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Chapter 1

General Introduction

Chapter 1

1.1 Introduction
Soybean or soya bean (Glycine max) is a species of legume that has been cultivated for
thousands of years in China and other Asian countries, such as Japan and Korea. Since the
1960s, the cultivation and production of soybean have increased dramatically. The global
production of soybean exceeded 334 million tons by 2019, led by countries such as the
United States, Brazil, and Argentina (Fig. 1.1), which made soybean one of the most
abundant protein resources in the world. Soy protein has been part of the daily diet for
people in many countries, and various soy protein-based foods have been created such as
soy milk, tofu (soybean curd), natto, and tempeh. In some Asian countries, these foods
have played an indispensable role in their traditional cuisine and culture.

Figure 1.1. Global yield/ production quantities of soybean from 1961 to 2019 (A); Top 10 producers of soybean
in 2019 (B). Data from FAOSTAT (The Food and Agriculture Organization Corporate Statistical Database).

Although there is a burgeoning interest in using soy protein as an ingredient in the food
industry, the functional properties of soy protein still need to be improved before they are
able to replace traditional animal-based proteins. The strategy to alter these functional
properties, so-called protein modification, has been a research area of continued interest.
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To date, such modifications have been induced by chemical treatments (e.g., pH shifting
and glycation/ Maillard reactions), physical treatments (e.g. heat treatment, ultrasonic
treatment, and blending with other biopolymers), biological treatments (e.g. via enzymatic
hydrolysis), and a combination of these treatments. A schematic overview of the protein
modification methods is illustrated in Fig. 1.2. As the involvement of chemical reagents
normally reduces consumers’ acceptability of food products, food industries are shifting away
from chemical modifications. Among the functional properties of soy protein, the aggregation
and gelation properties are very important for their application, as these properties play an
important role in the texture of many food products, such as tofu and meat analogues. This
thesis contributes to the understanding of the aggregation and gelation properties of soy
protein by investigating how these properties are affected by some emerging modification
methods.

Figure 1.2. A schematic overview of the protein modification methods.

As an oil crop, soybean contains approximately 40% protein and 20% oil on an average dry
matter base. After oil extraction, a large amount of defatted soy flour (protein content:
10~20%) remains. From this defatted soy flour, soy protein ingredients with high purity can
be prepared, such as soy protein concentrate (SPC, protein content: 55~60%) and soy
protein isolate (SPI, protein content: > 80%), which are normally used in the food industry.
Like many plant-based proteins, soy protein is a protein mixture that consists of many
components. Based on the sedimentation coefficients, soy protein components can be
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classified into four protein categories i.e. 2S, 7S, 11S and 15S, with more than 80% ꞵconglycinin (7S) and glycinin (11S). The ratio of ꞵ-conglycinin/glycinin in soy protein
depends on the soybean varieties as well as the cultivation environments. ꞵ-conglycinin is a
trimeric glycoprotein with a molecular weight (MW) of 180~210 kDa and an isoelectric point
(IP) at pH 4.5 to 5.0. It consists of three subunits: α (~ 67 kDa), α′ (~ 71 kDa), and ꞵ (~
50 kDa), associated by noncovalent interactions [2]. Glycinin in 11S form is a hexamer with
an MW of ~350 kDa and an IP at pH 6.3 to 7.0. It consists of five different subunits, each
subunit consists of an acidic polypeptide A (acidic pI) with a MW of 37-42 kDa and a basic
polypeptide B (basic pI) with a MW of 17- 20 kDa, linked by a disulfide bond. AB subunits
are believed to associate into two hexagonal rings forming a hollow cylinder, by electrostatic
interactions and hydrogen bonding, as shown in Fig. 1.3.

Figure 1.3. Schematic diagram of glycinin molecule consisting of acidic, A, and basic, B, subunits [3].

1.3 Aggregation of soy protein
1.3.1 Random aggregates
When globular proteins such as soy protein are denatured, their rigid conformational
structures become looser, and convert into intermediate states (e.g. pre-molten globule,
molten globule) or a totally unfolded state. Proteins in these denatured states tend to
interact with each other, leading to a phenomenon known as protein aggregation. Despite
many efforts, the aggregation of soy protein has not been understood thoroughly due to the
complexity of this process and the fact that it is a mixed protein system. The dominant
components of soy protein, β-conglycinin and glycinin possess different thermal aggregation
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behaviors due to different structures. Guo et al. compared the different thermal aggregation
behaviors of ꞵ-conglycinin and glycinin at pH 7.0 (illustrated in Fig. 1.4) [2]. They found
that ꞵ-conglycinin tended to form soluble aggregates via the consumption of monomers,
while glycinin formed insoluble aggregates via further association between aggregates with
high MW [2]. Soluble aggregates of β-conglycinin possessed a less compact conformation
while insoluble aggregates of glycinin had a conformation of a denser core and a looser outer
shell [2]. In addition, β-conglycinin could contribute to the solubilization of soy protein
thermal aggregates, as heating in the presence of β-conglycinin restricted the self-assembly
between the glycinin aggregates and recovered their solubility [2]. This was consistent with
the findings of Damodaran et al. that adding purified ꞵ-conglycinin prevented thermal
aggregation of glycinin and its isolated basic subunits, due to the formation of a soluble
complex between the ꞵ-conglycinin and the basic subunits of glycinin [4].

Figure 1.4. A schematic illustration of the thermal aggregation behavior of ꞵ-conglycinin and glycinin at pH
7.0. N: native state; U: unfolded state; Agg.: aggregates [2].

1.3.2 Fibrillar aggregates
Recently, the aggregation of proteins heated at low ionic strength and low pH has gained a
lot of attention, as in this condition proteins have been found to form amyloid fibrils. Amyloid
fibrils are ordered aggregates of peptides or proteins that are fibrillar in structure [5]. Nilsson
(2004) proposed three criteria that define a protein aggregate as an amyloid fibril: 1) green
birefringence upon staining with Congo Red, 2) fibrillar morphology, and 3) ꞵ-sheet
secondary structure [5]. These proteinaceous aggregates with a typical cross-β secondary
structure, have a diameter of several nanometers, contour lengths up to a few micrometers,
and an extremely high Young’s modulus [5]. Although the interest originally arose from the
11
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clinical findings that amyloid fibrils are related to many diseases (e.g., Alzheimer’s disease,
type 2 diabetes mellitus, and Creutzfeldt-Jacob disease), amyloid fibrils have drawn
attention from many food scientists because of their potential usage as thickening agents or
texture modifiers. The current view is that amyloid fibrillation, as a special aggregation
behavior, is a generic feature of almost all food proteins. Akkermans et al. reported that
long and semiflexible fibrillar aggregates can be formed from soy protein isolate when heated
at 85 °C and pH 2.0 [6]. They showed that the soy protein fibrils have a contour length of
∼1 µm, persistence length of 2.3 µm, and thickness of a few nanometers [6]. Tang and

Wang (2010) also demonstrated the formation of amyloid-like fibrils when heating soy ꞵ-

conglycinin and glycinin and their mixture (1:1) at 80 °C and pH 2.0, as all three criteria for
amyloid fibrils proposed by Nilsson were satisfied [7]. More recently, Wang et al. revealed
the effects of heating time (85 °C, pH 2.0, 0–24 h) and incubation times (0–7 days) on the
formation and physicochemical properties of SPI amyloid fibrils, which showed that longer
heating time enhanced the aggregation potential of protein hydrolysates while longer
incubation time led to a slight increase of the particle size of fibrillar aggregates [8]. All
findings indicated that the fibrillation of soy protein, like their aggregation in any other
conditions, are affected by many intrinsic factors (e.g. protein composition, concentration,
conformational structures) and extrinsic factors (e.g. heating time, incubation time, shear
flow).

1.4 Gelation of soy protein
It is generally accepted that the gelation process is essential for the sensory and textural
properties of many food products. Soy protein is the only plant-based protein that has been
widely consumed in gel-based foods (e.g., tofu, yuba, and tofu pudding). It has also been
added to other food products such as sausages and meat analogues because of its gelling
ability. Gelation of soy protein often involves protein denaturation/unfolding, dissociation,
association, and aggregation. The building blocks of protein gels can be particulate
aggregate or strand aggregates. However, compared to the gelation processes of linear
biomacromolecules such as polysaccharides, the understanding of the gelation process of
soy protein is still limited because of its complexity.

1.4.1 Heat-set gels
Gelation of soy protein is most often induced by heat treatment. A mechanism for the
network formation in the thermal gelation process of glycinin has been proposed (illustrated
in Fig. 1.5): (1) Within a short time of heating (about 15 s), glycinin molecules are
moderately unfolded but still in a globular form, and six of these molecules are bound to a
short strand (strand I); (2) Subsequently, strand I associates with itself to form a long
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straight strand (strand II); (3) Strand II associates with itself and/or strand I to form both
branched and unbranched strands (strand III) [9]. The gel network could then form from
these strand III units.

Figure 1.5. Thermal gelation mechanism of soy glycinin [9].

Heat-induced gelation process can be affected by many factors (pH, temperature, salt
concentration, etc.), and so are the final gel properties. For example, Renkema and
colleagues found soy protein solutions gelled at a lower temperature at pH 3.8 than at pH
7.6 [10]. SPI and soy glycinin were found to form coarse gels at pH 3.8 with a granulated,
white appearance, while more fine-stranded gels were formed at pH 7.6 with a smooth,
slightly turbid appearance [11,12]. They also investigated the effects of different
heating/cooling rates, heating times, and heating temperatures on the thermal gelation of
SPI at pH 7.0 [13]. Their results showed that the storage modulus (G′), which is a measure
of gel stiffness, increased with prolonged heating time but decreased with heating rate [13].
Higher heating temperature also led to a higher G′ as more proteins were thermally
denatured, while no further increase of G′ was observed when the temperature was higher
than 90 °C [13]. The cooling step increased the G′ significantly, but this stiffening was found
thermoreversible and unaffected by the cooling rates. Salt concentration also influenced the
gelation [13]. It has been found that increased NaCl concentration slowed down the gelling
rate and postponed the onset time of ꞵ-conglycinin gelation, which was related to the fact
that the denaturation temperature of soy protein shifted to higher temperature with
increasing ionic strength, as revealed by DSC measurements [12,14,15]. In addition, the
influence of NaCl concentrations on the G′ of SPI gels was found to be pH-dependent: the
G′ was highest at 0, 0.5, and 0.2 M NaCl concentration when the pH was 3.8, 5.2, and 7.6,
respectively [16]. Both the pH and salt concentration could affect the net charges of protein,
which thus change the gel properties like transparency. Typically, at low salt concentration
and pH values away from the isoelectric point of the protein, protein molecules maintain
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high net charges, and electrostatic repulsive forces between each other are relatively strong,
which limits the formation of large aggregates and thus lowers the gel turbidity.

1.4.2 Cold-set gels
In contrast to the heat-induced gelation where the denaturation, aggregation and gelation
are intertwined and occur simultaneously, soy protein gels can also be prepared by two
separated steps: Firstly, native proteins are denatured and protein aggregates are formed
by preheating a protein solution at a pH far away from the isoelectric point and a relatively
low concentration. Secondly, by adding coagulants such as acidifiers and salts, the pH of the
protein solution is lowered, the net charge and strength of the electrostatic repulsion
between proteins are reduced, and salt bridges may also be formed, which all favor the
formation of a space-filling network. The aggregates formed during preheating could be the
structural units of cold-set gels since the molecular structures of the proteins in preheated
solutions and formed gels were found to be similar [17]. Since the second step can be
performed at ambient temperature, this type of protein gels is also known as cold-set gels.
Cold-set gels have shown some superior properties compared to conventional heat-induced
gels, such as higher transparency and lower critical gelation concentration. Furthermore,
since heat-sensitive or volatile compounds, such as riboflavin and essential oil, can be added
to the cooled protein suspension before the addition of coagulants, cold-set gels are highly
desirable as an encapsulation and delivery system in not only the food sector but also the
pharmaceutical industry [18,19].
While cold-set gels have been widely produced with whey proteins, the number of studies
on soy protein cold-set gels are still limited so far. Ais and colleagues proved that preheated
SPI solutions can form cold-set gels by adding Ca2+, and gels with different opacity, waterholding capacity and rheological properties can be obtained by varying the concentration of
SPI and CaCl2 [20]. As an acidic coagulant, Glucono-δ-lactone (GDL) is also widely used to
prepare cold-set soy protein gels in the food industry such as lactone Tofu. It continuously
releases protons in the protein solution and thus lowers the pH toward the isoelectric point
of the protein, and reduces the electrostatic repulsion, bringing the protein aggregates closer
together to form progressively a three-dimensional network. The GDL-induced gelation can
be affected by GDL/protein ratio and the preheating/gelation conditions (temperature, time,
ionic strength, etc.). For example, like for heat-set gels, Campbell et al. found the gel
strength and hardness of GDL-induced SPI gels increased with protein concentration [21].
At the same protein concentration, a higher GDL concentration led to a lower final pH of the
gel, of which the strength and hardness peaked at pH 4.5 [21]. Schuldt et al. reported that
under the same addition of GDL, a higher temperature can accelerate the release of gluconic
acid, and thus the acidification rate, leading to an earlier gelation onset [22]. A faster
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acidification rate also resulted in a weaker gel because less time was available for the
formation and rearrangement of the bonds between proteins [22]. In addition to the gelation
step, the conditions of the preheating step can also regulate the properties of acid-induced
SPI gels. Recently, it has been found that a higher SPI concentration during the preheating
step could increase the particle size and surface charges of soluble aggregates, and decrease
their surface hydrophobicity, which resulted in a more uniform gel network with improved
hardness, elasticity, water holding capacity and toughness [23].

1.5 Food rheology
As a study of the flow and deformation of materials, rheology has been applied in food
researches for decades, with the aim to monitor the texture development of food products
and predict their sensory properties. Rheological tests can be divided into several types,
including compressive, rotational, and oscillatory shear tests. Among them, oscillatory shear
tests prove to be useful to study semisolid materials such as food biopolymer gels.
Depending on the deformation amplitude, oscillatory shear tests can be further divided into
two types, i.e. small amplitude oscillatory shear (SAOS) and large amplitude oscillatory
shear (LAOS) tests. SAOS tests subject gels to sufficiently small strain amplitudes that will
not disrupt the gel microstructure. SAOS tests characterize the rheological properties of gels
in the linear viscoelastic (LVE) regime where the shear moduli are independent of the
magnitude of the applied strain or strain rate. In the LAOS test, the strain amplitude is
increased to a level where the gel microstructure is affected, and the mechanical response
of gels falls in the non-linear viscoelastic (NLVE) regime where the shear modules become
a function of the strain and strain rate.
So far, SAOS tests are almost routinely applied in the studies of food protein gels. For
example, the evolution of storage modulus (G′) and loss modulus (G″) of soy protein
solutions can be recorded during a complete temperature cycle (heating and cooling), which
simulates the thermal gelation process [13]. The G′ represents the elastic response while
the G″ measures the viscous dissipation per cycle of the sinusoidal deformation of a gel.
Typically, the point when G′ of the protein solution surpasses the G″ is defined as the onset
of gelation (i.e. gelling point). Some studies also take the point where G′ starts to increase
significantly as the gelling point. Various geometries can be used for SAOS tests, such as
parallel plate, cone-plate, and concentric cylinder. The selection of geometry depends on
the nature of testing samples and research purposes. In this thesis, we used a concentric
cylinder since it could measure a large sample volume and generates a homogeneous strain
field, which is beneficial for performing more sensitive measurements such as the LAOS tests
we performed subsequently. Besides, this geometry could better prevent water evaporation
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during thermal gelation, since the shear gap is covered from above by a thick layer of excess
samples and a solvent trap.

1.5.1 LAOS tests
In the production (e.g., mixing and transportation) or in the digestion process (e.g., chewing
and swallowing), food materials are inevitably subjected to large strains and stresses.
Therefore, the results obtained from LAOS tests can be better linked to the actual processing
and sensory properties of food materials than SAOS tests. Although this has been widely
recognized, only a few food studies have applied LAOS tests so far. Performing LAOS tests
itself is not difficult, as neither a special rheometer nor measuring geometry is needed to
handle this test. Beyond the LVE regime, the stress signal in LAOS tests becomes a distorted
waveform instead of the perfect sine or cosine waveform obtained in SAOS tests. The
challenges lie in how to analyze this distorted raw signal and how to extract some
parameters with physical meaning that can be robustly linked with structural features and
sensory attributes. For this reason, linking the results of LAOS tests on soy protein gels to
their microstructures forms an integral part of this thesis.
Till now, two main strategies for systematically interpreting LAOS data has been proposed:
One strategy is output wave data decomposition, often accompanied by the analysis of
various harmonics in the wave data to extract parameters that describe NLVE behavior. In
this strategy, Fourier transforms (FTs) are often used to convert the output waveform to a
Fourier series, and an FT of a LAOS wave normally shows multiple peaks at odd harmonics
(n = 1, 3, 5, ...). The number and intensity of the peaks above the noise level are thus used
as a fingerprint for LAOS material behaviors. Although this Fourier transform rheology can
be useful to differentiate materials with similar SAOS behaviors, it is difficult to interpret the
obtained harmonics data, and connect it to the microstructural changes.
This thesis adapted another strategy that focuses on the plots of viscoelastic moduli vs.
strain or stress. The patterns in these plots are signatures of certain types of rheological
behaviors and linked to the microstructural changes in materials. As shown in Fig. 1.6, Hyun
et al. classified four main types of LAOS behavior for complex fluids, based on how their
viscoelastic moduli changed beyond the linear viscoelastic region (LVR): type I, strain
thinning (G′, G″ both smoothly decreasing with increasing strain); type II, strain hardening
(G′, G″ both increasing); type III, weak strain overshoot (G′ decreasing, G″ first increasing
followed by decreasing); type IV, strong strain overshoot (G′, G″ first both increasing
followed by decreasing) [24]. Like Fourier transformation, this qualitative analysis can
differentiate materials with similar SAOS behaviors. However, this method only works for
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homogeneous fluids and semisolids, and the microstructural features behind the observed
behaviors are not completely evident.

Figure 1.6. Four main types of LAOS behavior for complex fluids. (a) strain thinning; (b) strain hardening; (c)
weak strain overshoot; (d) strong strain overshoot [24].

Another method that is extensively used in this thesis, is based on Lissajous-Bowditch plots
(often called Lissajous plots), which has been extensively discussed by Ewoldt et al. [25].
Lissajous plots are the plots of intracycle stress versus intracycle strain or intracycle strain
rate at a specific amplitude and frequency (Fig. 1.7). These plots can be obtained at different
strains and frequencies, and then arranged in a Pipkin diagram, and thus another kind of
rheological fingerprint can be established for a particular material. Based on the shape of
Lissajous plots, the relative extent and type of non-linear viscoelastic (NLVE) behavior can
be qualitatively evaluated. If the Lissajous plots are normalized, semiquantitative analysis
is possible by calculating and comparing the enclosed area of loops. Ewoldt et al. defined
two new viscoelastic moduli and two new instantaneous viscosities which are rheological
parameters that can be obtained from Lissajous plots (Fig. 1.7): G′L, the large-strain elastic
modulus (Pa), which is the slope of the secant line at maximum intracycle strain; G′M, the
minimum-strain elastic modulus (Pa), is the slope of the tangent line at zero intracycle strain
[25]. Similarly, in the viscous Lissajous-Bowditch plot, η′L, the large-rate instantaneous
viscosity (Pa∙s), and is the slope of the secant line at maximum strain rate; η′M, the
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minimum-rate viscosity (Pa∙s), which is the slope of the tangent line at minimum strain rate
[25]. These four parameters can be converted into two unitless indices, i.e. the strainstiffening ratio (S-factor) and shear-thickening ratio (T-factor):

𝑆𝑆𝑆𝑆 =
𝑇𝑇𝑇𝑇 =

>0
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In this way, quantitative analysis of strain- and shear-dependent NLVE behaviors can also
be achieved based on Lissajous plots.

Figure 1.7. A schematic of elastic moduli (A) in an elastic Lissajous plot, and dynamic viscosities (B) in a
viscous Lissajous plot.

In this thesis, fractal scaling theory was used to link the rheological properties to gel
microstructures. Shih et al. developed a fractal scaling model relating the rheological
properties (G′ and linear critical strain γ0) to the particle volume fraction φ for colloid gels,
by considering the gel network as a collection of fractal flocs which are closely packed
throughout the sample [26]. A schematic representation of colloidal gels is displayed in Fig.
1.8, where the details of colloid flocs (aggregates) are not shown and they will look more
complicated in reality. Depending on the relative strength of inter-floc and intra-floc links,
gels are classified either as strong-link (inter-floc links stronger than intra-floc links) or
weak-link (inter-floc links weaker than intra-floc links). The increase of G′ with increasing φ
is slower in the weak-link regime than that in the strong-link regime. Furthermore, γ0
increases with increasing φ in the weak-link regime, while γ0 shows a decreasing trend with
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increasing φ in the strong-link regime. Different scaling relations hold in these two regimes:

where d is the Euclidean dimension (for gels this is 3), Df is the fractal dimension of the
flocs, and x is the backbone fractal dimension of the flocs or the tortuosity of the network
(ranging from 1 to 1.3 for colloidal gels). The advantage of this model is that it can extract
structural information of the colloid gels, such as the fractal dimension of the flocs, simply
from rheological measurements. A disadvantage is that the strong-link and weak-link
regimes in this model only represent two extreme situations, and it does not describe the
intermediate regime where both the inter- and intra-floc links contribute to the overall
elasticity of gels.

