Ana o 2 (A) and Ana o 3 (B) features. Lanes 1–6: secondary
structure analysis revealing alpha regions by using the Garnier–Robson (1) and Chou–Fasman methods
(2), beta regions by using the Garnier–Robson (3) and Chou–Fasman methods (4), turn regions by using
the Garnier–Robson method (5), and coil regions by using the Garnier–Robson method (6). Further
lanes reveal hydrophilicity by using the Kyte–Doolittle method (7), the antigenic index by using the
Jameson–Wolf method (8), and the surface probability by using the Emini method (9). Grey shading in
both panels corresponds to the produced peptides, whose names are listed below the panels.

The hydrophilicity, surface accessibility, and flexibility of the protein domains are
important parameters affecting the antigenic properties. A hydrophilicity above 0, an
antigen index above 0, and a surface accessibility of above 1 would, in combination, increase
the chance of a protein region representing an epitope. Therefore, a protein domain would
have a high surface accessibility as well as the flexibility to fold easily, increasing the
exposure at the surface of a three-dimensional protein structure.

The antigen index predicts the likelihood of a protein containing epitopes. As shown
in Figure 2B, at least six distinct regions and a large continuous portion of Ana o 2 and
Ana o 3 had a high antigen index. To put such predictive indices to the test, we created
epitopes with varying lengths and scores based on the antigenicity, hydrophilicity, and
surface probability, as shown in Figure 2. Ana o 2’s peptides were shorter than those of
Ana o 3. As the controls for Ana o 3, two overlapping peptides (Ana o 3–1 and Ana o
3–2) located in regions with negative hydrophilicity and antigenic index values were used.
The amino acid sequences were converted to nucleotide sequences through the EMBOSS
Backtranseq software (https://www.ebi.ac.uk/Tools/st/emboss_backtranseq/, accessed
on 23 Jun 2021); the results are summarized in Table 1.
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Table 1. Peptide sequences of the predicted epitopes and the corresponding nucleotide sequences.

Name Amino Acid Position Amino Acid Sequence Nucleotide Sequence

Ana o 2–1 31–41 DALEPDNRVEY GACGCCCTGGAGCCCGACAACAGGGTGGAGTAC
Ana o 2–2 47–57 EAWDPNHEQFR GAGGCCTGGGACCCCAACCACGAGCAGTTCAGG
Ana o 2–3 109–113 QQGRQ CAGCAGGGCAGGCAG
Ana o 2–4 114–120 QGQSGRF CAGGGCCAGAGCGGCAGGTTC
Ana o 2–5 171–182 FHLAGNP TTCCACCTGGCCGGCAACCCC
Ana o 2–6 182–187 PKDVFQ CCCAAGGACGTGTTCCAG
Ana o 2–7 188–194 QQQQHQS CAGCAGCAGCAGCACCAGAGC
Ana o 2–11 195–203 RGRNLFSGF AGGGGCAGGAACCTGTTCAGCGGCTTC
Ana o 2–9 219–225 IKQLKSE ATCAAGCAGCTGAAGAGCGAG
Ana o 2–10 226–232 DNRGGIV GACAACAGGGGCGGCATCGTG
Ana o 2–8 233–239 KVKDDEL AAGGTGAAGGACGACGAGCTG
Ana o 2–12 284–288 ENTND GAGAACACCAACGAC

Ana o 3–1 10−24 AFAVLLLVANASIYR GCCTTCGCCGTGCTGCTGCT
GGTGCCAACGCCAGCATCTACAGG

Ana o 3–2 13−27 VLLLVANASIYRAIV GTGCTGCTGCTGGTGGCCAA
CGCCAGCATCTACAGGGCCATCGTG

Ana o 3–3 30–39 EEDSGREQSC GAGGAGGACAGCGGCAGGGAGCAGAGCTGC
Ana o 3–4 39–48 QRQFEEQQR CAGAGGCAGTTCGAGGAGCAGCAGAGG
Ana o 3–6 66–71 YNQRQE TACAACCAGAGGCAGGAG
Ana o 3–7 83–92 VDRRCRCQNL GTGGACAGGAGGTGCAGGTGCCAGAACCTG
Ana o 3–8 101–107 QQEQIKG CAGCAGGAGCAGATCAAGGGC
Ana o 3–9 108–115 EEVRELYE GAGGAGGTGAGGGAGCTGTACGAG
Ana o 3–10 116–123 TASELPRI ACCGCCAGCGAGCTGCCCAGGATC