To make Shih’s model more generally applicable, Wu and Morbidelli further developed this
model by introducing a new parameter, α (ranging from 0 to 1), which represents the relative
importance of the elastic contribution from inter- and intra-floc links, and allows one to
identify the different types of gelation regimes prevailing in the system [27]. The scaling
model can be described as follows:
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1.6 Protein modification
1.6.1 Enzymatic proteolysis
Enzymatic proteolysis converts protein into peptides of various sizes and free amino acids,
which is a bioreaction that is comprised of the cleavage of the covalent peptide bond between
the amino and carboxyl groups of two adjacent amino acids, catalyzed by a peptidase [28].
Compared to chemical hydrolysis, enzymatic hydrolysis not only avoids exogenous chemicals
and preserves/improves the nutritive values of soy proteins to a larger extent, but also
provides mild and more controllable processes by selecting different enzymes and reaction
conditions. As an important concept and parameter, the degree of hydrolysis (DH) has been
used to control the hydrolysis process and obtain reproducible hydrolysates. DH is normally
defined as the percentage of peptide bonds cleaved but it also has been defined as the
amount of nitrogen soluble in trichloroacetic acid after hydrolysis [29]. To measure the DH,
the pH-stat method is often used, as it allows one to monitor the DH of the system in realtime. Depending on the pH of the medium, the carboxyl group and amino groups generated
by proteolysis may lead to the release or consumption of protons, which results in pH
changes. In response, pH-stat devices automatically add acid or base to keep the pH
unchanged during proteolysis, so the titration rate is proportional to the reaction rate, and
the quantity of titrant added can be converted into the DH [30]. Other methods such as ophthaldialdehyde (OPA) and trinitrobenzenesulfonic acid (TNBS) methods can also measure
the DH, via the quantification of free amino groups. When the desired DH is reached, the
proteolysis reaction is terminated by inactivating the enzyme via heating, pH shifting, or
adding protease inactivators such as antipain.
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As DH only represents the proportion of cleaved peptide bonds after proteolysis, when the
substrate is a multicomponent protein mixture like soy protein, it is hard to control which
component of the protein is hydrolyzed. To overcome this problem, a novel method called
selective proteolysis has been explored in this thesis. The principle of this method was based
on the different denaturation conditions of soy protein components as well as the
characteristics of different enzymes [31]. According to the results of differential scanning
calorimetry (DSC) measurements (Fig. 1.9), β-conglycinin of native SPI starts to denature
at around 70 °C at pH 7.0, which is approximately 15 °C lower than for glycinin. When native
SPI is subjected to a temperature of 75 °C at pH 7.0, β-conglycinin will be denatured to a
much higher extent than glycinin in a certain time range. In contrast, it has been shown
that glycinin is more preferentially denatured at pH 2.0, compared to β-conglycinin. As a
result, β-conglycinin and glycinin can be preferentially denatured at these two different
reaction conditions, and the denatured component can be much more accessible to the
enzyme than the other undenatured one. Selective denaturation is only a precondition and
taking advantage of different features of enzymes is also important. Pepsin was used in the
selective proteolysis of glycinin because it shows specificity to glycinin and has the highest
potency in acidic conditions. Papain was used in the selective proteolysis of β-conglycinin
because it is one of the few heat-resistant enzymes which has optimal activity at high
temperatures. In this way, selectively proteolysis of β-conglycinin and glycinin of soy protein
can be finally achieved.
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1.6.2 Physical modification
Physical modification normally involves the changes in the environmental conditions (e.g.
temperature, humidity, the coexistence of other biomacromolecules) or the expose of
proteins to a certain force field (e.g. pressure, ultrasound and electric). Heat treatment is
one of the most widely used processing techniques for modifying soy protein. Controlled
application of heat can be used to modify the structure of soy protein and consequently to
improve some functional properties. Campbell et al. reported that preheated SPI showed a
higher gel strength after acid-induced gelation than their unheated counterparts [21]. This
increase in gel strength was recently proved to be more significant when preheating SPI at
a higher concentration (60 mg/mL) [23].
Ultrasound is a form of high-frequency sound that is beyond the threshold of human hearing
(> 16 kHz). According to the frequency and power level, ultrasound can be divided into lowintensity ultrasound (LIU) (power <1W/cm2, 100 kHz to 1MHz) and high-intensity ultrasound
(HIU) (power 10 to 1,000 W/cm2, 16 to 100 kHz). The former is commonly used for the
analytical evaluation of the physicochemical properties of foods, while the latter has been
used for protein modifications recently [32]. HIU modifies the protein functionality mainly
through the cavitation phenomenon produced by the ultrasonic sonotrode. When the HIU
pass through the medium (where protein is dispersed), it causes compressions and
rarefactions of the medium, leading to the formation of microscopically small voids. These
voids become gas bubbles that rapidly grow in extension phases and shrink in compression
phases until they implode. The implosion of bubbles on the microscale can generate localized
high pressure, temperature, and hydrodynamic shear forces, which can change the
molecular structures of proteins and thus their functionalities. A schematic of the HIU
treatment used in this thesis (Chapter 3) and the cavitation phenomenon is presented in
Fig. 1.10.

22

Chapter 1

1.7 Research aim and outline of this thesis
As a benchmark for plant-based proteins, the functional properties of soy protein and its
modifications are research areas of long-lasting interest in the food science field. This thesis
aims to contribute to the understanding of the aggregation and gelation properties of soy
protein by revealing how these properties are affected by some emerging modification
methods. Since food protein hydrogels are semisolid material with viscoelastic properties, a
comprehensive rheology study is a prerequisite for their application, and an important part
of this thesis. In Chapter 2, we applied a novel method called selective proteolysis to
selectively hydrolyzing the ꞵ-conglycinin component of native soy protein isolate (SPI), and
thus obtained a hydrolysate named degraded ꞵ-conglycinin hydrolysate (DꞵH). After this,
we compared the thermal aggregation behavior of DꞵH and unmodified SPI at acid condition
(pH 2.0) and low ionic strength (20 mmol/L), as under those conditions the protein was
expected to self-assemble into amyloid fibrils. In Chapter 3, we applied selective proteolysis
to selectively hydrolyzing the glycinin component of SPI, and obtained another type of
hydrolysate named degraded glycinin hydrolysate (DGH). After this, we compared the
aggregation behavior of DGH and SPI after exposure to a high-intensity ultrasound field (20
kHz at 400 W, 0, 5, 20, and 40 min). The hydrolyzing approaches used in the above Chapters
were both applied in Chapter 4, where we prepared DꞵH and DGH at similar DH levels and
compared the thermal aggregation and gelation behavior of these hydrolysates with SPI at
pH 7.0. In addition, the roles of the peptides in these hydrolysates were considered by
studying dialyzed hydrolysates at the same conditions. To systematically characterize the
thermal gelation properties of SPI and selective hydrolysates, small amplitude oscillatory
shear tests (SAOS), large amplitude oscillatory shear tests (LAOS), confocal laser scanning
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microscopy (CLSM), and scanning electron microscopy (SEM) were applied. The relationship
between rheological properties and gel microstructures was examined with the help of fractal
scaling theory. In Chapter 5, we investigated the thermal aggregation behavior (pH 7.0) of
SPI in the presence of a traditional animal-based protein, i.e. whey protein isolate (WPI).
The properties of mixed-aggregates formed by SPI and WPI were evaluated and these
aggregates were further studied in terms of their acid-induced gelation properties. SAOS,
LAOS, microscopy, and fractal scaling theory were applied on these cold-set gels to explore
how their rheological and microstructural properties were affected by protein concentrations
and SPI: WPI ratios. In Chapter 6, we present a general discussion based on the main
findings of Chapter 2-5, with the aim to shed light on 1) the similarities and differences
between different modifications, and 2) the interplay between modification, rheological
properties, and microstructure. Finally, an outlook and recommendations for future studies
are provided based on our reflections on the results in the current thesis.
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Abstract
Soy protein subjected to selective proteolysis on β-conglycinin (referred to as DβH, contrast
group) and a control soy protein isolate sample without addition of protease (referred to as
CSPI, blank group) were adopted as experimental samples. By employing the “subtraction”
mode of logical thinking, we aimed to compare the differences between CSPI and DβH on
fibrillation at pH 2.0 with heating at 95 °C. The results showed when heated for 60 min,
CSPI tended to form short worm-like fibrils while DβH formed long semiflexible fibrils. When
the heating time was prolonged to 360 min, the fibrils formed from both exhibited clusters.
Whereas when heated for 720 min, no fibrillar aggregates appeared from them. This study
would help explore the effects of β-conglycinin on the fibril formation of soy protein isolate
in a new way.
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2.1 Introduction
Soybean is one of the major oil crops and the most economical protein source worldwide,
as well as an important strategic material in world trade. Soy protein isolate (SPI) mainly
consists of β-conglycinin and glycinin [33]. β-Conglycinin and glycinin dramatically influence
the functional characteristics of soy protein and are the important intrinsic factors affecting
the aggregation behavior of soy protein. Many previous researches on soy protein
components (i.e., β-conglycinin and glycinin) basically followed a kind of similar route: first,
the soy protein components were separated and purified from defatted soybean flour
respectively according to the conventional method; and then, further researches on their
functional characteristics under different physicochemical environments were taken [10,34–
37]. However, the results obtained from these researches could hardly effectively elucidate
the role of individual soy protein isolate components (i.e., β-conglycinin and globulin) in the
overall and interactive system of soy protein isolate.
So far, a few studies indicated that selective proteolysis could have been successfully
employed in soy protein [38–40]. Based on different denaturation properties between βconglycinin and glycinin, selective proteolysis technology could specifically and exclusively
decompose one of them by selecting appropriate protease and reaction conditions [31,39].
Fibrillar aggregates of food proteins have recently attracted increasing attention in the food
science field owing to their potential applications (thickening, gelling ingredients, weightefficient structurants, and so on) in food products [7,41–44]. In the present study, the
selective proteolysis technique was performed to obtain a kind of soy protein hydrolysate
which was selectively degraded on β-conglycinin (referred to as DβH, contrast group).
Correspondingly the control SPI sample (referred to as CSPI, blank group) was prepared in
a similar manner, just without the addition of protease. By employing the “subtraction” mode
of logical thinking, we aimed to compare the differences between CSPI and DβH in terms of
dissociation/aggregation at pH 2.0 with an ionic strength of 20 mmol/L. Some state-of-theart and common techniques, such as transmission electron microscopy (TEM), dynamic light
scattering (DLS), zeta potential measurement, intrinsic fluorescent spectrometry and
circular dichroism (CD) spectrometry, were used to characterize the morphological and
conformational changes of soy protein, as well as tetrahydrothiophene (Th T) dye was used
to carry out binding studies. The knowledge gained from this study could better reveal the
effect and mechanism of β-conglycinin on the fibril formation of SPI.
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2.2 Materials and methods
2.2.1 Materials
Cooled defatted soy flour was obtained from Qi Tian Biotechnology Co., Ltd. (Henan, China).
The thioflavin T (Th T), bovine serum albumin (BSA), papain (21 units/mg) and antipain
(Sigma nr A-6191) was purchased from Sigma-Aldrich Co. (St. Louis, Mo, USA).
Bicinchoninic acid (BCA) protein assay kit was purchased from Shanghai Labaide
biotechnology Co., Ltd. (Shanghai, China). Other reagents were obtained from SigmaAldrich Co. or Fisher Scientific Co. (Pittsburgh, PA, USA). All reagents used were of analytical
grade or biochemical grade.

2.2.2 Preparation of native soy protein isolate (SPI)
To prepare SPI with their proteins in native state, procedures were followed according to the
method reported by Wagner et al. [45]. Cooled defatted soy flour was extracted for 1.5 h at
room temperature (25 °C) using deionized distilled water (DDW) (flour/water ratio was
1:20) and adjusted to pH 8.0 with 2 mol/L NaOH solution. The suspension was centrifuged
with 9000 g for 20 min at 4 °C to retain the supernatant, which, in turn, was adjusted to pH
4.5 with 1 mol/L HCl, kept for 2 h at 4 °C, and then centrifuged again for 20 min at 4 °C.
The precipitate so obtained was redissolved in DDW to a protein concentration of 5% (w/v)
and neutralized to pH 7.5 with 2 mol/L NaOH at 30 °C. Finally, the soy protein solution was
put into molecular porous membrane tubing (MWCO: 12–14 kDa; Spectrum Medical
Industries Inc., Houston, TX, USA) and dialyzed against reverse osmosis-purified water at 4
°C for 48 h. The soy protein isolate so prepared was then freeze-dried.

2.2.3 Preparation of soy protein subjected to selective proteolysis
The soy protein hydrolysate subjected to selective proteolysis on β-conglycinin was obtained
based on the method reported by Margatan et al. [39]. One liter of SPI dispersion
(flour/water ratio of 1:20) was adjusted to pH 7.0 with 2 mol/L NaOH solution and heated
to 70 °C. Papain dissolved in DDW (10 mg/2 mL) was added, and the mixture was incubated
at 70 °C for 0–60 min with gently stirring. The pH of the mixture was maintained throughout
the incubation period by addition of 2 mol/L NaOH. In the end, the reaction was terminated
by adding a 10-fold molar amount of antipain, and the resulting hydrolysate was placed into
molecular porous membrane tubing (MWCO: 12–14 kDa; Spectrum Medical Industries Inc.,
Houston, TX, USA) and dialyzed against 2 L of reverse osmosis purified water at 4 °C. The
water was changed every 2 h for the initial 6 h and then after 12 h. Subsequently, the soy
protein hydrolysate was lyophilized, referred to as “DβH”. In order to scientifically study the
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effects of selective proteolysis on β-conglycinin in SPI, the control SPI referred to as “CSPI”
sample was prepared in a similar manner (incubated for 60 min), just without the addition
of protease [40].

2.2.4 Degree of hydrolysis (DH)
The degree of hydrolysis was measured by the o-phthaldialdehyde (OPA) method as
reported by Nielsen et al. [46], using DDW as the sample blank and L-serine as standard.
The protein concentration of the samples was determined using the BCA method.

2.2.5 Sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE) analysis
SDS-PAGE was performed on a discontinuous buffered system according to the method of
Laemmli [47], using 12% separated gel and 5% stacking gel. The tested samples (3 mg/mL)
were prepared by mixing the lyophilized protein samples with SDS-PAGE sample buffer
solution, namely, 0.0625 mol/L Tris-HCl (pH 8.0) containing 10% (v/v) glycerol, 5% (v/v)
2-mercaptoethanol, 2% (w/v) SDS and 0.25% (w/v) bromophenol blue. Aliquots (15 μL) of
the tested sample was loaded per well. The gels were stained with Coomassie Brilliant Blue
R-250 for 1 h followed by destaining. The changes in protein bands were estimated by
analyzing electrophoretic gel images with Kodak 1D Image Analysis software 4.6 (Eastman
Kodak Co., Rochester, NY, USA).

2.2.6 Fibril aggregation experiment
Heat-induced aggregation experiments followed the method reported by Tang et al. [48].
Protein solutions with a protein concentration of 1.0 mg/mL at pH 2.0 were prepared by
dissolving the lyophilized sample into pH 2.0 HCl solution with an ionic strength of 20 mmol/L
and then accurately adjusting the solutions to pH 2.0 with 6 mol/L HCl solution. The protein
concentration of the solution was determined using the BCA method. Aliquots (5 mL) of
protein solutions were put into tubes with hermetic lids. The tubes were heated at 95 °C for
specific periods of time (0 min, 15 min, 60 min, 360 min and 720 min) in a temperaturecontrolled bath with a temperature deviation of< 1 °C. After the heat treatment, the samples
were immediately cooled to 25 ± 1 °C in an ice-water bath and directly subjected to further
experiments.
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2.2.7 Particle size measurement
The freshly prepared protein samples were diluted to 0.1 mg/mL with pH 2.0 HCl solution.
The test solutions were placed in a 1 cm × 1 cm disposable cuvette (model: DTS0012). DLS
analysis was performed with a backscattering angle of 173° and a refractive index of 1.41
for protein particles using a Zetasizer Nano ZS (Malvern Instrument Ltd., Worcestershire,
U.K.) at 25 °C. The particle size was described by the volume-weighted mean diameter and
determinations were conducted in triplicate.

2.2.8 Determination of zeta potential
The freshly prepared protein samples were diluted to 0.1 mg/mL with pH 2.0 HCl solution
with an ionic strength of 20 mmol/L. Zeta potential of the test sample was determined in
triplicate (input voltage is −5V ~ +5 V, the dielectric constant is 78.5 F/m for water, the
refractive index is 1.33 for water) using Zetasizer Nano ZS (Malvern Instrument Ltd.,
Worcestershire, U.K.)

2.2.9 Circular dichroism (CD) spectroscopy
The freshly prepared protein samples were diluted to 0.05 mg/mL with pH 2.0 HCl solution
with an ionic strength of 20 mmol/L. Far-UV CD spectral data were obtained using a J-1500
CD spectropolarimeter (Jasco Corp., Tokyo, Japan). The spectroscopic measurements were
performed in a 0.1 cm quartz cuvette with a protein concentration of around 0.05 mg/mL in
HCl solution (pH 2.0). The protein concentrations were determined using the BCA method.
The protein samples were scanned from 190 to 250 nm. The scan rate, response and
bandwidth were 50 nm/min, 4 s and 1.0 nm, respectively. Recorded spectra were an average
of three scans and corrected by subtraction of the spectrum of a protein-free buffer. A mean
value of 110 for the amino acid residue was assumed in all calculations, and CD
measurements were expressed as mean residue ellipticity (θ) in deg cm−2 dmol−1. The
proportion of four secondary structures (α-helix, β-sheet, β-turn, random coil) was derived
from Yang’s equation.

2.2.10 Th T fluorescence spectral analysis
Th T stock solution was prepared by dispersing 8 mg Th T into 10 mL of 10 mmol/L
phosphate buffer (pH 7.0) containing 150 mmol/L NaCl. The dispersion was filtered with a
0.2 μm syringe filter to remove undissolved Th T. This stock solution should be stored in the
dark at 4 °C and covered with aluminum foil. The stock solution was diluted 50 times in the
same buffer on the day of analysis to generate the working solution. Aliquots (50 μL) of the
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protein solutions were mixed with 5 mL of the Th T working solution and allowed to stand
for 1 min. The fluorescence spectra of the mixtures were measured using a Hitachi F-4600
fluorescence spectrophotometer (Hitachi, Ltd., Tokyo, Japan). The excitation wavelength
was set at 460 nm (slit width = 10 nm) and the emission spectra were obtained from 450
to 600 nm with a scanning speed of 240 nm/min. The fluorescence spectrum of the Th T
working solution was subtracted from that of the samples to correct the background signal
[48].

2.2.11 Transmission electron microscopy (TEM)
The test solutions (1.0 mg/mL) applied for the TEM observation were diluted 10 times with
HCl solution (pH 2.0 with an ionic strength of 20 mmol/L), and a droplet of diluted solution
was put onto a carbon support film on a copper grid. After 30 min, the droplet was removed
using filter paper. Then a drop of 1% (w/v) uranyl acetate was put onto the grid and removed
after 30 s. The micrographs were prepared at 80 kV using a Hitachi H-7650 transmission
electron microscope (Hitachi, Ltd., Tokyo, Japan).

2.2.12 Intrinsic fluorescence emission spectroscopy
Intrinsic fluorescence emission spectra of the protein samples were obtained by a Hitachi F4600 fluorescence spectrophotometer (Hitachi, Ltd., Tokyo, Japan). Protein solutions were
diluted in HCl solution (pH 2.0 with an ionic strength of 20 mmol/L) to a protein
concentration of 0.1 mg/mL. The excitation wavelength was set at 290 nm (slit width 5 nm)
and the emission spectra were obtained from 300 to 400 nm with a scanning speed of 240
nm/min.

2.2.13 Statistical analysis values
Values given in the tables and figures are the means of triplicates, and error bars indicated
the standard deviation. The statistical significance of differences among means was
evaluated by Duncan's test at p < 0.05. Statistical analysis was performed using SPSS
software version 22.0 (Statistical Package for Social Sciences, IBM, New York, USA).