Ana o 3–5 124–138 CSISPSQGCQFQSSY TGCAGCATCAGCCCCAGCCA
GGGCTGCCAGTTCCAGAGCAGCTAC

3.3. Cloning of the Epitope Libraries

Oligonucleotides representing the predicted epitope sequences were cloned into the
plasmid pCANTAB5E and transformed into the E. coli host DH5alpha. After the insert
length was confirmed (Figure 3), the plasmids were electroporated into TGI cells. Three
colonies were selected from each transformation plate and sent out for sequencing. After
the confirmation of the correct inserts, they were used for phage display screening.

Figure 3. The cloned peptide inserts for Ana o 2 (A) and Ana o 3 (B). The numbers below the lanes
correspond to the peptide numbers provided in Table 1. Lane M represents a size marker.
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3.4. Phage Display Screening

Human serum derived from patients with a cashew nut allergy was used to screen the
phage display library. This resulted in the identification of major epitopes whose OD450
readings are listed in Table 2. Positive signals were obtained for the peptides Ana o 2–3,
Ana o 2–4, and Ana o 2–6, as well as a weak positive signal for Ana o 2–9. Despite having a
high antigenicity, hydrophilicity, and surface probability, as well as the predicted coil and
turn structure, the peptide Ana o 2–2 was not recognized by the pooled antisera. Apart
from the presence of a turn but no coil motive, Ana o 2–3 exhibited good but not maximum
scores for hydrophilicity, antigenicity, and surface exposure, and it was antigenic. The
strongest signal was produced by Ana o 2–4, a peptide of seven amino acids (Table 1),
which is located within a stretch with high hydrophilicity (though not producing top scores)
and produced maximum scores of antigenicity, combined with a predicted turn and coil
region (Figure 3A). Although Ana o 2–5 also contained predicted coil and turn regions
together with high predicted hydrophilicity and maximum antigenicity scores, it did not
produce positive results in an ELISA. Ana o 2–6 combined maximum antigenicity scores
with the presence of a turn but not a coil region; its hydrophilicity was relatively low, and
the surface exposure index was even lower. Nevertheless, Ana o 2–6 was recognized as an
epitope by the pooled human serum. The weak but positive ELISA results from Ana o 2–9
were unexpected considering the obtained prediction scores.

Table 2. Phage-ELISA results and the predicted antigenicity, hydrophilicity, and surface probability
of the peptides.

Peptide ∆ELISA Value Hydrophilicity Index 1 Antigenicity Index 2 Surface
Probability 3

Ana o 2–1 −0.042 2.0 1.7 2.0
Ana o 2–2 −0.023 2.8 1.7 3.5
Ana o 2–3 1.558 2.0 0.8 2.3
Ana o 2–4 3.532 3.0 1.7 3.8
Ana o 2–5 −0.044 2.8 1.7 6.0
Ana o 2–6 1.835 1.0 1.7 1.0
Ana o 2–7 −0.023 3.8 0.8 4.8
Ana o 2–8 −0.018 0.5 1.6 −1.0
Ana o 2–9 0.292 1.2 0.6 0.8
Ana o 2–10 −0.031 2.8 1.7 5.8
Ana o 2–11 −0.105 2.0 1.7 2.8
Ana o 2–12 −0.024 0.4 0.4 −1.0

Ana o 3–1 0.152 −3.0 −0.6 −1.0
Ana o 3–2 0.513 −3.0 −0.6 −1.0
Ana o 3–3 −0.024 2.8 1.7 2.5
Ana o 3–4 0.66 3.2 1.7 4.0
Ana o 3–5 −0.106 1.1 0.6 1.0
Ana o 3–6 0.216 3.2 1.7 6.0
Ana o 3–7 −0.099 2.0 1.7 4.0
Ana o 3–8 0.305 2.3 1.1 3.5
Ana o 3–9 0.227 1.5 0.9 3.0
Ana o 3–10 0.358 1.3 0.9 2.2

1. Peak values correspond to lane 7 of Figure 3. 2. Peak values correspond to lane 8 of Figure 3. 3. Peak values
correspond to lane 9 of Figure 3. ∆ELISA values are calculated by the peptide sample OD value minus the OD
value of the negative control with those above 0 written in bold.

The Ana o 3 peptides produced weaker ELISA signals than the Ana o 2 peptides.
Ana o 3–10 produced the strongest ELISA signal, despite having lower hydrophilicity and
surface probability scores than Ana o 3–3, which did not represent an epitope. The two
overlapping peptides, Ana o 3–1 and Ana o 3–2, were detected by the human antiserum
and scored negative for the hydrophilicity, antigenicity, and surface probability (Figure 3B,
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Table 2). Therefore, these findings indicated that these bioinformatics tools performed
poorly in predicting epitopes, at least for these two proteins.

4. Discussion

We compared the Ana o 2 and Ana o 3 epitopes predicted by in silico analysis to the
epitopes identified by phage display technology. The study’s goal was to examine the
allergen antigenic peptides. It is important to find IgE antibody samples and purify the
allergen−specific IgE for the phage. In our experiment, we used an indirect ELISA with
a mouse anti−human IgE monoclonal antibody−coated to capture human IgE in pooled
samples, avoiding cross−reactivity with other pooled samples or binding with epitopes.
We also detected and discovered that the sIgE value (3.2) of the pooled samples was much
greater than the 0.35 KUA/L in the patient group and less than 0.35 KUA/L in the healthy
control group (0.08). All of this resulted in the important epitopes for the allergic reaction
that we are studying being IgE−binding epitopes rather than others−binding epitopes.

Phage display technology was used in this study to determine the main allergen epitopes,
primarily because the traditional enzyme−linked immunosorbent assay would inactivate
all of the proteins and viruses, resulting in more nonspecific binding reactions of antigen
epitopes and interfering with the experimental results. The phage display technology has a
higher activity and less nonspecific binding. Because the synthetic peptide’s molecular weight
was less than 100 bp, many PCR experiments failed, and the single-strand hybridization
complementary method was finally chosen to form double strands [37]. When building
the transformation library, the electric transformation method was used instead of chemical
transformation because it was more efficient. During the experiment, it was discovered that
if the peptide was not purified, it could not connect with the bacteriophage. The analysis
could be attributed to the dimer-induced inhibition of its binding. Therefore, gel cutting and
purification were performed prior to the transformation in order to remove the impurities,
such as dimers from the product and improve the linkage rate [38].

From the study of the bioinformatic analysis of the Ana o 2 (A) and Ana o 3 (B)
features, between 180 and 195 nm, the changes in the α−helix, β−turn, and random coil
were relatively stable. The α−helix decreased from 30.70% to 12.20%, the β−turn increased
from 17.70% to 22.40%, and the random coil increased from 32.80% to 54.00%, with an
overall trend of a decreasing α−helix and an increasing β−turn and random coil. Because
of their bulge structures, the β−turn and random coil easily bind to antibodies to form
epitopes, whereas the α−helix is not easily deformed and does not easily bind to antibodies
to form epitopes, such as Tropomyosin, a coiled−coil protein with an α−helix structure
that becomes a major allergen from shellfish. Furthermore, a high frequency of β−turn and
random coil occurrence was found in the entire amino acid sequence of Ana o 2 and Ana o
3, indicating a high possibility of epitope formation in this region.

A previous study used immunoblotting and 15 aa long peptides [39] to perform a
systematic epitope screening on Ana o 2. The study identified seven peptides that bound
to human IgE, of which aa 105–119 contained Ana o 2–3. The peptide with aa 113–127,
on the other hand, did not produce positive results; it contained Ana o 2–4, which we
classified as an epitope. The systematic immunoblot screening performed by Wang et al.
did not completely cover our epitope Ana o 2–6, while Ana o 2–9 was missed by the
corresponding peptide with aa 217–231. Ana o 3 was subjected to a similar systematic
epitope screening, with aa 57–68, 72–83, and 102–113 identified as strongly reactive. Our
analysis did not confirm the first two, while the third overlapped with our Ana o 3–8
and Ana o 3–9. Immunoblotting can only detect linear epitopes that are not destroyed by
denaturation [40]. Phage display screening, on the other hand, allows for some structural
features to be conserved, which improves the sensitivity. The use of pooled sera rather
than individual serum may have diluted out some of the minor epitopes. Furthermore, the
validation of the predicted epitopes is highly dependent on the patient serum; however,
the volume of 10 people’s mixed serum samples was sufficient to compensate for this.
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Therefore, the fraction of aa producing allergen epitopes was 5.5%. Ana o 3 had
a much larger fraction because 56 aa produced at least six and possibly seven epitopes,
whereas the entire protein was only 138 aa long, resulting in an epitope−producing aa
fraction of 40.6%. Ana o 3 is thought to be more likely to cause an allergic reaction than
Ana o 2 due to the higher number of identified epitopes and a much smaller size.