2.3 Results and discussion
2.3.1 Selective proteolysis of β-conglycinin in SPI
The SDS-PAGE patterns (Fig. 2.1) showed that the bands corresponding to β-conglycinin
gradually faded over time whereas the bands corresponding to glycinin were not affected,
according to the gel electrophoresis densitometric scan, confirming the selective proteolysis
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on β-conglycinin was successfully achieved in SPI. This was because β-conglycinin in native
SPI could be gradually and properly hydrolyzed at a reaction temperature at 60–70 °C,
which was around the optimum temperature of papain; glycinin in SPI was adequately
resistant to hydrolysis when the reaction temperature was below 80 °C [31,38].
The relative content of β-conglycinin and its subunits (α, α′, β) in lane 2–7 were calculated
with CSPI (lane 1) as standard. Compared with CSPI, the αα′ subunit contents of selective
hydrolysates (lanes 2–7) were reduced to 59%, 46%, 44%, 42%, 36% and 31%,
respectively of their initial value; the β subunit contents of the selective hydrolysates were
reduced to 49%, 48%, 38%, 31%, 26%, and 13%, respectively. Totally, the β-conglycinin
contents of selective hydrolysates were reduced to 58%, 46%, 43%, 41%, 34%, and 28%,
respectively (Fig. 2.1). In the present experiment, the soy protein sample in lane 7 whose
DH was 4% was adopted as the subsequent selective hydrolysate sample.
Before our present experiment, in 2005, Tsumura et al. reported that the densitometric
analysis after SDS-PAGE showed that the reduction of β-conglycinin content in SPI was 92%
after selective hydrolysis ([E]/[S] = 4.20 units/g, the reaction temperature was 70 °C,
reaction time was 30 min) [40]. In 2013, Margatan et al. reported that β-conglycinin in SPI
was almost selectively hydrolyzed thoroughly with only a few subunits of β-conglycinin
remaining ([E]/[S] = 3.99 units/g, the reaction temperature was 70 °C, reaction time was
30 min) [39]. In our experiment, the densitometric analysis after SDS-PAGE showed that
the reduction of β-conglycinin in SPI was 72% ([E]/[S] = 4.20 units/g, the reaction
temperature was 70 °C, reaction time was 60 min). The differences in the degradation rate
of β-conglycinin in SPI between our and other experiments on selective proteolysis should
attribute to the variety of soy protein isolate sources. Many studies have revealed that the
subunits composition and conformational structures of soy protein would make a difference
related to soybean cultivars, soil environment, climatic conditions, post-harvest storage
conditions (temperature, humidity, storage time), and so on[49–54]. Finally, the reason
why we did not prolong the reaction time to exceed 60 min was that long-time incubation
at elevated temperature could lead to a substantial loss of secondary and tertiary structures,
which would deteriorate the effectiveness of selective proteolysis [39].
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Figure 2.1. SDS-PAGE patterns of the hydrolysates prepared with papain at pH 7.0 and 70 °C, at various
reaction times. lane 1: CSPI; lane 2: 10 min; lane 3: 20 min; lane 4: 30 min; lane 5: 40 min; lane 6: 50 min;
lane 7: 60 min.

2.3.2 Particle size measurement
As a sensitive and quantitative technique, DLS is widely applied to monitor the formation of
protein aggregates [43,55]. Fig. 2.2 showed that when the incubation time was 0, 15, 60,
360 and 720 min, the average particle size of CSPI and DβH brought out a similar variation.
Prior to heating, the average particle size of DβH (194 ± 8 nm) was smaller than that of
CSPI (238 ± 9 nm), indicating that the proteolysis reduced the average particle size of soy
protein. When heated for 15 min, the average particle size of both CSPI and DβH decreased
to ~116 nm. Most likely, the initial short time heating reduced protein molecules to smaller
fragments or oligopeptides, which could be called “fibrillation preparatory stage”. Nijboer et
al. reported that the β-lactoglobulin fibrils formed at pH 2.0 were composed of peptides and
that the formation of peptides preceded their incorporation into the fibrils [56]. Akkermans
et al. claimed that heat-induced fibrillation through self-assembly under acidic conditions
was related to the change of protein conformation and hydrolysis of peptides, which were
the underlying requirements for the formation of protein fibrils [57]. Similar disruption of
proteins by heating at acid condition also had been observed in whey protein isolate [58],
phaseolin [48], and lysozyme [59].
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Figure 2.2. Particle size profiles of CSPI and DβH, heated (95 °C) at pH 2.0 and ionic strength of 20 mmol/L
for 0, 15, 60, 360, 720 min, respectively. Each data is the means and standard deviations of five
measurements. Different letters indicate significant differences (p < 0.05): CSPI, a~e; DβH, A~E.

When heated for 60 min, the average particle size of CSPI and DβH increased significantly
(145 ± 11 and 330 ± 10 nm, respectively, p < 0.05), indicating that the proteins fragments
and (or) short peptides associated together to form aggregates again, and this stage could
be called “fibrillation emergence stage”. When heated for 360 min, the average particle sizes
of CSPI and DβH further increased to 255 ± 7 and 425 ± 6 nm, respectively, which would
be the “fibrillation development stage”. As the heating time reached up to 720 min, the
average particle sizes of CSPI and DβH dramatically decreased again to 190 ± 8 and 95 ±
6 nm, respectively, which could be assigned to the “fibrillation reverse stage”.

2.3.3 Circular dichroism spectrum (CD) analysis
Protein secondary structures can be divided into four types, namely, α-helix, β-sheet, β-turn
and random coil. α-Helix and β-sheet are ordered secondary structures characterized by
high rigidity and a repetitive structure; while β-turn and random coil are unordered
secondary structures characterized by flexibility and the absence of repetitive structure.
Table 2.1 showed that prior to heating, compared with CSPI, DβH contained more α-helix
structure (23.6% vs. 13.2%) and random coil structure (52.3% vs. 48.4%). And more
remarkably, the β-turn structure disappeared in DβH. These could be ascribed to the
following reasons: (1) selective proteolysis of SPI led to the rearrangement of chemical
bonds and the reorganization of conformational structures; (2) the β-turn structure mainly
appeared in the β-globulin molecules and tended to exist in or close to the protein molecule
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surface, which meant the proteolysis would very likely destroy the β-turn structure of βglobulin [60,61].
When heated for 15 min, a significant increase of α-helix structure and β-turn structure, and
a significant reduction of β-sheet structure and random coil structure were observed in both
CSPI and DβH (p < 0.05). When heated for 60 min, the total amount of ordered secondary
structure (i.e., α-helix and β-sheet) of both CSPI and DβH increased significantly. Among
them, the β-sheet structure of CSPI increased from 21.9% to 64.3% and that of DβH
increased from 18.4% to 51.0%. Meanwhile, the β-turn structure disappeared in both CSPI
and DβH. Tang et al. found that the formation of linear aggregates or amyloid-like fibrils
involved a process of disruption and reorganization of the ordered secondary structures [48].
These results might suggest the initiation of protein fibrillations since the β-sheet structure
was one of the criteria to define the formation of amyloid fibrils [5]. Some other researchers
also found that the β-sheet structure content of bovine serum albumin and myosin
remarkably increased when the proteins assembled into amyloid fibrils under heating
[62,63]. When heated for 360 min, the β-sheet structure of CSPI began to decrease, while
the β-sheet of DβH continued to increase. Whereafter, the β-sheet structure almost
completely disappeared in both CSPI and DβH after heating for 720 min. And the unordered
structure (i.e., β-turn and random coil) dominated the second structure.
Table 2.1. The secondary structure compositions of protein fibrils in DβH and CSPI solutions. Heating at 95 °C
for 0, 15, 60, 360, 720 min, respectively. Different letters (a-e) in the same column indicate significant
differences (p ＜0.05). Variation of the mean represents standard deviation of triplication for each sample.
(A)

DβH

α-helix

β-sheet

β-turn

random coil

0 min

23.63±0.15b

24.10±0.02c

0.00±0.00c

52.32±0.21a

15 min

27.22±0.21a

18.42±0.11d

20.72±0.25b

33.73±0.15e

60 min

12.10±0.12c

51.02±0.34b

0.00±0.00c

37.00±0.09d

360 min

0.60±0.03e

55.51±0.15a

0.00±0.00c

43.91±0.12b

720 min

6.60±0.09d

0.00±0.00e

52.91±0.16a

40.52±0.15c
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Table 2.1. (B)

CSPI

α-helix

β-sheet

β-turn

random coil

0 min

13.21±0.22b

25.00±0.13c

13.53±0.09c

48.41±0.13c

15 min

16.32±0.14a

21.91±0.08d

37.52±0.13a

24.32±0.07e

60 min

4.71±0.05e

64.32±0.21a

0.00±0.00d

31.12±0.05d

360 min

4.36±0.11d

60.51±0.16b

0.00±0.00d

35.13±0.12b

720 min

12.41±0.37c

4.00±0.03e

34.82±0.15b

48.91±0.14a

2.3.4 Zeta potential analysis
The zeta potential refers to the potential of the shear layer on the surface of charged
particles and is widely used to describe the electrostatic interaction between colloidal
particles. The zeta potential is dependent on both the surface charges and the
microenvironment of particles. Thus, compared with surface potential, the zeta potential is
more suitable in describing the interaction between charged particles in solution [64]. The
net charge is a requisite for protein to form amyloid fibrils through self-assembly [65]. At
pH 2.0, the dissociation of carboxyl was suppressed while the corresponding amidogen was
protonated, therefore the soy protein solution systems were positively charged.
Fig. 2.3 showed that prior to heating, the zeta potential of DβH (22.13 ± 0.9 mV) was higher
than that of CSPI (20.70 ± 0.6 mV), which might be because proteolysis led to a reduction
of the hydrophobic microdomain of the protein and an increase in the interactions between
polar portions of proteins and water [66]. During the whole incubation period, the zeta
potential of CSPI and that of DβH displayed a similar variation tendency: they decreased
dramatically at the initial stage of heating and reached a minimum value at 360 min, and
then rose as heating time increased (Fig. 2.3). During the heating process oxidation
reactions could occur. The oxidation reactions could have caused protein structures partly
to unfold which reduced the surface charge density of proteins and electrostatic repulsive
interaction between polypeptide chains [67,68]. Consequently, the partly unfolded
polypeptides came close to each other and tended to assemble into protein fibrils [69].
However, protein particles possessing too low electrostatic repulsion did not benefit
fibrillation, but instead would induce protein particles to form disordered clusters [55,70,71].
Overall, the electrostatic repulsion between the peptides or building blocks was an important
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determining parameter for the fibril assembly. Only the proper balance between hydrophobic
and electrostatic repulsion interaction could promote the formation of protein fibrils [43,72].

Figure 2.3. Zeta potential profiles of CSPI and DβH, heated (95 °C) at pH 2.0 and ionic strength of 20 mmol/L
for 0, 15, 60, 360, 720 min, respectively. Different letters indicate significant differences (p < 0.05): CSPI,
a~d; DβH, A~E.

2.3.5 Thioflavin T spectroscopic assays
Th T is a kind of cationic benzothiazole, and its fluorescence intensity will rise when being
combined with the β-sheet structure regions of amyloid fibrils [5,6,57]. Saeed and Fine
(1967) compared the effectiveness of different dyes, such as Congo red, crystal violet, Van
Gieson, and Th T, in identifying protein amyloid fibrils and finally the Th T turned out to be
the best among them [73].
The nature of the aggregates formed from CSPI and DβH at specific time intervals (0–720
min) was characterized using Th T spectroscopic assays. As shown in Fig. 2.4, the
fluorescence intensity of both CSPI and DβH were very low at the initial incubation time (0–
15 min). When heated for 60 min, the maximum fluorescence intensity of both CSPI and
DβH remarkably increased, which could indicate changes of the protein secondary and
tertiary structure (e.g., the β-sheet structure became dominant) and the formation of
amyloid fibrils [73–76]. Thereafter, the Th T maximum fluorescence intensity of both CSPI
and DβH decreased with heating time from 60 to 360 min. Given the still relatively high βsheet structure proportion and a significant increase in particle size of both CSPI and DβH
during this period, the decrease of Th T maximum fluorescence intensity could be attributed
to the entanglement of formed fibrils into relatively unordered aggregates [48,77,78]. In
the end, the ThT maximum fluorescence intensity of both CSPI and DβH decreased to a very
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low level again when heated for 720 min, which could be due to the formed amyloid fibrils
being transformed to other types of aggregates and/or monomers.

Figure 2.4. Th T spectroscopic profiles of CSPI and DβH, heated (95 °C) at pH 2.0 and ionic strength of 20
mmol/L for 0, 15, 60, 360, 720 min, respectively

2.3.6 Transmission electron microscope (TEM) analysis
Fig. 2.5 shows the TEM micrographs of CSPI and DβH heated for 0, 15, 60, 360 and 720
min at pH 2.0 with the ionic strength of 20 mmol/ L. Prior to heating, the CSPI particles
(=240 nm in average contour diameter) were regular spherical, whereas the DβH particles
(=190 nm in average contour diameter) were spherical-like with serrated margins, which
could be caused by proteolysis (Fig. 2.5A, F). When heated for 15 min (Fig. 2.5B, G), CSPI
and DβH particles obviously degraded, producing many smaller particles with various sizes
and an uneven distribution, which was consistent with the reduction in average diameter
measured by DLS.
When heated for 60 min (Fig. 2.5C, H), short worm-like fibrils with an average length of 135
nm and width of 14 nm were observed in CSPI (a small amount of agglomerates with an
average particle size of 67 nm were also observed). The coexistence of various forms of
protein aggregates was not surprising. Min et al. proposed that protein aggregation could
be very complex, involving a variety of different oligomeric intermediates whose population
would be determined by the kinetic and thermodynamic competition between them [77].
Long semiflexible fibrils with an average length of 335 nm and width of 10 nm were observed
from DβH. Tang and Wang compared the formation of heat-induced fibrils from β-conglycinin
and glycinin, and found that individual β-conglycinin was prone to forming worm-like fibrils
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while most fibrils from individual glycinin were in a long semiflexible configuration [7]. These
above findings indicated that different soy proteins usually tended to form protein fibrils with
different morphologies under acidic conditions, which was related to the diversities in
structure development, subunit composition and polypeptide chain hydrolysis [79–81].
When heated for 360 min (Fig. 2.5D, I), fibril clusters were clearly observed from CSPI (=
an average length and width of 270 nm and 35 nm, respectively) and DβH (= an average
length and width of 400 nm and 67 nm, respectively). The fibril clusters from CSPI were
relatively short and present in a twisted form, whereas the fibril clusters from DβH were
relatively long and associated into bundles. The appearance of co-aggregates could be due
to the low surface charge density benefiting the attraction between polypeptides and
accelerating the cluster reaction [55,82].
When heated for 720 min, the formed fibrils clusters had disappeared, and instead of these,
non-fibrillar aggregates were observed in both samples. In CSPI, the morphologies of these
aggregates were mainly elliptical and amorphous, and the contour diameters of them varied
from 120 nm to 535 nm. In DβH, the morphologies of these aggregates were relatively
small, and were mainly clubbed (average contour length and width was 50 nm and 5 nm)
and amorphous (average contour diameter was 67 nm). The reverse reaction of fibril
formation occurred during this period, and the formed fibrils disintegrated into monomers
and oligomers again. Since these released protein particles were unstable, some of them
reassembled to non-linear aggregates with diverse sizes and morphologies. Veerman and
colleagues proposed that at a high protein concentration, proteins were more likely to link
with each other via chemical bonding which might suppress the reverse reaction [83], and
the reverse reaction of the protein fibrillation usually occurred at a low protein concentration.
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Figure 2.5 TEM micrographs of amyloid fibrils in CSPI and DβH solutions heated at 95 °C for various time, A:
CSPI 0 min, B: CSPI 15 min, C: CSPI 60 min, D: CSPI 360 min, E: CSPI 720 min, F: DβH 0 min, G: DβH 15 min,
H: DβH 60 min, I: DβH 360 min, J: DβH 720 min. The bars within the figures indicate a length of 200 nm.
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2.3.7 Intrinsic fluorescence emission spectra
Fluorescence spectra are a useful tool to monitor tertiary structure changes in proteins
because the intrinsic fluorescence of aromatic amino acid residues is sensitive to the polarity
of their microenvironment [84]. The fluorescence spectrum was mainly emitted from
tryptophan (Trp) residues when the excitation wavelength was 290 nm and the observed
maximum emission wavelength (λmax) for Trp residues in protein ranges from 308 to 355
nm [85]. The changes of λmax and fluorescence intensity (FI) from CSPI or DβH as a function
of incubation time are shown in Fig. 2.6 and Table 2.2. Prior to heating, DβH showed stronger
FI than CSPI, which could be due to proteolysis altering the microenvironment of tryptophan
in SPI [86]. When heated for 15 min, λmax of both CSPI and DβH displayed a red shift to
longer wavelengths. Referring to our foregoing DLS analysis, the red shift of λmax could be
caused by the degradation of protein in the preparatory stage of fibrillation, exposing more
tryptophan. Lakemond et al. reported that when soy glycinin degraded into its subunits, the
rigid structure of glycinin was disrupted and the λmax of tryptophan displayed a concomitant
red shift [86]. In addition, the FI of CSPI was found increased, whereas that of DβH was
found decreased (p< 0.05). The different changes of FI between CSPI and DβH could be on
account of the difference in the microenvironment of Trp in SPI during the disruption of
peptide chains at pH 2.0. When incubated for 60 min, λmax of CSPI and DβH both displayed
a blue shift with an accompanied decrease of fluorescence intensity (p<0.05). These
revealed that the microenvironments of Trp residues became more hydrophobic, as a result
of protein fibrillation. Thereafter, the λmax of CSPI and DβH both displayed a red shift to
longer wavelengths again when the heating time was at 360 min. At last, when heated for
720 min, the λmax of both CSPI and DβH displayed a blue shift accompanied by a declining
fluorescence intensity (p< 0.05). In general, during the latter period of incubation (> 60
min), fluorescence intensity declined continuously. Under the heat treatment, the FI of Trp
residues depended on not only the embedding extent of them but also the heat-induced
oxidation of Trp. Since the Trp residue was vulnerable to oxidation reactions, the heatinduced oxidation could quench their FI dramatically [87–89].
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Figure 2.6 Intrinsic fluorescence emission spectra of CSPI (A) and DβH (B), heated (95 °C) at pH 2.0 and ionic
strength of 20 mmol/L for 0, 15, 60, 360, 720 min, respectively.
Table 2.2 The λmax and maximum fluorescence intensity of emission fluorescence spectroscopic of DβH and
CSPI solutions. Heating at 95 °C for 0, 15, 60, 360, 720 min, respectively. Different letters (a-e) in the same
column indicate significant differences (p < 0.05). Variation of the mean represents standard deviation of
triplication for each sample.

CSPI

DβH

λmax (nm)

FI (a.u.)

λmax (nm)

FI (a.u.)

0 min

333.4±0.5a

7337±41c

334.4±0.8a

8454±59e

15 min

339.8±0.9c

8041±35d

339.2±0.5c

8200±40d

60 min

335.4±1.2b

7268±67c

337.7±0.8b

7047±49c

360 min

349.6±1.4d

4726±54b

347.0±1.1e

6102±50b

720 min

340.2±0.9c

4186±60a

345.4±0.7d

5277±37a
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2.4 Conclusions
The amyloid fibril formation of CSPI and DβH were multistage under heating at pH 2.0 with
an ionic strength of 20 mmol/L. At 15 min, both CSPI and DβH first degraded into building
blocks of protein fibrils with the particle size and zeta potential dropping significantly. At 60
min, short worm-like fibrils were observed by CSPI and long semiflexible fibrils were
observed in DβH. Concomitantly, the β-sheet structure and Th T fluorescence intensity
dramatically increased. At 360 min, the fibrils formed from both formed clusters. Prolonging
heating time to 720 min, the formed protein fibrils dissociated into monomers and/or
oligomers again. In brief, the absence of β-conglycinin in DβH could be responsible for the
different morphologies of aggregates and different conformation changes of protein
compared to CSPI. Further research would be desirable to explore the effects of the varying
amounts of β-conglycinin in SPI on the formation of amyloid fibrils.
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Abstract
In this study, a novel method called selective proteolysis was applied to the glycinin
component of soy protein isolate (SPI), and a degraded glycinin hydrolysate (DGH) was
obtained. The effects of high-intensity ultrasound (HIU) treatment (20 kHz at 400 W, 0, 5,
20, and 40 min) on the physical, structural, and aggregation properties of DGH were
investigated with the aim to reveal the influence of the selectively hydrolyzing glycinin on
the HIU treatment of soy protein. The effects of HIU on DGH and a control SPI (CSPI) were
both time-dependent. HIU induced the formation of soluble aggregates in both samples at
an early stage, while it dissociated these newly formed aggregates after a longer duration.
Selectively hydrolyzing glycinin contributed to soluble aggregate formation by exposing the
compact protein structure and producing small protein fractions. The larger extent of
hydrophobic interactions and disulfide bonds imparted higher stability to the soluble protein
aggregates formed in DGH. As a result, DGH displayed more ordered secondary structures,
a higher solubility, and better gelling properties after the HIU treatment, especially at 20
min. The results of this study will be beneficial to the scientific community as well as
industrial applications.
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3.1 Introduction
High-intensity ultrasound (HIU), which has frequencies in the range of 20–100 kHz and
power in the range of 10–1000 W/cm2, has drawn considerable attention recently as a
promising nonthermal processing method with little impact on the environment [90]. Due
to cavitation, shear stresses, dynamic agitation, and turbulence, as well as the promotion of
some chemical reactions, HIU has the ability to alter the properties of biopolymers physically
or chemically [91]. The ultrasonic treatment of soy protein has been studied in the last
decade since soy protein is one of the most promising plant proteins in the food industry.
For example, Jambrak et al. found that commercial soy protein isolate (SPI) and soy protein
concentrate (SPC) showed a smaller particle size but higher solubility and apparent viscosity
after sonication [92]. Arzeni et al. found that HIU could reduce the viscosity and particle size
of commercial SPI [93]. Upon their treatment, the free sulfhydryl groups remained
unchanged. On the other hand, Hu et al. reported that the HIU treatment increased the free
sulfhydryl content of commercial SPI as well as its solubility and surface hydrophobicity [94].
Besides this, HIU could also induced the dissociation and/or aggregation of protein
molecules. Zheng et al. found that HIU could increase aggregation in native SPI while
dissociating the aggregates in alcohol-denatured and heat moisture-denatured SPI [95].
The divergent results in the literature reveal that the effects of implementing HIU treatment
on soy protein depend on not only the treatment conditions but also the intrinsic properties
of the protein. Most of the previous studies were conducted with total protein isolates or
concentrates, which limited the insight into the phenomena responsible for the observed
changes due to the complexity of the protein composition. Like many food proteins, soy
protein is a multicomponent biomacromolecule mixture which consists of β-conglycinin and
glycinin as the two main components. They are the vital intrinsic factors that affect the
physicochemical properties, structural characteristics, and aggregation behaviors of soy
protein. It has been found that, compared with isolated β-conglycinin, HIU had minor effects
on isolated glycinin at pH 7.0 [96], and the effects of HIU on the isolated glycinin varied
with different ionic strengths [91]. Therefore, how these soy protein components, especially
glycinin, influence the HIU treatment of soy protein is worth further study.
When it comes to the enzymolysis of protein, the most common method is limited
proteolysis. Through the degree of hydrolysis (DH), limited proteolysis allows researchers
to obtain reproducible results and avoid excessive protein hydrolysis [97]. However, since
DH only indicates the proportion of cleaved peptide bonds, when the substrate is a
multicomponent protein like soy protein, limited proteolysis can hardly control and
determine which specific component or subunit of protein is being hydrolyzed. As a result,
a novel method called selective proteolysis has been studied in recent years [39,98–100].
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Differently from traditional proteolysis, selective proteolysis is more precise and controllable
in terms of the acting sites, by which one can selectively and exclusively degrade a target
component in soy protein without affecting the others. In general, glycinin has a more
compact globular conformation and lower molecular flexibility than β-conglycinin, which
often limits the functional properties of soy protein. Li et al. found that selectively
hydrolyzing glycinin could facilitate soy protein to form interfacial films with high viscoelastic
moduli, and thus its emulsifying properties improved [98,99]. Our previous study found that
decreasing the β-conglycinin component by selective proteolysis was beneficial to the
formation of longer fibrils in the subsequent protein fibrillation process [100].
To the best of our knowledge, few studies have investigated the effects of HIU on protein
hydrolysates, let alone the hydrolysates prepared by selective hydrolysis. Against the abovementioned background, selective proteolysis was used in this study to alter the composition
of a soy protein substrate to obtain a soy protein hydrolysate in which the glycinin
component was selectively degraded (referred to as degraded glycinin hydrolysate, DGH).
Then, the DGH was treated by HIU (20 kHz, 400 W) for different times (0, 5, 20, and 40
min), together with a control SPI sample (referred to as CSPI, blank group), which was
prepared similarly except for adding protease. By comparing the changes in their physical,
structural, and aggregation properties induced by HIU processing, this study for the first
time reveals how selectively hydrolyzing glycinin affects the HIU treatment of soy protein,
which will be beneficial to the scientific community as well as the industrial application of
vegan food based on soy protein hydrolysates.

3.2 Materials and Methods
3.2.1 Materials
Cold defatted soy flour (protein concentration 56% (N × 6.25) (dry based) was obtained
from Qi Tian Biotechnology Co., Ltd. (Henan, China). A Lowry assay kit was purchased from
Labaide Biosciences Co. (Shanghai, China). Papain (21 units/mg), antipain (Sigma nr A6191), and 1-anilino-8-naphthalene-sulfonate (ANS) were purchased from Sigma-Aldrich
Co. (St. Louis, MO, USA). Deionized distilled water (DDW) was prepared by a Milli-Q Direct
8 water purification system (Merck Millipore Co., Burlington, NJ, USA). All the other reagents
used were of analytical grade.

3.2.2 Preparation of native soy protein isolate (SPI)
According to our previous study [100], defatted soy flour was dispersed in DDW (1:20 w/w)
and adjusted to pH 8.0 with 2 mol/L NaOH. The dispersion was stirred at room temperature
(25 °C) for 1.5 h before centrifuging at 9000 g, 4 °C, for 20 min. The supernatant was
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adjusted to pH 4.5 with 2 mol/L HCl and centrifuged (9000 g, 4 °C) again for 20 min. The
obtained SPI precipitate was re-dissolved (1:4 w/w) in DDW and adjusted to pH 7.0 before
freeze drying. The protein concentration of the obtained SPI was 92.85% ± 0.35% (N ×
6.25) according to the Dumas measurement.

3.2.3 Selective proteolysis on glycinin component
The selective proteolysis on the glycinin component of SPI was based on the method of Li
et al. [98]. The lyophilized SPI (25 g) was well dispersed in 500 mL of DDW and then
adjusted to pH 2.0 and 37 °C. Pepsin was added to the SPI dispersion with an E/S ratio of
0.02%, and the enzymatic reaction was carried out by incubating at pH 2.0 and 37 °C for
40 min. After that, the reaction was terminated by neutralizing the dispersion to pH 7.0 and
boiling for 5 min. The hydrolysate was then dialyzed against DDW in molecular porous
membrane tubing (MWCO: 0.5 kDa; Spectrum Medical Industries Inc., USA) at 4 °C for 48
h before freeze drying. This lyophilized sample was referred to as degraded glycinin
hydrolysate (DGH). The degree of hydrolysis (DH) of the DGH was 1.87% ± 0.08%
according to the pH-STAT measurement [30]. A control SPI sample (CSPI) was prepared in
the same manner (incubated for 40 min) without the addition of pepsin.

3.2.4 High-intensity ultrasound (HIU) treatment of proteins
The DGH and CSPI dispersions (10%, w/v) were prepared by stirring lyophilized powder into
DDW for 1 h. An ultrasound processor (Scientz Biotechnology Co. Ltd., China) with a 0.636
cm diameter titanium probe was used. The protein dispersions (25 mL) were sonicated (20
kHz, 400 W) for 0, 5, 20, and 40 min (4 s: 2 s on/off cycles) in 50 mL beakers, which were
immersed in an ice-water bath. After sonication, all the samples were lyophilized and stored
in airtight containers. The actual power and intensity of the HIU treatment in the present
study were measured by the method of Arzeni et al. [93]. DDW (25 mL) was used for the
acoustic power estimation. The Cp of water is 4.2 J/(g·K). The ultrasound intensity in this
research was 34–37 W/cm2 (0.43–0.47 W/cm3).

3.2.5 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) analysis
SDS-PAGE was performed based on the method of Laemmli [47], using 12% separated gel
and 5% stacking gel. The sample solutions (2 mg/mL) were prepared with an SDS-PAGE
sample buffer (0.0625 mol/L Tris-HCl (pH 8.0) containing 10% (v/v) glycerol, 5% (v/v) 2mercaptoethanol, 2% (w/v) Sodium dodecyl sulfate (SDS), and 0.25% (w/v) bromophenol
blue). Aliquots (15 μL) of the sample solution were loaded per well after incubating at 95 °C
for 5 min. The gel was stained with Coomassie Brilliant Blue R-250 for 1 h and destained
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with 20% methanol and 10% acetic acid mixed solution. The gel was scanned and analyzed
by a GS-900 calibrated densitometer with the Image Lab software (Bio-Rad Laboratories,
Inc., Hercules, California, USA).

3.2.6 Determination of protein solubility
The protein solubility was determined by the method of Huang et al. [101] with
modifications. The lyophilized samples were added to the DDW (10 mg/mL) and stirred for
1 h at 25 °C. Then, the dispersions were centrifuged at 10,000 g for 20 min. The protein
content in the dispersion and the protein content in the supernatant after centrifugation both
were determined by the Lowry method, using bovine serum albumin as standard. The
absorbance at 750 nm was measured by a Bio-spectrophotometer (Eppendorf Co. Ltd.,
Hamburg, Germany). The protein solubility was calculated as follows:
protein solubility (%) = (protein content of the supernatant)/ (total protein content before
centrifugation) × 100%.

3.2.7 Dynamic light scattering (DLS)
The particle sizes of the samples were determined by dynamic light scattering (DLS) using
a Nano-ZS Zetasizer (Malvern Instrument Ltd., Worcestershire, UK) [91]. The sample
supernatants mentioned in Section 3.2.6 were diluted to 0.15 mg/mL with DDW to avoid
multiple scattering and then measured in 1 cm × 1 cm disposable cuvettes (model:
DTS0012) at 25 °C. The backscattering angle was 173°, the refractive index (water) was
1.333, and the equilibration time was 60 s.

3.2.8 Surface hydrophobicity (H0) measurement
Based on the method of Kato et al. [102], the lyophilized samples were dissolved in 0.01
mol/L of phosphate buffer (pH 7.0) to a series of protein concentrations (0.05, 0.1, 0.2, 0.5,
1, and 2 mg/mL). Then, each sample solution (5 mL) was mixed with 40 μL of 1-anilino-8naphthalene sulfonate (ANS) solution (8.0 mmol/L in 0.01 mol/L phosphate buffer, pH 7.0).
The fluorescence intensity (FI) was measured by a F-4600 fluorescence spectrophotometer
(Hitachi, Japan) at wavelengths of 390 nm (excitation) and 470 nm (emission). The slope
of the FI vs. protein concentration plot (calculated by a linear regression analysis) was used
as the index of surface hydrophobicity (H0).
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3.2.9 Circular dichroism spectra measurement
The circular dichroism spectra were collected in the Far-UV range (190~250 nm) by a J1500 circular dichroism spectropolarimeter (Jasco Corp., Tokyo, Japan) at 25 °C. The sample
supernatants in Section 3.2.6 were diluted to 0.15 mg/mL and measured in 0.1 cm quartz
CD cuvettes. The scan rate, response, and bandwidth were set as 50 nm/min, 4 s, and 1.0
nm, respectively [95]. The recorded spectra were an average of three scans and corrected
by subtracting the spectrum of the protein-free buffer. The proportions of the four secondary
structures (α-helix, β-sheet, β-turn, random coil) were derived from Yang’s equation. A
mean value of 110 for the amino acid residue was used in the calculation.

3.2.10 Intrinsic fluorescence spectra measurement
The intrinsic fluorescence spectra of the samples were obtained by a F-4600 fluorescence
spectrophotometer (Hitachi, Japan) at 25 °C, based on the method of Jiang et al. [103]. The
sample supernatants mentioned in Section 3.2.6 were diluted to 0.075 mg/mL with DDW
and then excited at 290 nm. The emission spectra were recorded from 300 to 400 nm. Both
the excitation (Ex) slit and emission (Em) slit were set as 5 nm, and the scan speed was
240 nm/min.

3.2.11 FT-Raman spectra measurement
The FT-Raman spectra were collected on lyophilized samples by an INVIA laser Raman
spectrometer (Renishaw, UK) under the following settings: laser wavelength, 1064 nm; laser
power, 1 W; spectral resolution, 4 cm−1; number of scans, 800. The obtained spectra were
normalized by using a phenylalanine band at around 1004 cm−1 as an internal standard,
since its intensity was neither sensitive to the conformational changes nor the
microenvironmental changes [104].

3.2.12 Scanning electron microscopy (SEM)
The morphology of the lyophilized protein samples was observed by a scanning electron
microscope (SU8000, Hitachi, Tokyo, Japan). Before using scanning electron microscopy,
the samples were ground by a mortar and pestle and then coated with gold.

3.2.13 Small-amplitude oscillatory shear (SAOS) tests
The thermal gelation of the sample dispersion (9% w/v, pH 7.0) was monitored with a
MCR302 rheometer (Anton Paar, Austria) with a sandblasted concentric cylinder (CC17) and
a solvent trap. The measurement was conducted within the linear viscoelastic region at a
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constant strain of 1% and a frequency of 1 Hz. The temperature sweep was as follows:
heating from 20 °C to 95 °C at 3 °C/min, holding at 95 °C for 30 min, cooling from 95 °C
to 20 °C at 3 °C/min, holding at 20 °C for 5 min. The storage modulus (G′) and loss modulus
(G″) were recorded as a function of time.

3.2.14 Statistical analysis
All the analytical determinations were performed in triplicate and the results were presented
as the means ± standard deviation. The figures were plotted by the Origin 2018 software
(OriginLab, Northampton, Massachusetts, USA). An ANOVA (one-way analysis of variance)
and Duncan′s test at p < 0.05 were conducted by SPSS 25.0 (SPSS Inc., USA) to evaluate
the statistical significance of the differences among the means.

3.3 Results and discussion
3.3.1 SDS-PAGE
As shown in Fig. 3.1, under reducing conditions (with 2-mercaptoethanol) the CSPI showed
a typical SDS–PAGE profile of soy protein, which mainly consisted of individual subunits of
β-conglycinin and glycinin. As a trimer, β-conglycinin consisted of three subunits: α′ (~80
kDa), α (~70 kDa), and β (~50 kDa). On the other hand, the glycinin component is a
hexamer which contained an acidic subunit (A1–4) (32–40 kDa) and a basic subunit (B) (~20
kDa). It was clear that the bands for the acidic subunit and the basic subunit all disappeared
in DGH, while the bands for the subunits of β-conglycinin still existed. In addition, wide and
vague bands below each subunit of glycinin appeared in DGH, which represented the small
fractions with different molecular weights that derived from the degradation of glycinin.
According to the densitometric analysis (Table 3.1), the relative content of all the glycinin
subunits decreased dramatically from 60.7% in CSPI to only 2.5% in DGH, while the relative
content of the small fractions increased significantly from 5.8% in CSPI to 38.5% in DGH.
Correspondingly, the proportion of all the β-conglycinin subunits increased from 33.5% in
CSPI to 59.0% in DGH. Achieving this selectivity relies on the enzymatic reaction conditions
as well as the enzyme. On the one hand, glycinin is known to be denatured preferentially in
an acidic pH [105]. Therefore, compared with β-conglycinin, the glycinin component would
be denatured to a much higher extent in the present reaction conditions (pH 2.0, 37 °C) and
time (40 min), which made the cleavage sites in glycinin more accessible to the enzyme. On
the other hand, pepsin was chosen because it shows selectivity to glycinin and it is optimally
active at pH 2.0 [39]. Owing to these two aspects, the glycinin component of SPI was
hydrolyzed successfully in the present study, while the β-conglycinin component was not
affected.
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Figure 3.1. SDS-PAGE patterns of control soy protein isolate (CSPI, blank group) and degraded glycinin
hydrolysate (DGH, contrast group).
Table 3.1. The relative contents of the individual subunits and small protein fractions in CSPI and DGH
according to the densitometric analysis of SDS-PAGE.

CSPI

DGH

Band

MW (kDa)

Content (%)

MW (kDa)

Content (%)

α’

79.0

9.3

80.2

13.2

α

70.4

13.6

71.5

25.7

β

49.5

10.6

50.4

20.1

A3

39.2

7.6

38.6

0.1

A1,2,4

33

27.6

32.5

1.9

Small fractions

32~22

4.2

32~22

1.2

B

19.7

25.5

20.1

0.5

Small fractions

<18.3

1.6

<18.3

37.3
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3.3.2 Solubility
As shown in Fig. 3.2, the solubility of CSPI before the HIU treatment was 34.5%, which
agreed with Huang et al. that the solubility of the commercial SPI after acid treatment (pH
3.0, 1 h) was about 30% at pH 7.0 [101]. The higher solubility (47.2%) showed by DGH
suggested that selective hydrolysis on glycinin could increase the solubility of soy protein by
breaking the peptide bonds and reducing the particle size (Section 3.3.3). HIU increased
the solubility of DGH and CSPI significantly (p < 0.05) to 84.6% and 81.0% after 5 min.
This improvement could be explained by two reasons: (1) the HIU treatment could reduce
the particle size of proteins, which improved the protein dispersibility in the solvent and the
protein–solvent interactions, so the solubility of the protein increased [93]; (2) HIU could
induce the transformation of insoluble aggregates or precipitates to soluble protein
aggregates, which made more protein in the soluble state [106]. Interestingly, when the
HIU treatment was continued to 20 min, the solubility of the CSPI became lower, while the
solubility of DGH kept increasing. The solubility of DGH reached 92.5% at 20 min, which
was significantly higher (p < 0.05) than that of CSPI (79.3%). Since the surface-active and
gelation properties require proteins to be soluble in the relevant medium, selectively
hydrolyzing glycinin may facilitate the ultrasonic modification of soy protein in terms of these
techno-functionalities. When the HIU treatment was prolonged to 40 min, the solubility of
both the samples decreased. Similar results were found by Huang et al. [101] and Jiang et
al. [103] that the solubility of commercial SPI and black bean protein could be unchanged
or decreased with a further increase in ultrasonic time.

Figure 3.2. Effect of high-intensity ultrasound treatment (20 kHz at 400 W for 0, 5, 20, 40 min) on the protein
solubility of CSPI and DGH. Different lowercase letters (a, b, c…) indicate significant differences between
samples, at p < 0.05 using Duncan’s test. Error bars represent the standard deviations.
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3.3.3 Particle size
As shown in Fig. 3.3, before HIU treatment the DGH and CSPI both demonstrated a
multimodal particle size distribution (PSD) with three peaks. The hydrodynamic diameter of
native SPI has been reported to be around 34 nm (at pH 7.0 and 25 °C) [107], which
explains the middle peak at 28–38 nm. The peak located below 10 nm could be attributed
to the small protein fractions that were dissociated from SPI, while the peak at above 100
nm indicates the existence of large aggregates. Enzymatic hydrolysis shifted all three peaks
of DGH to smaller sizes compared to those of CSPI, and DGH showed a lower average size
and higher polydispersity index (PDI) (Table 3.2). After the HIU treatment, the PSD of DGH
and CSPI both changed into a unimodal distribution and their PDI both decreased, showing
the homogenization effects of high-intensity ultrasound. Interestingly, the single peaks of
the HIU-treated samples were all located at higher sizes than the peak of the native SPI (the
middle one in the multimodal distribution), and their average sizes all increased. This means
most of the soluble proteins after HIU treatment, existed in the form of aggregates.
Combining the markedly increased solubility (Fig. 3.2), the formation of soluble aggregates
after the HIU treatment was mainly responsible for the improved solubility in the present
study. Tang et al. reported that the high-frequency oscillation caused by HIU (200 W, 15
kHz) could slow down the association of small unstable aggregates in soy protein dispersion
while promoting the interactions between unstable aggregates and other soluble protein
components (e.g., the α and α’ subunits of β-conglycinin), eventually forming soluble
aggregates with a relatively stable structure [106].

Figure 3.3. (A)
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(B)
Figure 3.3. Effect of high-intensity ultrasound treatment (20 kHz at 400 W for 0, 5, 20, 40 min) on the particle
size distribution of CSPI and DGH.
Table 3.2. Effect of high-intensity ultrasound treatment (20 kHz at 400 W for 0, 5, 20, 40 min) on the particle
size distribution of CSPI (A) and DGH (B). Values are means ± standard deviation. Different lowercase letters
(a, b, c, d) indicate significant differences (p < 0.05, Duncan′s test) between high-intensity ultrasound HIU
times in the same column.