5. Materials and Methods
5.1. Preparation of Protein Samples and Patients’ Samples

The protein was resolved using Omni PAGE precast gel (4–15%). The protein samples
were prepared by mixing with 5X loading buffer (4:1 by volume) and heating for 5 min,
followed by cooling at room temperature. The cashew allergen protein was purified using
glucan G−150 column chromatography [41]. SDS−PAGE [42] and Western blotting were
performed as described in a previous study. Subsequently, 10 µL of the prepared samples
were loaded onto the gel (a maximum of 60 µL per well). The gel was run at 150 V until the
bromophenol blue dye front reached the gel bottom (40–50 min). Half of the gel was then
incubated in a staining solution for 30 min with gentle shaking. For destaining, the gel was
incubated with a destaining solution and photographed using a gel imaging system. The
other half of the gel was used for Western blotting, and the proteins were visualized by
immune detection.

After people with a cashew allergy eat cashews, a special substance (human IgE
antibody) appears in their blood, causing hypersensitivity [43]. This study followed all
clinical study procedures, as described in the introduction [44]. So, we created two groups:
one for patients and one for healthy controls. The patients with cashew nut allergies were
identified as the patient group; all of them had a specific IgE antibody value of cashew
no less than 0.35 KUA/L with typical and compound clinical allergy symptoms, such as
anaphylactic symptoms on the skin or in the respiratory or gastrointestinal areas detected
by doctors, and the sera from 10 cases with a cashew nut allergy as the positive serum
samples were provided by our collaborators at the Xinzhou People’s Hospital. The healthy
control group consisted of healthy participants with no obvious history of an allergy, as
well as those from Xinzhou People’s Hospital. Both groups of participants aged 18–59 years
(regardless of gender) were free of other diseases. We used a diagnostic kit to confirm that
the patients and control groups did not have any other food allergies when we collected
the samples for our group (hob–biotech, Suzhou). The information from these samples is
shown in Table 3, which includes sex, age, cashew–specific IgE, cashew reaction history,
and diagnosis method. If the SIgE value of the cashew was not less than 0.35 KUA/L, with
anaphylactic symptoms on skin or in the respiratory and gastrointestinal areas diagnosed
by doctors, it was diagnosed to be that of a cashew allergy patient.

Table 3. The patients’ hospital records of cashew allergy.

Group
Number Sample ID Gender Age Specific IgE

of Cashew *
Total
IgE

Reaction History and Symptoms of
Cashew Occurred Diagnosis Method

Patients
Group

SA1 Male 26 0.59 <100 Skin itch, erythema, rhinitis >0.35 positive
SA2 Male 22 0.69 <100 Skin itch, erythema, rhinitis >0.35 positive
SA3 Female 43 0.47 <100 Skin itch, erythema, rhinitis >0.35 positive

SA4 Male 27 0.43 <100 Respiratory tract sneezing, erythema,
rhinitis >0.35 positive

SA5 Male 35 2.1 <100 Emesis, erythema, rhinitis, skin itch >0.35 positive
SA6 Female 19 1.6 <100 Erythema, rhinitis, skin itch >0.35 positive
SA7 Female 36 0.39 <100 Skin itch, erythema, rhinitis >0.35 positive
SA8 Male 54 0.57 <100 Skin itch, erythema, rhinitis >0.35 positive
SA9 Female 42 0.73 <100 Rhinorrhea, erythema, rhinitis, skin itch >0.35 positive
SA10 Male 33 7.8 >200 Urticaria, skin itch, erythema, rhinitis >0.35 positive
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Table 3. Cont.