CSPI

DGH

Sample
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Z-average (nm)

PDI

Z-average (nm)

PDI

0 min

66.09 ± 4.93

a

0.428 ± 0.040

b

48.90 ± 0.45

0.897 ± 0.108

b

5 min

90.52 ± 1.13

c

0.341 ± 0.033

a

119.57 ± 1.36

c

0.321 ± 0.038

a

20 min

72.10 ± 0.03

b

0.382 ± 0.012

ab

131.90 ± 1.64

d

0.308 ± 0.010

a

40 min

67.42 ± 0.19

ab

0.374 ± 0.012

a

75.29 ± 1.59

0.412 ± 0.028

a

a

b
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When the HIU treatment was prolonged (>5 min), the average size of CSPI showed a
decreasing trend. In contrast, the PSD of DGH further moved to larger sizes, with the peak
centered at 295.0 nm at 20 min (Fig. 3.3), and its average size decreased only after 40 min
(Table 3.2). These trends displayed here were consistent with the trends shown in the
solubility (Section 3.3.2). These phenomena reflected that HIU could induce the formation
of soluble aggregates in both samples within a certain time. However, the longer duration
of HIU processing would not promote further aggregation but dissociate those newly formed
aggregates. Zheng et al. observed that HIU (80 W/cm2) increased the particle size of native
SPI aggregates after 10 min while reducing the particle size after 25 min [95]. Similarly,
Shanmugam et al. found that soluble whey/casein aggregates and micellar aggregates were
formed during the first 30 min of sonication (0.31 and 0.63 W/cm3), but prolonged sonication
caused the partial disruption of whey proteins from these aggregates due to the continuous
shear [108]. Noticeably, the soluble aggregates in DGH continued aggregating for a
relatively longer duration, and DGH nanoparticles existed as bigger aggregates with
relatively uniform sizes (Table 3.2). It has been reported that glycinin tended to form
insoluble aggregates, while β-conglycinin tended to form soluble aggregates, but the
subunits from glycinin could interact with β-conglycinin to form soluble aggregates as well
[2,109,110]. As shown in the SDS-PAGE (Fig. 3.1), selective proteolysis in this work retained
the β-conglycinin while disintegrating glycinin into small fractions, which may provide DGH
with more “building blocks” for the soluble aggregation in the subsequent HIU treatment.

3.3.4 Surface hydrophobicity
As shown in Fig. 3.4, the surface hydrophobicity (H0) of DGH was higher than that of CSPI
before the HIU treatment. This was expected, since the enzymatic cleavage destroyed the
compact structure of glycinin, which made more hydrophobic groups accessible to external
fluorescence probes—i.e., ANS—thus showing a higher H0. HIU increased the H0 of DGH and
CSPI significantly (p < 0.05), although the rate of increase tended to slow down with
treatment time. By the cavitation effect of HIU, a great extent of molecular unfolding and
structural changes could happen in protein molecules, which enhanced their surface
hydrophobicity and promoted intermolecular aggregation [111]. Interestingly, although the
H0 of both the samples increased, the H0 of DGH became lower than that of CSPI after the
HIU treatment. Hydrophobic interactions have been viewed as the driving force for protein
aggregation [112]; the lower H0 suggested that, in the simultaneous effects of HIU-induced
denaturation and aggregation, more exposed hydrophobic groups in DGH participated in the
hydrophobic interactions during the formation of soluble aggregates. As reported previously
[113,114], partially unfolded proteins with an initially higher surface hydrophobicity could
cause more extensive bonding and aggregation, which in turn entrapped the hydrophobic
regions and manifested in a lower H0 in DGH. Furthermore, with more intermolecular
59

Chapter 3

hydrophobic interactions being involved, soluble aggregates in DGH should have higher
stability, which could help them to endure a relatively long time of ultrasonic vibration and
grow into a bigger size, which agreed with the observation in Section 3.3.3.

Figure 3.4. Effect of high-intensity ultrasound treatment (20 kHz at 400 W for 0, 5, 20, 40 min) on the surface
hydrophobicity of CSPI and DGH. Different lowercase letters (a, b, c…) indicate significant differences between
samples at p < 0.05 using Duncan’s test. Error bars represent the standard deviations.

3.3.5 Circular dichroism (CD) spectroscopy
Table 3.3 shows the secondary structure composition of DGH and CSPI that was deduced
from circular dichroism spectroscopy. Prior to the HIU treatment, DGH showed less ordered
structure (α-helix and β-sheet) and more unordered structure (β-turn and random coil) than
CSPI. HIU induced a significant increase in the α-helix structure, a slight increase in the βturn structure, and a decrease in the random coil structure (p < 0.05). For the β-sheet
structure, the opposite changes were observed: the β-sheet structure of DGH increased
while that of CSPI decreased. As a result, the composition of the ordered structure in DGH
turned out to be higher than that of CSPI, especially at 20 min. The highly repetitive feature
of β-sheet and higher content of ordered structure could be closely correlated with the higher
stability of DGH soluble aggregates. Zheng et al. [95] and Hu et al. [94] both observed an
increased α-helix content and decreased β-sheet content in the HIU treatment of native SPI
(80 W/cm2) and commercial SPI (105–138 W/cm2), which was consistent with the present
results of CSPI. However, when the isolated β-conglycinin and glycinin were solely subjected
to an equivalent ultrasonication (105–110 W/cm2), neither of them showed significant
changes in their secondary structures [96]. These results demonstrated that when glycinin
existed as a component in soy protein, its influence on the ultrasonic modification of whole
protein may not be deduced by simply imposing the same treatment on the isolated glycinin.
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Table 3.3. Effect of high-intensity ultrasound treatment (20 kHz at 400 W for 0, 5, 20, 40 min) on the secondary
structure of CSPI and DGH. Values are means ± standard deviation. Different lowercase letters (a, b, c, d)
indicate significant differences (p < 0.05, Duncan′s test) between HIU times in the same row.

Composition

CSPI-0 min

CSPI-5 min

CSPI-20 min

CSPI-40 min

(%)
α-helix

0.83 ± 0.25

8.18 ± 0.39

β-sheet

66.43 ± 0.29

β-turn

0.00 ± 0.00

Random coil

32.74 ± 0.53

b

29.54 ± 0.28

a

30.20 ± 0.14

a

29.57 ± 0.78

a

Ordered

67.26 ± 0.53

ab

69.38 ± 0.65

c

66.45 ± 0.64

a

68.63 ± 1.70

bc

Unordered

32.74 ± 0.53

bc

30.62 ± 0.65

a

33.55 ± 0.64

c

31.37 ± 1.70

ab

a

c

61.20 ± 0.87
1.08 ± 0.38

a

DGH-0 min

9.10 ± 0.14

b

b

ab

DGH-5 min
7.19 ± 0.24

57.35 ± 0.49
3.35 ± 0.78

9.03 ± 0.07

c

a

DGH-20 min

b

b

DGH-40 min

α-helix

0.33 ± 0.21

β-sheet

60.23 ± 0.57

β-turn

0.00 ± 0.00

Random coil

39.44 ± 0.50

c

29.66 ± 0.34

b

28.04 ± 0.59

a

28.43 ± 0.06

a

Ordered

60.56 ± 0.50

a

70.19 ± 0.44

b

71.73 ± 0.58

c

71.07 ± 0.50

bc

Unordered

39.44 ± 0.50

c

29.81 ± 0.44

b

28.27 ± 0.58

a

28.93 ± 0.50

ab

a

a

b

63.00 ± 0.68
0.15 ± 0.12

a

6.83 ± 0.23

59.60 ± 1.77
1.80 ± 0.92

c

c

b

ab

64.90 ± 0.72
0.23 ± 0.14

7.40 ± 0.44

b

c

ab

b

63.67 ± 0.87
0.50 ± 0.46

bc

b

3.3.6 Intrinsic fluorescence spectroscopy
The intrinsic fluorescence spectra of protein are mainly attributed to Tryptophan (Trp)
residues, which can be used for analyzing the tertiary structure. As shown in Fig. 3.5, the
intrinsic fluorescence spectra of DGH and CSPI showed a significant blue-shift (decrease in
λmax) and increased FI after the HIU treatment. The blue-shift of λmax indicated that the
microenvironment of Trp residues became less polar. Protein molecular aggregation
prevented the interaction of chromophores with the quenching agent present in the solvent
and hence a higher FI [115]. DGH displayed a lower λmax and higher FI (except at 40 min)
than CSPI after the HIU treatment (Table 3.4), which was consistent with the previous
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analysis that showed the soluble aggregation in DGH involved more hydrophobic
interactions, which provided the Trp residues with a more hydrophobic microenvironment.
At a later stage of the HIU treatment (> 20 min), there were no significant changes in the
λmax of DGH and CSPI, whereas the FI of them both significantly declined (p < 0.05). Similar
results were observed by Zhu et al., who showed that the FI of walnut protein decreased
with increasing sonication time while the λmax was unchanged, which was an indication of
changes in the protein structure and/or aggregation state [116].

Figure 3.5. Effect of high-intensity ultrasound treatment (20 kHz at 400 W for 0, 5, 20, 40 min) on the intrinsic
fluorescence emission spectra of CSPI and DGH.
Table 3.4. Effect of high-intensity ultrasound treatment (20 kHz at 400 W for 0, 5, 20, 40 min) on the λmax and
fluorescence intensity (FI) of CSPI and DGH. Intensity values are means ± standard deviation. Different
lowercase letters (a, b, c...) indicate significant differences (p < 0.05, Duncan′s test) between the fluorescence
intensity of different samples.

Sample
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CSPI
λmax (nm)

FI (a.u.)

0 min

337.4

5311.7 ± 10.6

5 min

335.0

20 min
40 min

DGH
λmax (nm)

FI (a.u.)

b

338.6

5085.3 ± 24.0

a

5493.3 ± 46.7

c

333.4

5668.7 ± 18.4

d

333.6

7126.0 ± 31.1

g

332.4

7244.0 ± 32.5

h

333.6

6371.7 ± 53.0

f

332.6

6040.7 ± 15.5

e
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3.3.7 FT-Raman spectroscopy
Disulfide exchange reactions and the formation of disulfide bonds (S-S) play crucial roles in
the unfolding and functional aggregation of proteins [117]. The characteristic frequencies of
S-S stretching vibrations in the Raman spectra are assigned to gauche-gauche-gauche (gg-g, 500–510 cm−1), gauche-gauche-trans (g-g-t, 515–530 cm−1), and trans-gauchetrans (t-g-t, 535–545 cm−1), which are three conformation forms. As shown in Fig. 3.6 and
Table 3.5, the Raman peak at 500–510 cm−1 exhibited the highest intensity before the HIU
treatment. This is consistent with a previous study, which showed that the S-S stretching
vibrations of soy protein tended to be dominated by the g-g-g conformation, since it had the
lowest potential energy [104]. However, the intensity of the g-g-g conformation decreased
after the HIU treatment, while that of g-g-t and t-g-t conformations both increased (p <
0.05). It has been reported that the g-g-g conformation of disulfide bonds was negatively
correlated with the surface hydrophobicity of protein, while the g-g-t conformation promoted
the surface hydrophobicity [118], which was in conformity with the increased H0 after the
HIU treatment (Section 3.3.4). For DGH, the intensity of the g-g-t and t-g-t conformations
increased gradually in the first 20 min and then decreased after 40 min. For CSPI, significant
changes (p < 0.05) in the S-S stretching vibrations were only observed in the first 5 min.
These phenomena suggested that HIU had a more pronounced effect on the S-S stretching
vibration in DGH. Each pair of acidic subunit and basic subunit in glycinin is associated with
disulphide bridges [106]; selectively hydrolyzing glycinin could break these disulphide bonds
and release sulfhydryl groups. Under the following ultrasonic cavitation effects, the highly
reactive free radicals generated from water molecules could oxidize susceptible sulfhydryl
groups to form intermolecular disulphide bonds, which might play an important role in the
soluble aggregation of DGH [106,119,120]. Similarly, Lee et al. found that pH shifting could
cause the cleavage of disulphide bonds between glycinin subunits, which led to increased SS bonds and higher protein solubility in the subsequent ultrasonication [117].
The intensity ratio of 850 to 830 cm−1 (I850/830) and the intensities of the Raman peaks near
1450 and 2935 cm−1 were used to reflect the microenvironment of Tyr residues and aliphatic
amino acid residues, respectively [104,121]. HIU first reduced the I850/830, I1450, and I2935 in
a short period, indicating that the microenvironment of these residues became less polar
due to the protein intermolecular interactions [122]. However, as the HIU treatment was
prolonged, the value of these indexes increased again, which indicated that some of the
HIU-induced aggregates were disassociated under prolonged ultrasonic shear forces and
turbulence, and the amino acid residues that were buried by them became exposed again.
However, due to the higher stability of the aggregates, this dissociation phenomenon was
obviously delayed in DGH, as these indexes only increased after 40 min.
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(A)

(B)
Figure 3.6. Effect of high-intensity ultrasound treatment (20 kHz at 400 W for 0, 5, 20, 40 min) on the FTRaman spectra of CSPI (A) and DGH (B)
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Table 3.5. Normalized intensity values at selected regions of the FT-Raman spectra of high-intensity
ultrasound (HIU; 20 kHz at 400 W for 0, 5, 20, 40 min) treated CSPI and DGH. Values are means ± standard
deviation. Different lowercase letters (a, b, c, d) indicate significant differences (p < 0.05, Duncan′s test)
between the HIU times. g-g-g is short for gauche-gauche-gauche, g-g-t is short for gauche-gauche-trans, tg-t is short for trans-gauche-trans.

Band Assignment
[Wavenumber (cm−1)]

CSPI-0 min

S-S stretching (g-g-g)
[500–510]

1.02 ± 0.02

b

0.97 ± 0.01

a

0.97 ± 0.02

a

0.95 ± 0.03

a

S-S stretching (g-g-t)
[515–530]

0.93 ± 0.02

a

0.99 ± 0.02

b

1.01 ± 0.03

b

0.99 ± 0.01

b

S-S stretching (t-g-t)
[535–545]

0.91 ± 0.01

a

0.97 ± 0.01

b

0.96 ± 0.02

b

0.97 ± 0.03

b

Tyrosine doublet [850/830]

1.07 ± 0.02

d

0.93 ± 0.02

a

0.97 ± 0.01

b

1.01 ± 0.03

c

C-H2 bending [1448–1452]

1.11 ± 0.03

b

1.03 ± 0.02

a

1.09 ± 0.03

b

1.13 ± 0.04

b

C-H stretching [2929–2937]

1.70 ± 0.04

b

1.55 ± 0.05

a

1.69 ± 0.04

b

1.68 ± 0.03

b

Band Assignment
[Wavenumber (cm−1)]

DGH-0 min

S-S stretching (g-g-g)
[500–510]

1.03 ± 0.04

c

0.94 ± 0.01

ab

0.96 ± 0.02

b

0.90 ± 0.03

a

S-S stretching (g-g-t)
[515–530]

0.91 ± 0.02

a

1.05 ± 0.02

b

1.13 ± 0.05

c

0.99 ± 0.04

b

S-S stretching (t-g-t)
[535–545]

0.88 ± 0.01

a

1.04 ± 0.03

c

1.11 ± 0.04

d

0.96 ± 0.04

b

Tyrosine doublet [850/830]

1.14 ± 0.04

c

0.96 ± 0.02

b

0.88 ± 0.02

a

1.03 ± 0.06

b

C-H2 bending [1448–1452]

1.23 ± 0.05

c

1.16 ± 0.03

b

1.01 ± 0.02

a

1.17 ± 0.02

bc

C-H stretching [2929–2937]

1.84 ± 0.08

c

1.62 ± 0.05

b

1.44 ± 0.03

a

1.70 ± 0.06

b

CSPI-5 min

CSPI-20 min

DGH-5 min

CSPI-40 min

DGH-20 min

DGH-40 min

3.3.8 Scanning electron microscopy (SEM)
The changes in the microstructure of the lyophilized DGH and CSPI after the HIU treatment
were observed by SEM. Fig. 3.7 shows that all the samples presented in the form of massive
chunks after freeze drying, but with different shapes and surface morphologies. As
previously reported, larger protein aggregates with a layer block structure were observed in
sonicated legume proteins in their lyophilized state [94,123]. Before the HIU treatment,
DGH displayed a complicated structure with a rough surface, which had many irregular
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humps and cavities of different sizes. On the other hand, CSPI showed a relatively flat
structure. This provided tangible evidence of the degradation effects of selective proteolysis
on the structural integrity of soy protein. The surface morphology of both samples became
flatter and more compact in the early stage of the HIU treatment. Interestingly, compared
to CSPI, DGH showed a crystalline microstructure with a smoother surface, only having some
debris, especially at 20 min. This denser microstructure of DGH should be ascribed to the
smaller inhomogeneities and a larger extent of intermolecular interactions and soluble
aggregation in the protein dispersion before freeze drying.

Figure 3.7. Effect of high-intensity ultrasound treatment (20 kHz at 400 W for 0, 5, 20, 40 min) on the SEM
micrographs of lyophilized CSPI and DGH. (A) CSPI-0 min, (B) CSPI-5 min, (C) CSPI-20 min, (D) CSPI-40 min;
(E) DGH-0 min, (F) DGH-5 min, (G) DGH-20 min, (H) DGH-40 min.

3.3.9 Gelling property
The formation of soluble aggregates is beneficial to the gelling properties of soy proteins,
since they are known as the intermediate product during the heat-induced gelation of soy
proteins [106]. Therefore, the thermal dynamic gelation of DGH and CSPI after 20 min of
HIU treatment was measured by small amplitude oscillatory test. As shown in Fig. 3.8, both
samples showed a typical heat-induced gelation profile, as G′ and G″ increased after a cycle
of heating and cooling (Fig. 3.8). The cross point of G′ and G″ is usually viewed as the onset
of gelation. For CSPI, the onset time was around 1900 s when the temperature reached 95
°C. The increased G′ at this temperature was related to the denaturation of glycinin, by
which more unfolded proteins interacted with each other, leading to irreversible protein
aggregation and network formation [13]. The onset time and temperature for DGH moved
to much earlier values, to 760 s and 42 °C, respectively. This agreed with above results that
the glycinin component in DGH had already been denatured after the selective hydrolysis
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and ultrasonication. With the existence of soluble aggregates, the initial protein network was
formed earlier in the HIU-treated DGH, suggesting its improved gelling ability. Furthermore,
the formed gel of the HIU-treated DGH after the temperature sweep showed a significantly
higher G′ (~386 Pa) than its CSPI counterpart (~169 Pa), indicating a stiffer gel structure.
This could be due to the higher solubility of DGH after the HIU treatment, which allowed
more protein molecules to be incorporated into the gel network.

Figure 3.8. The thermal gelation profiles of DGH (rectangle) and CSPI (triangle) after being treated by HIU for
20 min. The solid symbols indicate G′, while the open symbols indicate G″. The red arrow indicates the onset
gelling point.