Group
Number Sample ID Gender Age Specific IgE

of Cashew *
Total
IgE

Reaction History and Symptoms of
Cashew Occurred Diagnosis Method

Healthy
Control

HC1 Female 23 0.09 <20 Not found >0.35 positive
HC2 Female 18 0.13 <20 Not found >0.35 positive
HC3 Female 27 0.12 <20 Not found <0.35 negative
HC4 Male 34 0.09 <20 Not found <0.35 negative
HC5 Male 36 0.05 <20 Not found <0.35 negative
HC6 Female 47 0.02 <20 Not found <0.35 negative
HC7 Female 42 0.03 <20 Not found <0.35 negative
HC8 Male 53 0.02 <20 Not found <0.35 negative
HC9 Female 58 0.03 <20 Not found <0.35 negative
HC10 Male 32 0.08 <20 Not found <0.35 negative

* Here if SIgE value of cashew is not less than 0.35 KUA/L with allergic symptoms in skin, respiratory and
gastrointestinal detected by doctors, it will diagnose to be cashew allergy patients.

5.2. Mass Spectrometry Sequencing

Protein samples must be pretreated before the enzymatic hydrolysis of protein so-
lutions can take place. To begin, we took some protein samples and mixed them with
20 µL of 2 M urea. After 30 min, 20 µL of 10 mM dithiothreitol (DTT) (dissolved in 25 mM
NH4HCO3) were added and incubated at 37 ◦C in a water bath for 1 h. After that, it was
filled with 20 µL of 55 mM indole–3–acetic acid (IAA) (dissolved in 25 mM NH4HCO3) and
left in the dark for 30 min. The samples were then fully mixed and incubated overnight at
37 ◦C with 0.2 µg of trypsin. The samples were centrifuged the next day and then desalted
using the C18 Zip Tip column. The protein solutions were then centrifuged, vacuum
freeze–dried, and kept at −20 ◦C.

The mass spectrometry analysis was run. The peptide fragment was resolubilized in
20 µL of 2% methanol and 0.1% formic acid. After centrifuging the mixture at 12,000× g
rpm for 10 min, the supernatant was aspirated for sample loading. Following that, 10 µL of
the sample was loaded for 15 min using the sandwich method, with a loading pump flow
rate of 350 nL/min and a separation flow rate of 300 nL/min.

Following the mass spectrometry sequencing, the peptide sequencing data were
compared to those found in the UniProt-Anacardium occidentale database (downloaded on
20 April 2019) and the NCBI–Anacardium occidentale database. Maxquant (an information
retrieval package) was also used to analyze the proteomic data.

5.3. Determination of Secondary Structures by Using Circular Dichroism (CD)

First, the background was measured without any objects being placed in the sample
pool. Following that, the sample solution was injected into the reader’s cuvette (the
machine: Circular Dichroism Spec, Applied PhotoPhysics, APL). Meanwhile, the samples
were placed in a cuvette and detected three times at a 0.5 nm bandwidth, 1.0 nm step,
180–260 nm wavelength, and 0.5 s time-per-point.

5.4. Bioinformatics Analysis

The allergen sequences obtained by the mass spectrometry sequencing were compared
with those obtained from the NCBI database (https://www.ncbi.nlm.nih.gov/protein/
AAN76862.1?report=genpept, accessed on 8 April 2021). Then, the secondary structures of
the predicted allergenic proteins were compared using the Protean program in DNAstar,
with the structure and binding of the proteins determined using the CD.

5.5. Epitope Prediction

The aa sequences of allergens Ana o 2 and Ana o 3 were extracted from the NCBI
database (accession number AF453947_1 and AAL91665, respectively). The antigenic epi-
topes of these two proteins were predicted using the default settings of the DNAstar and
PyMoL software, both of which are part of the Swiss model (https://swissmodel.expasy.
org/interactive, accessed on 8 April 2021), along with predictions of their hydrophilic-
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ity, flexibility, and surface accessibility. Jin Wei Zhi Biological Co., Ltd. synthesized the
DNA oligonucleotides of the predicted epitopes, with upstream and downstream primers
designed to contain the XmaI and KpnI restriction sites (forward primer: CAGCCCCG-
GTACCCCG, reverse primer: GCGGCCGTCCCCGGG), which added 33 bp to the length
of each peptide nucleotide sequence [45].