3.4 Conclusion
In this work, selective proteolysis specifically hydrolyzed the glycinin component in SPI,
which destroyed its structural integrity and released small protein fractions. As a result, the
resultant hydrolysate (DGH) showed different physical, structural, and aggregation
properties under the subsequent HIU treatment (20 kHz at 400 W for 0, 5, 20, and 40 min),
compared with the control SPI (CSPI). HIU induced the formation of soy protein soluble
aggregates in the early stage (≤20 min), while it disassociated them after a longer duration
(40 min). Compared with CSPI, the DGH nanoparticles formed soluble aggregates with a
larger size and higher stability, which could be attributed to the existence of small protein
fractions and the larger extent of hydrophobic interactions as well as disulfide bonds.
Correspondingly, a higher solubility, more ordered secondary structures, and less polar
microenvironment of amino acid residues were observed in DGH, especially at the
intermediate time (20 min). After freeze drying, the HIU-treated DGH showed a denser
crystalline structure with a smooth surface. The superior solubility and gelling ability shown
by the HIU-treated DGH indicated the combination of selective proteolysis, and HIU could
be a novel method for soy protein modification.
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Abstract
Soy protein is widely used in the food industry as a gelling agent in many food products.
Selectively hydrolyzing one of the two main components (ꞵ-conglycinin and glycinin) of soy
protein is expected to modify its gelling ability in a novel way. To explore these modifications,
selective proteolysis was applied on native soy protein isolate (SPI). Degraded ꞵ-conglycinin
hydrolysate (DꞵH) and degraded glycinin hydrolysate (DGH) were obtained with a similar
degree of hydrolysis (DH), as verified by SDS-PAGE and pH-stat. Heat-set gels were formed
by SPI, hydrolysates, and dialyzed hydrolysates at different protein concentrations (6%,
10%, 14%). Rheological properties of these gels in the linear regime were determined by
small amplitude oscillatory shear (SAOS) tests, while their non-linear rheology was studied
by large amplitude oscillatory shear (LAOS) tests. Scaling theory, CLSM, and SEM images
were used to link the rheological behavior to differences in the gel microstructure.
Our results showed that hydrolysates had a shorter gelling time and lower gelling
temperature, but the non-network peptides made hydrolysate gels less elastic and resulted
in a lower critical linear strain than SPI gels. At low concentration and DH, DꞵH not only had
a shorter gelling time but also formed stiffer gels than SPI, which could be due to increased
hydrophobic interactions and disulphide bonds, as well as the more homogeneous gel
network. On the other hand, DGH formed weaker gels than SPI at every concentration, and
their gel structure was coarse, consisting of small and branched flocs. With increased strain
amplitude, all gels showed a transition from predominantly elastic to plastic behavior. DꞵH
displayed intercycle strain softening, while DGH and SPI displayed a weak and strong strain
overshoot, respectively. In the medium strain range, SPI showed stronger intracycle shear
stiffening and DꞵH gels showed stronger intracycle shear thinning. At the large strain regime,
SPI and DꞵH gels showed abrupt yielding behavior while DGH gels yielded more gradually.
Overall, the “rheological fingerprint” of soy protein heat-set gels was established, and these
rheological properties can be tailored by selectively hydrolyzing different components of soy
protein, and varying the DH.
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4.1 Introduction
Soy proteins have been extensively used in processed foods because of their high nutritional
value, availability, and their contribution to food texture due to their gelling ability [124].
With the increased awareness of the nutritional value of food protein hydrolysates, there is
also a need to understand how the gelling properties of soy protein hydrolysates differ from
native protein substrates. Gelation of globular proteins is usually induced by heating, during
which several reactions can occur, such as protein denaturation/unfolding, dissociation,
association, and aggregation, leading to the formation of a 3D network [125,126]. The
properties of heat-set soy protein gels depend on the thermal gelation conditions (such as
temperature, incubation time, pH, and ionic strength), the protein concentration, as well as
the protein composition [10,12,13,71,127,128]. Like many other plant proteins, soy protein
is a multi-component protein mixture with two major components, i.e., ꞵ-conglycinin (7S)
and glycinin (11S). These two globulin components not only have different structures and
molecular weight (MW) [33,129], but also possess different thermal transition temperatures
and gel-forming properties [13,128,130–132]. Therefore, understanding how the gelation
behavior was affected by hydrolyzing these components is essential for designing new gel
products based on soy protein and its hydrolysates.
Gelling properties of hydrolysates from oat protein [133], pea protein [134], and soy protein
[135,136] have been studied, and divergent results were reported. Proteolysis breaks the
peptide bonds of proteins, and produces molecules with smaller size and lower MW, which
might limit their ability to form strong gel networks. This view was supported by the
observation that a transglutaminase treatment after hydrolysis restored the gelation
properties of hydrolysates to some extent [137]. On the other hand, for native proteins
(especially globular proteins), proteolysis cleaves and unfolds their native structure, which
is often accompanied by the exposure of hydrophobic and ionizable groups from the interior
of the structure. This can contribute to a higher extent of protein-protein interactions and
thus favor the gelling ability of hydrolysates [133,138]. The changes in functionality caused
by proteolysis are highly related to the extent of enzymatic reactions, i.e., the degree of
hydrolysis (DH). DH represents the proportion of cleaved peptide bonds, but when the
substrate is a multi-component protein mixture like soy protein, it is hard to control which
component of the mixture is hydrolyzed. Recently, a method called selective proteolysis has
been proposed and studied for soy protein [31,39,98,100]. This method makes it possible
to specifically hydrolyze one component in soy protein while retaining the others. With this
method, the gelation [31], emulsifying properties [98,99] and amyloid fibrillation [100] of
SPI were modified in a novel way.
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The rheology of food protein gels is important for their practical application. Dynamic
oscillatory shear tests are commonly performed, in which a material is subjected to a
sinusoidal deformation, and the resulting mechanical response is measured [139]. Based on
the amplitude of deformation, dynamic oscillatory shear tests are divided into two
categories, i.e., small amplitude oscillatory shear (SAOS) and large amplitude oscillatory
shear (LAOS) tests. SAOS tests subject protein gels to sufficiently small strains that will not
disrupt the gel microstructure, and characterize the rheological properties in the linear
viscoelastic (LVE) regime where the storage modulus (G′) and loss modulus (G″) both are
independent of the magnitude of the applied strain, or strain rate [140]. In LAOS tests, the
strain amplitude is increased to a level where the gel microstructure is affected, and the
mechanical response of gels falls in the non-linear viscoelastic (NLVE) regime where the
viscoelastic moduli (G′ and G″) become a function of the strain and strain rate. In food
production (e.g., mixing and transportation) and physiological digestion processes (e.g.,
chewing and swallowing), the stresses and strains (rates) that are applied on food materials
can be remarkably high. In spite of this, most studies on food biopolymer gels apply only
SAOS tests to investigate their LVE behavior, and only a few studies have reported data in
the NLVE regime.
Melito et al. measured NLVE properties of agarose gels, whey protein isolate/ĸ-carrageenan
gels and commercial cheese via LAOS tests. Their results suggested that the sensory and
oral processing characteristics of food gels can be well correlated to their NLVE properties
[140–143]. Bi et al. found that acid-induced hybrid gels of SPI and locust bean gum/ĸCarrageenan displayed strain thinning behavior in the NLVE regime [144,145]. By the
Fourier transformation of the LAOS data, they validated a new definition of the critical point
in acid-induced pea protein gels, showing the applicability of non-linear rheology in
calculating the fractal dimension (Df) of isotropic food gels [146]. Precha-Atsawanan et al.
compared the rheological behavior of native (WX) and debranched (DB) waxy rice starch
gels in both LVE and NLVE regimes, which showed that WX starch gels had a wider LVE
range and higher loss tangent (tan δ) than DB starch gel, while DB starch gels showed more
abrupt yielding and stronger softening behavior in NLVE regime [147]. More recently,
comprehensive studies using both SAOS and LAOS tests on heat-set pea protein gels [148],
fermentation-induced pea protein gels [134,149], and various concentrated protein systems
(Pea and soy protein and wheat gluten) [150] have been documented. The insights into
non-linear rheology enabled these studies to provide a clearer and more detailed guide for
designing novel plant protein gel-based foods like pea protein yoghurt and meat analogues.
The rheological properties of soy protein heat-set gels in both LVE and NLVE regimes (the
“rheological fingerprint”), and how these rheological properties are affected by selective
proteolysis of soy protein has not been systematically investigated yet. Therefore, in this
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study, we selectively hydrolyzed the ꞵ-conglycinin or glycinin component of native soy
protein isolate (SPI). Two types of soy protein hydrolysates, referred to as degraded ꞵconglycinin hydrolysate (DꞵH) and degraded glycinin hydrolysate (DGH) were obtained,
with a similar DH. After that, heat-set gels from SPI, hydrolysates, and dialyzed hydrolysates
were prepared at various protein concentrations. The linear and non-linear rheology of these
gels were studied by SAOS and LAOS tests. Finally, scaling theory, confocal laser scanning
microscopy (CLSM) and scanning electron microscopy (SEM) were used to correlate the
rheological properties of these gels with their microstructures. We will show that the
rheological fingerprint of heat-set soy protein gels can be tailored by selective proteolysis.

4.2 Materials and methods
4.2.1 Materials
Defatted and lightly toasted soy flour (SOPRO-UTB 100, dry-based protein content 50%)
was provided by Barentz International B.V. (Hoofddorp, the Netherlands). Papain (article
No. P4762, 13 units/mg), pepsin (article No. P6887, 3412 units/mg), and antipain (article
No.10791, >50000 U/mg) were purchased from Sigma-Aldrich, Inc. (St Louis, MO, USA).
Other reagents used were of analytical grade or biochemical grade. Deionized distilled water
(DDW) used in the study was purified by PURELAB Ultra apparatus from ELGA LabWater Co.
(High Wycombe, UK). Unless mentioned otherwise, all the experiments were performed at
room temperature (20 ± 1 °C).

4.2.2 Preparation of native soy protein isolate (SPI)
SPI with its protein in a native state was extracted from defatted soy flour according to the
method of Wagner et al. [45]. Defatted soy flour was dissolved in DDW (flour/water ratio
was 1:10 w/w) and the resultant solution was adjusted to pH 7.5 and stirred for 2 h. After
that, the soy flour solution was centrifuged at 5000 g for 30 min (Avanti J-26 XP centrifuge,
Beckman Coulter, Inc., Brea, CA, USA) and the supernatant was collected. The supernatant
was adjusted to pH 4.5 with 2 mol/L HCl and then centrifuged at 5000 g for 10 min to obtain
a precipitate. The precipitate was redissolved in DDW (1:4 w/w) and adjusted to pH 7.0 with
2 mol/L NaOH. Finally, the solution was lyophilized by a freeze dryer (Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany), and the obtained SPI
powder was kept in an airtight container, stored at 4 °C. The protein content of SPI was 96
± 1% (dry weight, N×6.25), determined by Dumas combustion method with a FlashEA 1112
N/Protein Analyzer (Thermo Fisher Scientific, Waltham, MA, USA).
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4.2.3 The reaction kinetics of selective proteolysis
The reaction kinetics of selective proteolysis were investigated by a pH-stat device according
to the method of Mat et al. [30]. In brief, protein proteolysis at different pH conditions leads
to the release or consumption of protons. pH-stat devices automatically add acidic or basic
titrant to keep the pH constant during proteolysis. The enzymatic reaction rate can be
inferred from the titration rate, and the DH can be calculated from the quantity of titrant
added. SPI dispersions (5g SPI powder in 100 mL DDW) were prepared and transferred to
jacketed beakers. The pH of SPI dispersions was monitored by an automatic pH-stat titration
device (Metrohm, Herisau, Switzerland). Papain and pepsin were used to selectively
hydrolyze ꞵ-conglycinin and glycinin, respectively. Two enzyme to SPI ratios (E/S ratio)
were adopted: E/S 0.02% and E/S 0.05%, similar to previous studies [39,98,100].
The reaction conditions of selective proteolysis of ꞵ-conglycinin were 75 °C and pH 7.0. Basic
titrant (1 mol/L NaOH) was used to maintain the pH at 7.0. The DH was calculated using
equation (1):
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(%) =

1
𝑉𝑉𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 × 𝑁𝑁𝑁𝑁𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
×
× 100
𝑚𝑚𝑚𝑚 × ℎ𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝛼𝛼𝛼𝛼𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁2

(1)

where 𝑉𝑉𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 and 𝑁𝑁𝑁𝑁𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 are the volume (mL) and normality (mol/L) of basic titrant

respectively, 𝑚𝑚𝑚𝑚 is the protein mass (g), and ℎ𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the number of peptide bonds per gram of
proteins (for soy protein ℎ𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 7.8 mol/kg protein) ; 𝛼𝛼𝛼𝛼𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁2 is the mean degree of dissociation
of amino groups [151].

The reaction conditions of selective proteolysis of glycinin were 37 °C and pH 2.0. Acidic
titrant (1 mol/L HCl) was used to maintain the pH at 2.0. The DH was calculated from
equation (2):
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(%) =

1
𝑉𝑉𝑉𝑉𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 × 𝑁𝑁𝑁𝑁𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
×
× 100
𝑚𝑚𝑚𝑚 × ℎ𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
1 − 𝛼𝛼𝛼𝛼𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁

(2)

where 𝑉𝑉𝑉𝑉𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 and 𝑁𝑁𝑁𝑁𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 are the volume (mL) and normality (mol/L) of acidic titrant

respectively, 𝛼𝛼𝛼𝛼𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁 is the mean degree of dissociation of the carboxyl groups [151].

4.2.4 Preparation of soy protein hydrolysates

Four batches of SPI dispersions (25g SPI powder in 500 mL DDW) were prepared in advance.
Papain and pepsin were dissolved in DDW at a concentration of 1mg/mL before use. For the
preparation of degraded ꞵ-conglycinin hydrolysate (DꞵH), two batches of SPI dispersions
were maintained at pH 7.0 and 75 °C. We added 5 mL of papain solution to one batch (E/S
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0.02%), followed by incubation for 30 min, while to the other batch 12.5 mL of papain
solution was added (E/S 0.05%), after which it was incubated for 90 min. The reaction was
terminated by adding a 10-fold molar amount of antipain. The resultant hydrolysates were
DꞵH with a lower DH and a higher DH, respectively. For the preparation of degraded glycinin
hydrolysate (DGH), two batches of SPI dispersion were maintained at pH 2.0 and 37 °C. To
one batch 5 mL of pepsin solution was added (E/S 0.02%), followed by incubation for 40
min, while to the other batch 12.5 mL of pepsin solution was added (E/S 0.05%), after which
it was incubated for 50 min. The reaction was terminated by neutralizing to pH 7.0 and
boiling for 5 min. The resultant hydrolysates were DGH with a lower DH and a higher DH,
respectively.
To reveal the effects of small peptides on the gel properties of different hydrolysates, each
hydrolysate mentioned above was further divided into two portions. One portion was
lyophilized directly while another portion was put into regenerated cellulose membrane
tubing (MWCO: 12-14 kDa; Spectra/Por® 4, Repligen, Waltham, MA, USA) and dialyzed
against DDW at 4 °C for two days before lyophilization. Therefore, eight hydrolysate samples
in total were investigated in this study, and the abbreviation of them is composed of the
type, DH level, and whether dialyzed or not. A graphic illustration of the preparation and
abbreviation of these hydrolysate samples is shown in Fig. 4.1.
Figure 4.1. Graphic illustration of the sample preparation (A) and abbreviation list (B).
(A)
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Figure 4.1. (B)

MW: molecular weight

S∆G′: the average slope of G′ in 95 °C
heating

DH: degree of hydrolysis

Df : fractal dimension

E/S: enzyme to SPI ratio

γC : critical linear strain

SAOS: small amplitude oscillatory shear

σ: shear stress

LAOS: large amplitude oscillatory shear

γ0: intercycle strain

LVE: linear viscoelastic

𝜸𝜸𝜸𝜸𝟎𝟎𝟎𝟎̇ : intercycle strain rate

NLVE: non-linear viscoelastic

γ: intracycle strain

G′ : storage modulus

γ̇ : intracycle strain rate

G″: loss modulus

σe: decomposed elastic stress

tan δ: loss tangent

σv: decomposed viscous stress

tgel: the onset time of gelation

CLSM: confocal laser scanning microscopy

Tgel: the onset temperature of gelation

SEM: scanning electron microscopy

SDS-PAGE: Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

4.2.5 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE)
The protein dispersion (2 mg/mL) was mixed with a 2×Laemmli sample buffer (Bio-Rad
Laboratories Inc., Hercules, CA, USA) at a ratio of 1:1, and heated at 95 °C for 5 min in a
thermomixer (Eppendorf AG, Hamburg, Germany). Afterward, 10 μL molecular weight
markers (Precision Plus ProteinTM, Bio-Rad) and 20 μL of each sample solution were loaded

on a 12% Tris–HCl Mini-PROTEAN TGXTM Precast Gel (Bio-Rad). A premixed electrophoresis

running buffer (10x Tris/glycine/SDS #1610772, Bio-Rad) was used, and the electrophoresis
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was carried out by a Mini-PROTEIN Tetra cell (Bio-Rad) at 200 V for about 30min. After that,
the gels were stained with Coomassie Brilliant Blue R-250 (Bio-Rad) for 1h followed by
destaining with DDW. Finally, the gel was scanned and analyzed by a GS-900 Calibrated
Densitometer with Image Lab software (Bio-Rad).

4.2.6 Rheological measurements
The heat-induced gelation process of different samples and the rheological properties of the
resulting gels were studied with an MCR 302 rheometer (Anton Paar, Graz, Austria) and
titanium sandblasted concentric cylinder geometry (CC17). Lyophilized samples were mixed
with DDW to three protein concentrations (6%, 10%, and 14% w/w) and stirred overnight
to ensure full hydration. The pH of sample dispersions was adjusted to 7.0 by adding 2 mol/L
NaOH or HCl. The conductivity of dispersions was standardized to 25 mS/cm by adding NaCl,
which was equivalent to the conductivity of a 250 mM NaCl salt concentration. The
dispersions were then degassed with a vacuum pump. A volume of 4.7 ml protein dispersion
was slowly injected into the cup of the CC17 geometry to avoid bubble formation. During
the rheological measurements, the temperature was controlled by a Peltier element and a
water circulation system, and the cup was covered with a solvent trap for preventing sample
evaporation.
Small amplitude oscillatory shear (SAOS) tests
SAOS tests were performed at a fixed amplitude (1%) and frequency (1Hz), which were
within the LVE regime (verified by intercycle strain sweep tests). The samples were first
allowed to rest at 20 °C for 5 min before being subjected to a temperature ramp from 20 °C
to 95 °C at 3 °C /min. After that, the temperature was maintained at 95 °C for 30 min and
then cooled back to 20 °C at the same rate (3 °C/min). Finally, the resultant soy protein
gels were kept at 20 °C for 5 min in the rheometer before further tests were performed. The
G′, G″, and tan δ were recorded as a function of time throughout the experiment.
Large amplitude oscillatory shear (LAOS) tests
LAOS amplitude-sweep tests were performed to investigate the viscoelastic behavior of soy
protein gels in the NLVE regime. The heat-set gels were subjected to a strain amplitude
sweep from 1% to 1000% (logarithmic ramp mode), at a constant frequency of 1Hz and 20
°C. The G′ and G″ were recorded as a function of intercycle strain (γ0), while shear stress
(σ) was recorded as a function of intracycle strain (γ) and strain rate (𝜸𝜸𝜸𝜸̇). Lissajous plots

(also called Lissajous-Bowditch plots) were constructed to analyze the non-linear rheological
response of these gels. This analysis framework was extensively discussed by Ewoldt et al.
[25]. The different NLVE properties of gels can be directly reflected by the differences in
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their Lissajous plots. The intracycle strain stiffening and intracycle shear thickening
behaviors can be quantified by a S-factor and a T-factor, respectively, as defined by equation
(3) and (4):
𝑆𝑆𝑆𝑆 =
𝑇𝑇𝑇𝑇 =

′
𝐺𝐺𝐺𝐺𝐿𝐿𝐿𝐿′ − 𝐺𝐺𝐺𝐺𝑀𝑀𝑀𝑀
′
𝐺𝐺𝐺𝐺𝐿𝐿𝐿𝐿
′
𝜂𝜂𝜂𝜂𝐿𝐿𝐿𝐿′ − 𝜂𝜂𝜂𝜂𝑀𝑀𝑀𝑀
′
𝜂𝜂𝜂𝜂𝐿𝐿𝐿𝐿

(3)
(4)

In these equations, 𝑮𝑮𝑮𝑮′𝑳𝑳𝑳𝑳 is the large-strain elastic modulus, also referred to as the secant

modulus, 𝑮𝑮𝑮𝑮′𝑴𝑴𝑴𝑴 is the shear elastic modulus at the minimum strain, also referred to as the

tangent modulus at strain zero; 𝜼𝜼𝜼𝜼′𝑳𝑳𝑳𝑳 is the viscosity at the maximum shear rate, and 𝜼𝜼𝜼𝜼′𝑴𝑴𝑴𝑴 is the

viscosity at the minimum shear rate [25]. Based on these parameters, S = 0 indicates linear

elastic behavior, S > 0 indicates intracycle strain stiffening, and S < 0 indicates intracycle
strain softening; T = 0 indicates linear viscous behavior, T > 0 indicates intracycle shear
′
′
, 𝜂𝜂𝜂𝜂𝐿𝐿𝐿𝐿′ , and 𝜂𝜂𝜂𝜂𝑀𝑀𝑀𝑀
vs.
thickening, and T < 0 indicates intracycle shear thinning. The plots of 𝐺𝐺𝐺𝐺𝐿𝐿𝐿𝐿′ , 𝐺𝐺𝐺𝐺𝑀𝑀𝑀𝑀

γ0 can be found in supplementary information (SI).

4.2.7 Confocal laser scanning microscopy (CLSM)
Protein sample dispersions (10% w/w) prepared in Section 4.2.6 were stained by 0.05%
w/w Rhodamine B. Pre-stained dispersions (60 μL) were added to hermetically sealed flat
cuvettes (Gene Frame® 125 μL, Thermo Fisher Scientific, Waltham, MA, USA) which were
glued on microscopy slides in advance, and then covered with coverslips. Gels were prepared
by heating these cuvettes in a water bath (JULABO GmbH, Seelbach, Germany), equivalent
to the process in the SAOS tests. After heating, the cuvettes were cooled in DDW to 20 °C.
CLSM imaging of the gels was performed at room temperature with a Zeiss LSM 510 META
confocal microscope equipped with an Axiovert 200M inverted microscope. A He/Ne 543 nm
laser was used to excite the Rhodamine B (570~590 nm). Images (512 ×512 pixels) were
captured at a sample depth of 5 μm behind the coverslip.

4.2.8 Scanning electron microscopy (SEM)
Aliquots (3 μm) of sample dispersions (10% w/w) prepared in Section 4.2.6 were
transferred into a disposable thermotolerant syringe (Terumo Corporation, Tokyo, Japan)
with the tip sealed by a syringe screw cap (Combi™ plug, Becton Dickinson, Franklin Lakes,
NJ, USA). The syringes were then put vertically in a rack and heated in a water bath as
described in Section 4.2.7. The top of the syringe was also sealed by aluminum foil to
prevent sample evaporation during heating. After heating, the syringe was cooled in DDW
to 20 °C. For SEM imaging, the gels were cut into small cubes (~5×5×5mm) and fixed in
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2.5% glutaraldehyde for at least 8 hours. After the crosslinking, the samples were rinsed to
remove the excess of glutaraldehyde and were dehydrated using a series of ethanol (30%
to 100%) solutions followed by critical point drying (CPD 300, Leica, Vienna, Austria).
Subsequently, the samples were fractured and attached to SEM sample holders using Carbon
Conductive Cement (Leit-C, Neubauer Chemicalien, Germany). To remove all the solvent
from the adhesive, the samples were stored overnight under a vacuum. After sputter coating
with a 12 nm layer of tungsten (SCD 500, Leica, Vienna, Austria), the fractured surfaces
were analyzed with SE detection at 2 kV in a field emission scanning electron microscope
(Magellan 400, FEI, Eindhoven, the Netherlands).