5.6. Epitope Cloning and Expression

The pCANTAB5E phage display system was used to express the predicted epitopes.
To see if the peptides were correctly cloned into the plasmid, the epitopes were cloned and
expressed in E. coli DH5a cells. The pCANTAB5E plasmid was transformed into E. coli
DH5α, cultured with ampicillin as the selective antibiotic, and extracted using an alkaline
lysis plasmid extraction kit for this purpose (Omega). The plasmid DNA was digested
with the restriction enzymes KpnI and XmaI (NEB), separated on a 1.5% agarose gel, and
purified using a gel recovery kit (Promega). The synthesized primers were used separately
to amplify the entire predicted peptide in a reaction volume of 10 µL using Taq polymerase.
The PCR conditions underwent pre-denaturation for 1 min and 20 cycles of 1 min at 95 ◦C,
30 s at 55 ◦C, and 30 s at 72 ◦C, followed by a 4 min terminal extension at 72 ◦C. After two
cycles, the two complementary primers were combined and annealed for 1 h at 37 ◦C. The
amplicons were separated on 5% agarose gels before being cut out, purified, and ligated
into the pCANTAB5E plasmid DNA. The ligation mixture was transformed into competent
E. coli DH5α cells, and the DNA extracted from single colonies was sequenced by a third
party (Sangon Biotech) [46].

The recombinant plasmids were then isolated, quantified, and electroporated into
TGI competent cells; the transformed cells were diluted with super optimal broth with
a catabolite repression (SOC) culture medium and cultured overnight at 37 ◦C in 2×
YT/Amp/Glu plates with 2% glucose and 100 µg/mL. The colonies on the plates were
sequenced the following day.

5.7. Phage Peptide Expression in Microtiter Plates

A bacterial suspension (50 µL) of each primary library was added to a 96-well plate
together with a 200 µL 2XYT/AMP/Glu culture medium and incubated at 37 ◦C overnight
with a 250 rpm rotation. The cultures were stored at −70 ◦C with an equal volume of
100% glycerol. The subcultures were grown in 96-well plates until an OD600 of 0.4–0.6
was obtained. To these exponentially growing cells, the helper phage M13KO7 (NEB)
was added at a ratio of 10 or 20:1 (phage to bacteria) and incubated at 37 ◦C for 30 min.
Following centrifugation, the cell pellets were resuspended in 150 µL of 2XTY/Amp/Kan.
Because the expression of the recombinant peptides depends on the osmotic expression of
the lacZ promoter with glucose removed in this step, the bacteria were cultured overnight
at 37 ◦C and 300 rpm. Following centrifugation, 50 µL of the supernatant obtained from
each well were used for the phage enzyme-linked immunosorbent assay (ELISA).

5.8. Identification with Phage ELISA Method

The plate was coated with a mouse anti-human IgE monoclonal antibody (purchased
from Jackson immunoResearch Laboratories Inc.) and incubated overnight at 4 ◦C. The coated
test plates were washed three times with PBST the next day. These plates and an uncoated
control plate were blocked for 45 min in PBS with 2% BSA. After washing, the pooled human
sera derived from ten individuals with a cashew allergy and the pooled human sera from the
control group were added into the wells (100 µL/well) and incubated for 1 h (PBST). After
washing the plates, each phage supernatant was used as the antigen (mixed 1:1 with 1% MPBS)
and added into the wells. Finally, a 1:4000 dilution of monoclonal mouse anti-M13-HRP (MBL)
was used as the secondary antibody. After the final wash, the substrate solutions were added
to the plates for 15 min of incubation. After adding the stop solution, the plates were read on
a Gen5 plate reader (BioTek Co., Ltd., Santa Clara, CA, USA).

153



Molecules 2023, 28, 1880

6. Conclusions

Epitopes were identified on two proteins derived from cashew nuts by using phage
library expression and screening with human sera obtained from patients with a cashew nut
allergy. The bioinformatic predictions correlated poorly with the experimentally verified
epitopes. Of the identified epitopes, Ana o 3 is more likely to cause allergic reactions
than Ana o 2. Therefore, further research should focus on changing the composition or
structure of the identified protein domains to produce low-allergen nuts. We conclude that
cashew nut allergen epitopes can be expressed, and their physicochemical properties can
be studied, by using the bacteriophage display technology, which provides a theoretical
basis for allergen studies in the future.
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