4.2.9 Statistical analysis
All measurements were performed in triplicate unless otherwise stated, and the results were
presented as means ± standard deviation. The statistical analysis on sample replicates was
conducted by SPSS 25.0 (IBM SPSS Inc. Chicago, IL, USA). One-way ANOVA (one-way
analysis of variance) with Duncan’s method (p < 0.05) were used to evaluate the statistical
significance of differences among means. Lissajous plots were made by MATLAB R2018b
(MathWorks Inc., MA, USA) while other figures were made by Origin 2018 (Origin Lab
Corporation, MA, USA).

4.3 Results and discussion
4.3.1 Selective proteolysis of soy protein
Degree of hydrolysis (DH) for selective proteolysis of different components
The DH of selective proteolysis was studied by the pH-stat method and a plot of DH vs.
incubation time is shown in Fig. 4.2. In both the selective proteolysis of ꞵ-conglycinin and
glycinin, the reaction rate was faster at the beginning and then slowed down with incubation
time. This exponential feature is typical for enzymatic reactions [136,152,153]. Increasing
the E/S ratio from 0.02% to 0.05% resulted in a higher DH at the same incubation time, but
this increase in DH was more significant in the selective proteolysis of glycinin, which could
be due to the higher content of glycinin in SPI as shown later.
Based on Fig. 4.2, incubation times of 30 min and 90 min were chosen when selectively
hydrolyzing ꞵ-conglycinin at E/S ratio of 0.02% and 0.05%, to prepare degraded ꞵconglycinin hydrolysate (DꞵH) with a lower DH (1.55±0.01%) and a higher DH
(2.46±0.15%), respectively. An incubation time of 40 min or 50 min was chosen when
selectively hydrolyzing glycinin at E/S ratio of 0.02% and 0.05%, to prepare degraded
glycinin hydrolysate (DGH) with a lower DH (1.46±0.06%) and a higher DH (2.66±0.20%),
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respectively. This way, two different types of hydrolysates could be compared at two similar
DH levels.

Figure 4.2. The DH as a function of time for selective proteolysis. Red triangles represent selective proteolysis
of ꞵ-conglycinin. Blue circles represent selective proteolysis of glycinin. Solid symbols represent the E/S ratio
of 0.05%. Open symbols represent the E/S ratio of 0.02%. Dashed lines are guides to the eye.

SDS-PAGE of different hydrolysates
The SDS-PAGE patterns of native SPI and its hydrolysates after selective proteolysis are
shown in Fig. 4.3. Native SPI showed all bands of its two globulin components (lane 2). ꞵconglycinin (7S) is a trimeric glycoprotein of three kinds of subunits, α′, α, and ꞵ, which
correspond to the bands at around 80 kDa, 70 kDa and 50 kDa, respectively. Glycinin (11S)
is a hexamer protein, and each subunit consists of acidic (A) and a basic (B) polypeptide
linked by disulfide bonds. The bands at around 40 kDa, 35 kDa, and 20 kDa are assigned to
the A3, A1,2,4, and B polypeptides, respectively. The faint band at 95 kDa was most likely the
lipoxygenase, and it vanished gradually after the selective proteolysis of ꞵ-conglycinin (lane
3 & lane 4), which was also found by Tsumura et al. [31].
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Figure 4.3. SDS-PAGE patterns for native SPI and its hydrolysates after selective proteolysis. Lane 1: Marker;
Lane 2: native SPI; lane 3: DꞵH-L/ND; lane 4: DꞵH-H/ND; lane 5: DGH-L/ND; lane 6: DGH-H/ND.

The bands of α′, α, and ꞵ subunits of ꞵ-conglycinin all became faint in DꞵH-L/ND (lane 3)
and almost completely disappeared in DꞵH-H/ND (lane 4), while the bands of glycinin
remained visible. On the other hand, the bands corresponding to the acidic and basic
polypeptides of glycinin all faded out in DGH-L/ND (lane 5) and DGH-H/ND (lane 6), while
the bands of ꞵ-conglycinin subunits barely changed. Table 4.1 shows the relative
composition of each sample according to the densitometric analysis of SDS-PAGE patterns.
The native SPI extracted in our study contained 29.8% ꞵ-conglycinin and 61.9 % glycinin,
and this ratio of ꞵ-conglycinin to glycinin is in agreement with previous studies [11,154].
After selective proteolysis, DꞵH-L/ND and DꞵH-H/ND comprised only 3.3% and 0.3% ꞵconglycinin, while DGH-L/ND and DGH-H/ND contained only 4.2% and 0.8% glycinin. The
content of peptides with MW around 10 kDa increased significantly in each hydrolysate.
DGH-L/ND and DGH-H/ND contained about double the amount of these small peptides (~10
kDa) compared to their DꞵH counterpart, which could be due to the different cleavage
mechanisms of pepsin and papain as well as the different structures of glycinin and ꞵconglycinin.
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Table 4.1. Relative composition of native SPI and its hydrolysates after selective proteolysis, based on the
densitometry analysis of SDS-PAGE patterns.

Band

Native SPI

DβH-L/ND

DβH-H/ND

DGH-L/ND

DGH-H/ND

Lipoxygenase

3.9%

2.0%

0.5%

9.4%

6.8%

7S α′

4.6%

0.3%

0.1%

7.7%

6.1%

7S α

13.3%

2.5%

0.1%

12.0%

12.1%

7S β

11.9%

0.5%

0.1%

11.7%

12.2%

11S A3

7.6%

5.3%

1.7%

0.0%

0.0%

11S A1,2,4

46.5%

29.5%

27.4%

3.3%

0.2%

11S B

7.8%

37.3%

35.6%

0.9%

0.6%

7S total

29.8%

3.3%

0.3%

31.4%

30.4%

11S total

61.9%

72.1%

64.7%

4.2%

0.8%

Peptides

4.4%

22.6%

34.5%

55.1%

62.0%

(~10kDa)

4.3.2 Linear rheology
Heat-induced gelation profile
SAOS tests were applied to non-destructively characterize the heat-induced gelation process
of different samples and the linear viscoelastic properties of formed gels. Fig. 4.4A presents
the typical gelation profiles of native SPI, showing the evolution of G′ and G″ during the
temperature ramp phase, constant T (95 °C) phase, and cool down. At a certain
temperature, G′ and G″ started to increase due to protein aggregation and the formation of
the initial gel network, which could be driven by non-covalent interactions and disulfide
bonds [13]. After this, G′ and G″ kept increasing upon heating since more protein was
incorporated in the gel network, and rearrangements of the network happened [13]. Finally,
a substantial increase in G′ and G″ was observed in the cooling stage. This gel stiffening
during cooling has been found to be almost thermo-reversible, which indicated that it was
mostly a result of enhanced intra-/intermolecular hydrogen bond formation and van der
Waals interactions [13,14]. The thermal gelation curves of DꞵH-L/ND (Fig. S4.1) and DꞵHH/ND (Fig. 4.4B) were similar to those of SPI, while the gelation profiles of DGH-L/ND (Fig.
S4.1) and DGH-H/ND (Fig. 4.4C) were significantly different. Instead of a steep increase in
the temperature ramp period, the G′ and G″ of DGH increased more slowly. The thermal
gelation profiles of these hydrolysates did not change significantly after dialysis (see Fig.
S4.1).
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Figure 4.4. Heat-induced gelation profiles of different samples (A-C) and strain amplitude sweep tests (D-F)
of their heat-set gels. From top to bottom: native SPI, DꞵH-H/ND, DGH-H/ND. The temperature profile is
indicated with a dashed line. The results for the hydrolysates with low DH and the hydrolysates after dialysis
can be found in supplementary materials (Fig. S4.1 and Fig. S4.2).

The differences in the initial network formation were further characterized by determining
the time (tgel) and temperature (Tgel) of the onset of gelation, i.e., the gelling point where
G′ = G″. As shown in Table 4.2, at a fixed temperature ramp rate of 3 oC/min, all hydrolysate
samples displayed a shorter tgel and lower Tgel than SPI at the same concentration, which
suggested that enzymatic proteolysis could shorten the onset of gelation of soy protein no
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matter which component is hydrolyzed. Under similar DH, DGH showed earlier gelling points
than their DꞵH counterparts, which can be explained by the fact that glycinin is more
thermally stable and has a higher denaturation temperature than ꞵ-conglycinin [49]. As a
result, selectively hydrolyzing glycinin could facilitate the process of thermal denaturation
and gelation of soy protein to a larger extent. Increasing the DH significantly decreased tgel
and Tgel of DꞵH, and dialysis further decreased these values (except for 14% DꞵH-L/D).
However, these trends were not detectable among DGH samples. DGH solutions were found
quite viscous before gelation, which brought more difficulties in determining their accurate
gelling points.
Except for differences in the gelling points, the gelation process at constant high temperature
(95 °C) was also found to be different among these samples, as was apparent from the
average slope of the curves of G′ (S∆G′) versus time, in this isothermal period (Table 4.2).
The S∆G′ of DꞵH-L/ND was higher than that of SPI while the S∆G′ of DGH-L/ND was significantly
lower. Increasing the DH decreased the S∆G′ of DꞵH-H/ND but did not affect the S∆G′ of DGHH/ND. These results indicated that limited hydrolysis of ꞵ-conglycinin can contribute to the
stiffening process of soy protein gels during heating, while hydrolyzing glycinin significantly
hinders this process. Since glycinin is the component that has the highest surface
hydrophobicity and number of disulfide groups in soy protein, the interactions during heating
would be weaker in DGH as glycinin was hydrolyzed into small peptides. These small
peptides in the hydrolysates do not appear to be incorporated in the gel network during
thermal gelation, as all S∆G′ increased after dialysis.
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1946 ± 51

1857 ± 19

1751 ± 10

1291 ± 9

980 ± 69

ND

669 ± 168

730 ± 124

ND

DβH-L/ND

DβH-L/D

DβH-H/ND

DβH-H/D

DGH-L/ND

DGH-L/D

DGH-H/ND

DGH-H/D

6%

SPI

Concentration

ND

823 ± 69

859 ± 12

654 ± 27

1033 ± 4

1062 ± 34

1550 ± 24

1716 ± 1

1721 ± 4

10%

tgel (s)

ND

489 ± 66

ND

646 ± 92

877 ± 4

941 ± 3

1373 ± 21

1053 ± 27

1581 ± 1

14%

ND

40.5 ± 8.8

37.4±12.0

ND

44.1 ± 0.7

61.9 ± 9.0

94.6 ± 4.6

91.9 ± 0.7

95.0± 0.31

6%

ND

45.2 ± 4.9

47.0 ± 0.9

36.7 ± 2.0

55.7 ± 0.3

57.2 ± 2.4

81.7 ± 1.7

90.1 ± 0.1

90.4 ± 0.3

10%

Tgel (°C)

ND

28.4 ± 4.7

ND

36.3 ± 6.5

47.9 ± 0.3

51.1 ± 0.3

72.6 ± 1.1

56.8 ± 1.9

83.3 ± 0.1

14%

0.2 ± 0.1

0.1 ± 0.1

0.3 ± 0.1

0.2 ± 0.2

3.7 ± 0.5

2.2 ± 0.2

6.1 ± 0.5

3.7 ± 0.3

1.8 ± 0.1

6%

2.1 ± 0.1

0.8 ± 0.1

1.6 ± 0.5

1.1 ± 0.5

6.4 ± 1.4

5.4 ± 0.2

21.5 ± 0.4

17.5 ± 0.7

11.6 ± 0.1

10%

S∆G′ (Pa/min)

6.0 ± 1.8

3.1 ± 0.2

4.3 ± 1.2

2.8 ± 0.8

12.2 ± 1.1

10.2 ± 0.4

43.0 ± 3.6

30.1 ± 5.1

32.1 ± 0.9

14%

Table 4.2. Gelation onset time (tgel) and temperature (Tgel) of native SPI and its hydrolysates after selective proteolysis, defined by the point where G′ = G″; S∆G′
denotes the average slope of the curves of G′ versus time when samples were held at 95 °C. 1: Temperature holding period. ND: Not determined
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Linear viscoelastic (LVE) properties of heat-set gels
Fig. 4.5 shows the G′ of different gels in the LVE regime as a function of protein
concentration. All DꞵH gels showed a higher G′ than SPI at 6% protein concentration (Fig.
4.5A), suggesting that hydrolyzing ꞵ-conglycinin not only shortened the onset of gelation
but also improved the gel stiffness at lower protein concentrations. This makes DꞵH
promising for application in meat-replacement products like sausages, which benefit from
proteins that form stronger gels at lower concentration and temperature. As the protein
concentration increased, the G′ of DꞵH gels was gradually exceeded by the G′ of SPI. This
difference in the slope of the G′ vs. concentration curve suggests that selective proteolysis
of ꞵ-conglycinin affects the microstructure of the gels. When the concentration reached 14%,
only DꞵH-L/D showed a higher G′ than the SPI gel. Note that in the dialyzed samples, the
small peptides have been removed, and these samples therefore contain a relatively higher
amount of glycinin. All DGH gels, on the other hand, showed significantly lower G′ than SPI
gels at every concentration (Fig. 4.5B), showing that hydrolyzing glycinin significantly
reduced the stiffness of soy protein gels.

Figure 4.5. G′ obtained from the LVE region of the strain sweep (performed after completion of the
temperature cycle) as a function of protein concentration for native SPI and its hydrolysates after selective
proteolysis of β-conglycinin (A) and glycinin (B).
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Our results agreed with previous studies [10,128,155,156], which reported that at the same
pH and protein concentration, a higher glycinin to ꞵ-conglycinin ratio led to stiffer and harder
tofu or soy protein gels. Pavlicevic et al. attributed this phenomenon to the high content of
sulfhydryl groups in the acidic polypeptides of glycinin and the stabilization of gels via
disulfide bonding, which is consistent with the higher stiffening rate (higher S∆G′) of DꞵH
samples during heating (Table 4.2) [157]. In addition, Wu et al., found the higher G′ was
also related to the larger and compacter aggregates formed by the basic polypeptides of
glycinin [128], which can be verified by examining the microstructure of DꞵH gels (Fig. 4.9).
Tsumura et al. reported the opposite, that gels formed by pepsin-treated SPI (similar to
DGH) showed higher G′ than gels formed by papain-treated SPI (similar to DꞵH) [31]. The
exact reason behind this contradiction remains unclear but might be related to different
gelation conditions, such as ionic strength. We observed that the ionic strength of different
hydrolysates is significantly different (data not shown), so we standardized the conductivity
as well as the pH of samples before gelation.
Gels formed by DꞵH-H/ND and DGH-H/ND showed lower G′ than the gels formed by DꞵHL/ND and DGH-L/ND, indicating that no matter which component is hydrolyzed, extensive
hydrolysis can be an impairment for the gel stiffness [136,158]. Gels formed by dialyzed
samples (DꞵH-L/D, DꞵH-H/D, DGH-L/D, and DGH-H/D) showed higher G′ than the gels
formed by their non-dialyzed counterparts (DꞵH-L/ND, DꞵH-H/ND, DGH-L/ND, and DGHH/ND). Wu et al. reported that the protein fraction with MW up to 9.7 kDa was a non-network
protein during the heat-induced gelation of soy protein [159]. Thus, a lower fraction of nonnetwork protein in the dialyzed samples leads to stiffer heat-set gels [16]. Although it is
likely that the peptides resulting from selective proteolysis are not incorporated in the gel,
based on the above observations, the removal of these small protein fractions does affect
the microstructure and strength of the hydrolysate gels. The tan δ values of gels ranged
from 0.120 to 0.237 (see Table S4.1), indicating all gels behaved more elastic than viscous
(G′ > G″) in the LVE regime. Hydrolysate gels showed a higher tan δ than SPI gels, indicating
that although the response was still more elastic than viscous, proteolysis induced a small
increase in the relative importance of the viscous contribution to the response.
Table 4.3 shows the power-law parameters of the relation between the G′ of gels and protein
concentration C, i.e., G′ ∝ CA. The R2 of the fitted lines were all above 0.98. DꞵH gels showed

a lower value for the exponent A, ranging from 1.75 to 2.19, while DGH gels showed a higher
value which ranged from 3.70 to 5.42. The value for A of SPI gel was in between these two
ranges, equal to about 3.20. Similarly, Renkema et al. found that heat-set gels (pH 7.6, 0.2
M NaCl) formed by ꞵ-conglycinin rich fractions showed higher values for A (4.6) than the
gels formed by purified glycinin (3.5) [10]. A higher value for the exponent A indicated that
the protein in DGH gels was used less efficiently and was distributed more heterogeneously,
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which is consistent with their microstructure as shown later (Fig. 4.8). Shih et al. used fractal
theory to describe the structure of gel networks, and introduced a fractal dimension (Df) of
the gel structure, estimated in two regimes, i.e. the strong-link and weak-link regimes [26].
In the strong-link regime, the inter-floc links are stronger than the intra-floc links. In this
regime A=(3+x)/(3-Df), where x is the fractal dimension of the backbone of the flocs, which
is assumed to be 1.1 in the present study. In the weak-link regime, the flocs are more rigid,
and the inter-floc links are weaker, and A=1/(3-Df). Wu and Morbidelli further developed
the scaling theory of Shih et al. by introducing a scaling relation between critical linear strain
(γc) and protein concentration i.e. γc ∝ CB [27]. They show that the value for the exponent

B=(1-[2+x][1- α])/(3-Df), where the parameter α equals zero in the strong-link regime, is
equal to 1 in the weak-link regime, and 0 < α < 1 in the transition region. As shown later in
the next section, except for the SPI gels, most gels in this study displayed negligible changes
in the γc with different protein concentrations, therefore we could not use this scaling relation
to determine α, and hence determine which regime the gel was in. To overcome this
problem, we calculated the Df of the gels based only on the value of A, as previous studies
did [160,161]. We used the expressions for both regimes, and then chose the Df value that
was most physical and realistic, according to the normal range of Df known for protein gels,
i.e., 1.7 to 2.4.
As shown in Table 4.3, the scaling of γc proposed by Wu and Morbidelli could only be applied
for SPI gels, which clearly showed a decrease of γc with increasing concentration. The Df of
SPI gels using this model is 2.45, and the α is 0.75, indicating that the SPI gel is in the
transition regime and close to the weak-link regime. For DꞵH gels, the strong-link model
gave Df values about 1 or even lower, which neither has any physical meaning nor agrees
with their microstructures (Fig. 4.9). The weak-link model gave rather realistic Df values
around 2.5. For DGH gels, the weak-link model gave Df values above 2.7, which were rather
high for gels formed at only 6% to 14% protein concentration, while the strong-link model
gave more realistic Df values ranged from1.89 to 2.24. In conclusion, the Df values derived
by the scaling theory of Shih et al. indicated that DꞵH gels belong to the weak-link regime
while DGH gels are close to the strong-link regime. The results are consistent with the finding
of Wu and Morbidelli that the Df increases as the gel changes from strong-link type (DGH)
to transition type (SPI) to weak-link type (DꞵH). All the distinct changes in the SAOS tests
discussed above imply that the heat-set gels formed by native SPI and these hydrolysates
should also respond differently in LAOS tests, which will be addressed in the next section.
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1.752 ± 0.063

2.192 ± 0.098

1.941 ± 0.092

1.842 ± 0.074

3.696 ± 0.213

3.790 ± 0.250

4.554 ± 0.148

5.424 ± 0.020

DβH-L/ND

DβH-L/D

DβH-H/ND

DβH-H/D

DGH-L/ND

DGH-L/D

DGH-H/ND

DGH-H/D
f

e

d

d

a

a

b

a

c

--

--

--

--

--

--

--

--

0.4247

B

γc ∝ C
B

--

--

--

--

--

--

--

--

𝒅𝒅𝒅𝒅−𝑫𝑫𝑫𝑫𝒇𝒇𝒇𝒇

𝟏𝟏𝟏𝟏−(𝟐𝟐𝟐𝟐+𝒙𝒙𝒙𝒙)(𝟏𝟏𝟏𝟏−𝜶𝜶𝜶𝜶)

2.45

Df

B=

𝒅𝒅𝒅𝒅−𝑫𝑫𝑫𝑫𝒇𝒇𝒇𝒇

①

(𝒅𝒅𝒅𝒅−𝟐𝟐𝟐𝟐)+(𝟐𝟐𝟐𝟐+𝒙𝒙𝒙𝒙)(𝟏𝟏𝟏𝟏−𝜶𝜶𝜶𝜶)
①

--

--

--

--

--

--

--

--

0.75

α

𝒅𝒅𝒅𝒅+𝒙𝒙𝒙𝒙

𝒅𝒅𝒅𝒅−𝑫𝑫𝑫𝑫𝒇𝒇𝒇𝒇

②

2.24

2.10

1.92

1.89

0.77

*

0.89 *

1.13 *

0.66 *

--

Df (α=0)

(Strong-link regime)

A=
𝒅𝒅𝒅𝒅−𝟐𝟐𝟐𝟐

𝒅𝒅𝒅𝒅−𝑫𝑫𝑫𝑫𝒇𝒇𝒇𝒇

②

2.82

2.78

2.74

2.73

2.46

2.49

2.54

2.43

--

*

*

*

*

Df (α=1)

(Weak-link regime)

A=

Exponent values A are means ± standard deviation. Different superscript letters (a, b, c...) indicate significant differences (p < 0.05, Duncan′s test) among them.
Superscript symbols * indicate the calculated Df values are unrealistic. In the scaling theory of Wu et al. ①, and the scaling theory of Shih et al. ②, the Euclidean
dimension d of the gel system is 3 and the backbone fractal dimension x of the flocs is assumed to be 1.1.

3.202 ± 0.060

SPI

A

G′ ∝ C

A

A=

Table 4.3. The power law relation between the G′or γc and protein concentration (C) for different heat-set gels, and their fractal dimension (Df) calculated based on
scaling theory.
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4.3.3 Non-linear rheology
Intercycle strain dependence of G′ and G″
Amplitude-sweep tests were used to determine G′ and G″ of different gels as a function of
γ0 (from 1% to 1000%), at 1Hz and 20 °C. As shown in Fig. 4.4D-F and Fig. S4.2, all gels
had a clearly observable LVE regime, and the limit of this regime i.e. γc was estimated by
the strain where the deviation of G′ from its constant value in the LVE reached 5% [162].
As shown in Table 4.4, at the same concentration SPI gels had much higher γc than
hydrolysate gels (p < 0.05), which indicated that proteolysis made the soy protein gels more
brittle. As the protein concentration increased, the γc of SPI gels further increased, while the
γc of hydrolysate gels showed no concentration dependency, except DꞵH-L/ND gels, which
showed a mildly decreasing trend.
Heat-set gels formed by DꞵH-L/ND (Fig. S4.2), DꞵH-H/ND (Fig. 4.4E) and their dialyzed
counterparts (Fig. S4.2) showed a smoothly decreasing G′ and G″ upon increasing γ0 beyond
the LVE regime. According to the classification of Hyun et al., DꞵH gels displayed strain
softening (Type I) LAOS behavior, which is generally related to a decreased network-bond
creation rate and an increased loss rate with increased γ0 [24]. This behavior agreed with
the above analysis by scaling theory, which indicated that DꞵH gels are weak-link gels. Since
the constituted flocs are interconnected weakly, once they dissociated under large
deformation, they tend to align with the flow field, leading to progressive softening. These
limited interactions between flocs can be explained by the fact that during the gelation of
DꞵH, the flocs were formed by aggregation of glycinin molecules that were only unfolded
moderately and still largely globular [163]. This rigid structure of protein particles
suppresses the intermolecular crosslinking between flocs while favoring the intramolecular
bonding.
For the gels formed by DGH-L/ND (Fig. S4.2), DGH-H/ND (Fig. 4.4F) and their dialyzed
counterparts (Fig. S4.2), the G′ also decreased smoothly as γ0 increased, but at higher DH
and at higher concentration a mild overshoot in G″ was observed. This is defined as weak
strain overshoot (Type Ⅲ) behavior [139], which is found when the bond creation rate and
loss rate both increase with γ0, while the latter one grows faster. Compared to glycinin, the
MW of ꞵ-conglycinin is smaller and the molecular structure is known to be more flexible
[164]. As a result, the flocs formed by the ꞵ-conglycinin in DGH could be more disordered
and branched, and could be interconnected with each other more strongly. Upon increased
strain, flocs that dissociated initially were likely to get entangled to reform new clusters,
giving rise to shear thickening behavior (increased G″). When the deformation further
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increased, the backbone structure of flocs was disrupted completely, leading to a decrease
of G′ and G″ eventually.
Finally, SPI gels displayed increasing G′ and G″ at intermediate strain amplitude before
decreasing (Fig. 4.4D), which is defined as strong strain overshoot (Type Ⅳ) LAOS behavior
[139]. This behavior indicates that the interactions within the SPI gel network are likely to
be stronger than for DGH gels (Type Ⅲ), in which only G″ showed a mild overshoot. As
mentioned earlier, SPI gels belong to an intermediate system, in which both inter- and
intrafloc links contribute to the overall elasticity. This Type Ⅳ behavior was found in gelled
polystyrene latex by Gisler et al, who attributed this strain hardening in fractal colloidal gels
to the intrinsic stiffness of contorted backbone segments; increasing strain straightens these
segments, resulting in an increase in the G′ as well [165].
Table 4.3. Critical linear strain (γc) (1 Hz and 20 ℃ ) of the heat-set gels formed by native SPI and its
hydrolysates after selective proteolysis, defined by the point where the deviation of G′ from its constant value
in the LVE reached 5%.

γC (%)
Protein concentration

6%

10%

SPI

28.05 ± 3.75

DβH-L/ND

7.59 ± 1.46

bc

5.96 ± 0.70

b

2.65 ± 0.17

a

DβH-L/D

8.00 ± 0.49

bc

9.93 ± 4.19

c

5.91 ± 2.01

b

DβH-H/ND

2.75 ± 0.34

a

3.53 ± 0.41

a

3.01 ± 0.25

a

DβH-H/D

2.51 ± 0.02

a

2.42 ± 0.08

a

2.38 ± 0.23

a

DGH-L/ND

2.32 ± 0.07

a

3.07 ± 0.20

a

3.31 ± 0.47

a

DGH-L/D

2.86 ± 0.35

a

3.16 ± 0.65

a

3.12 ± 0.11

a

DGH-H/ND

2.61 ± 0.08

a

2.70 ± 0.17

a

2.52 ± 0.28

a

DGH-H/D

3.29 ± 0.08

a

2.68 ± 0.19

a

3.22 ± 1.04

a

d

14%

32.30 ± 2.97

e

40.65 ± 0.78

f
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Lissajous plots
Since G′ and G″ are based only on the first harmonic contribution to the stress response
and may have ambiguous physical meaning in the NLVE regime [139], the full oscillatory
response at each imposed γ0 was analyzed using Lissajous plots. Fig. 4.6A shows the
normalized Lissajous plots of shear stress (σ) vs. intracycle strain (γ), referred to as elastic
Lissajous plots, for the gels formed at 10% (w/w). The enclosed area of elastic Lissajous
plots is related to the dissipated energy (proportional to G″), and the decomposed elastic
stress (σe) in the interior of the loop indicates the purely elastic contribution to the total
shear stress (σ).
When γ0 was equal to 6.34%, all elastic Lissajous plots showed a narrow and elliptical shape,
and σe was a straight line, which is typical for LVE behavior. The SPI and DꞵH gels showed
significant narrower ellipses, i.e. a significantly lower dissipated energy per cycle, than the
DGH gels, which well agreed with the SAOS results that SPI and DꞵH gels showed significant
higher G′ (Fig.4.5) and lower tan δ than DGH gels (Table S4.1). As γ0 increased to 25.2%,
the Lissajous plot of SPI remained narrow and nearly elliptical. In contrast, the Lissajous
plots of hydrolysate gels became distorted, reflecting the impact of higher harmonics. This
demonstrated that hydrolysate gels were well into their non-linear viscoelastic (NLVE)
regime while the SPI gel was not, which is consistent with its highest γc among all the gels
studied here (Table 4.4). The distortion of the Lissajous plots is of different nature and
magnitude. For DꞵH-L/ND and DꞵH-L/D gels, the Lissajous plots only show a slight upswing,
indicating a minor intracycle strain stiffening effect. The differences between the loop of σ
and σe remained relatively small. These gels were the only hydrolysate gels that displayed
a higher G′ than SPI at 10% concentration (Fig. 4.5). For the other hydrolysate gels, the
Lissajous plots changed to a near rhomboidal shape, and the enclosed area expanded
significantly, which suggested significant structure breakdown [150].
As γ0 increased to 101%, the SPI gel showed a narrow and inverted sigmoidal Lissajous plot.
The steeper slope at higher intracycle strain reflects the stretching of clusters, causing strong
intracycle stiffening [166]. This distinct upswing was also observed in the total stress for
DꞵH gels, where in view of the structural breakdown, it is related to the stretching of
remaining clusters. For DGH gels, this upswing is discernable only in the elastic contribution
when the maximum intracycle strain is approached. Besides, their Lissajous plots had
already changed into an almost square shape and did not change too much even when γ0
further increased, which meant the decay of elasticity was much faster in DGH gels.
When γ0 was equal to 201%, all Lissajous plots showed a rhomboidal shape. Starting from
the lower-left corner, an intracycle sequence of elastic straining (the vertical part), yielding,
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flow (the nearly horizontal part), and (partial) recovery are observed. The Lissajous plot of
DꞵH-L/ND gel showed a smaller enclosed area than that of DꞵH-H/ND gel. Furthermore,
DꞵH-L/D and DꞵH-H/D gels showed narrower Lissajous plots than their non-dialyzed
counterparts, i.e., DꞵH-L/ND and DꞵH-H/ND gels. These results suggested that hydrolyzing
ꞵ-conglycinin to a higher DH and generating small peptides gave the gels a relatively more
viscous behavior. However, these differences were not discernable among DGH gels.
At the largest γ0, i.e., 1010%, all Lissajous plots changed into a nearly rectangular shape,
indicating all gels had changed from predominantly elastic to almost perfect plastic behavior
[150,167]. This rectangular shape has also been observed in the LAOS tests of other food
materials such as debranched waxy rice starch gels [147], pea protein gels [134], and
concentrated wheat gluten [150]. For the SPI and DꞵH gels, the Lissajous plots showed
sharper and straighter corners, indicating a more abrupt intracycle yielding behavior. On the
other hand, for the DGH gels, their Lissajous plots showed smoother and more rounded
corners, reflecting a more gradual yielding behavior.
Fig. 4.6B shows the normalized viscous Lissajous plots of σ vs. intracycle strain rate (γ̇ ), for

gels formed at 10% (w/w). In contrast to the elastic Lissajous plots, the enclosed area of
viscous Lissajous plots is related to the stored energy (proportional to G′), and the red
dashed line in the middle indicates the contribution of the viscous stress (σv) to σ. When γ0

was 6.34%, all gels displayed circular plots for σ and straight lines for σv, which agreed with
the predominantly elastic behavior in the LVE regime. As γ0 increased, the enclosed area of
the viscous Lissajous plots decreased in the order of DGH gels< DꞵH gels < SPI gels. When
γ was higher than 101%, all viscous plots had a sigmoidal shape, indicating intracycle shear
thinning behavior, due to the breakdown of the network structure and alignment of
segments in the direction of the flow.
At the largest γ0 (1010%), secondary loops were clearly observed in the viscous plots of SPI
and DGH gels. This particular shape is an indicator of an overshoot in the stress, which could
be associated with their strain overshoot (Type Ⅲ and Type Ⅳ) LAOS behavior. These stress
overshoots can have multiple origins. One possible reason for their occurrence is a coupling
of the elasticity of the sample with instrument inertia [147]. Such patterns also emerge
when the time scale for restructuring of the microstructure is shorter than the time scale of
the deformation [168]. Here for SPI, the rather irregular secondary oscillations (wave-like
horizontal part) observed in the elastic Lissajous plot at 1010% strain (Fig. 4.6A) leads us
to believe that elasticity-inertia coupling is a more likely explanation.
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Figure 4.6. Normalized Lissajous plots of total stress (σ) (solid line) vs. strain (γ) (A) or strain rate (γ̇ ) (B) for
the heat-set gels formed by 10% (w/w) of (from left to right) SPI, DꞵH-L/ND, DꞵH-L/D, DꞵH-H/ND, DꞵH-H/D,
DGH-L/ND, DGH-L/D, DGH-H/ND, and DGH-H/D, with intercycle strain amplitude (γ0) of 6.34%, 25.2%,
101%, 201% and 1010%, at 1Hz and 20 °C. Dashed line in the interior of the loop indicates the decomposed
elastic stress (A) and viscous stress (B).
(A)

(B)
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The non-linear rheological behavior was further quantified by calculating the S-factor and Tfactor (Fig. 4.7). These factors describe the intracycle behavior at a fixed γ0, which should
not be confused with the overall intercycle behaviors shown in Fig. 4.4D-F. For all gels, the
S-factor was positive over the entire NLVE regime, which is consistent with the upswing
(intracycle stiffening behavior) observed in all elastic Lissajous plots (Fig. 4.6A). Compared
to SPI gels, hydrolysate gels displayed higher S-factors, but this was the result of an
′
, and large
apparent stiffening effect, caused by the near zero slopes at minimal strain 𝐺𝐺𝐺𝐺𝑀𝑀𝑀𝑀

secant modulus 𝐺𝐺𝐺𝐺𝐿𝐿𝐿𝐿′ . Given the very narrow elastic Lissajous plot and strong upswing, SPI

gels actually showed “real” stiffening when the γ0 was around 101%. The curves of the Sfactor all show a decrease in slope in the middle range of strain amplitude followed by a
second increase, especially for SPI gels. Generally, positive S-factors indicate strain
stiffening behavior, but they may also indicate a transition from elastic to plastic behavior.
Combined with the Lissajous plots, the initial increase in the S-factor curves is related to
intracycle strain stiffening effects, while the second increase at higher γ0 could be ascribed

to the prevailing plastic behavior.
The T-factor was predominantly negative for DꞵH gels in the entire range of intercycle strain
rate (𝛾𝛾𝛾𝛾0̇ ) and the value was significantly lower than that for SPI and DGH gels, reflecting a

stronger intracycle shear thinning behavior in DꞵH gels. In line with our previous analysis,
once flocs in DꞵH gels were disassociated, they were less likely to reconnect under shear
flow. For SPI and DGH gels, the T-factor was initially positive and increased with 𝛾𝛾𝛾𝛾0̇ , and

subsequently decreased and became negative when 𝛾𝛾𝛾𝛾0̇ exceeded about 2.4 s-1. This

phenomenon indicated that with increasing 𝛾𝛾𝛾𝛾0̇ , SPI and DGH gels first showed intracycle

shear thickening followed by shear thinning behavior, which is consistent with the overshoot phenomena observed in their G″ (Fig. 4.4F).
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Figure 4.7. Ratio of shear stiffening (S-factor) and ratio of shear thickening (T-factor) for SPI, DꞵH and DGH
heat-set gels.

4.3.4 Microscopy of soy protein gels
Fig. 4.8 shows the microstructures of gels formed at 10% (w/w), visualized by CLSM and
SEM. In the CLSM images, SPI gels showed a coarse and heterogeneous structure with
relatively large pores, some of which are indicated by green arrows (Fig. 4.8A). With SEM,
the microstructure of the gels was observed at a much smaller length scale (3 μm). An
aggregated gel structure was clearly observed for SPI (Fig. 4.8a), which is typical for heatset globular protein gels [169]. Upon heating a globular protein solution, the protein
molecules were denatured and associated with each other by non-covalent and covalent
interactions to form flocs. These flocs associate further to form a space spanning 3D gel
network [170]. After selectively hydrolyzing ꞵ-conglycinin, the gel structure of DꞵH-L/ND
appeared more homogenous using CLSM, and only a few pores with significantly smaller
sizes were observed (Fig. 4.8B). After dialysis, the gel structure of DꞵH-L/D was more
compact, where pores were hard to distinguish without further magnification. In addition,
protein aggregates appeared to associate into clumps, indicated by green circles (Fig. 4.8C).
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The results demonstrated that hydrolyzing ꞵ-conglycinin to a limited extent could increase
the density of SPI gel structure. Dialysis not only removed the non-network peptides, but
also increased the relative content of glycinin, favoring the formation of protein aggregates
and an even denser gel network. This finer microstructure of DꞵH-L/ND and DꞵH-L/D gels
explained their comparable or even higher G′ compared to SPI gels as revealed by SAOS
tests. Increasing the DH made the pores appear again in the gel microstructure of DꞵHH/ND (Fig. 4.8D), which clearly demonstrated that extensive hydrolyzing ꞵ-conglycinin has
negative effects on the density and continuity of the gel network. Similarly, after dialysis,
these pores become fewer and smaller in DꞵH-H/D gel (Fig. 4.8E). SEM also revealed an
aggregated gel structure for DꞵH gels, but the flocs in DꞵH gels were more compact and
were formed by larger globular aggregates (Fig. 4.8b-e). The high structural rigidity of these
flocs contributed to the higher stiffness of DꞵH gels, but also led to weak inter-floc links
which was manifested in the strong shear thinning and brittle yielding behavior in LAOS
tests.
In contrast, selectively hydrolyzing glycinin made the gel structure of DGH-L/ND and DGHH/ND much coarser and discontinuous (Fig. 4.8F, H), with the existence of larger pores and
big cracks (indicated by green arrows), which is consistent with their low Df derived from
scaling theory (Table 4.3). Several dark faint red areas were also observed within the
network (indicated by blue arrows), which we attribute to syneresis. Generally, the
permeability of gels increases and the ability to retain water decreases when the network
structure coarsens [16,171]. After dialysis, the gel structure of DGH-L/D and DGH-H/D was
relatively denser and compact (Fig. 4.8G, I), but a lot of protein macroaggregates, with
different sizes and shapes, appeared in the gel network (indicated by green circles). Under
SEM, DGH gels displayed a more heterogeneous and complicated structure (Fig. 4.8f-i),
which was clearly different from SPI gels and DꞵH gels. The flocs are thinner and smaller
but more branched and intertwined. By transmission electron microscopy, Hermansson
(1985) also observed that ꞵ-conglycinin rich gels were less regular and more crosslinked,
and the strands or flocs formed by ꞵ-conglycinin molecules showed a complex mode of
aggregation, possibly in the form of double spirals [172]. These structural features not only
caused DGH gels to be less stiff and have a relatively more viscous rheological response,
but also caused them to be classified in the strong-link regime, as the scaling theory
indicated (Table 4.3). Under shear deformation, these flocs are more likely to re-entangle
with each other after being dissociated, which well explains the weak strain overshoot (Type
Ⅲ) behavior and the gradual yielding behavior that DGH gels showed in the LAOS tests.
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Figure 4.8. Confocal laser scanning microscopy (left, magnification 20×) and scanning electron microscopy
(right, magnification 25000×) of gels formed by 10% (w/w) of SPI, DꞵH-L/ND, DꞵH-L/D, DꞵH-H/ND, DꞵHH/D, DGH-L/ND, DGH-L/D, DGH-H/ND, and DGH-H/D (from top to bottom).
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Figure 4.8. (continued)
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Figure 4.8. (continued)
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4.4 Conclusions
The present study provides in-depth and systematic information on the rheological
properties of heat-set gels formed by native SPI and its hydrolysates, after selectively
hydrolyzing ꞵ-conglycinin (DꞵH) or glycinin (DGH). SAOS tests showed that hydrolysates
could form gels at earlier time and lower temperature than SPI, but the gels formed by SPI
are more elastic. Hydrolyzing glycinin shortens the gelling points to a larger extent than
hydrolyzing ꞵ-conglycinin, but the former hinders the stiffening process during heating since
interactions (hydrophobic interaction and disulfide bonds) are weakened and more nonnetwork peptides are generated. On the other hand, DꞵH with a lower DH (DꞵH-L/UD) could
form comparable or even stiffer gels than SPI, especially after dialysis (DꞵH-L/D). Scaling
theories indicated that DꞵH gels are weak-link type gels with higher Df, while DGH gels are
strong-link type gels with lower Df. SPI gels are transition type gels with a Df in between. By
using LAOS tests, the NLVE properties of these gels were also determined. SPI gels had a
higher γc than hydrolysates gels. With increasing strain, DꞵH gels, DGH gels and SPI gels
displayed strain softening (Type I), weak strain overshoot (Type Ⅲ) and strong strain
overshoot (Type Ⅳ) behaviors, respectively. Lissajous plots illustrated the transition of all
gels from elastic dominant to plastic dominant. This decay of elasticity occurred at lower
strains for DGH gels. In the medium strain range, SPI gels showed strong intracycle shear
stiffening and DꞵH gels showed strong intracycle shear thinning. In the large strain regime,
SPI and DꞵH gels showed abrupt yielding behavior while DGH gels yielded more gradually.
The microstructure of gels well explained their different rheological properties. SPI and DꞵH
gels have relatively denser networks which are built by large and compact flocs, while DGH
gels have a more coarse and heterogeneous structure, with constituent flocs which are
smaller and more branched. Our results established the “rheological fingerprint” of soy
protein heat-set gels and show that the gel properties can be tailored by selective
proteolysis, which provides a useful pathway for designing products based on soy protein
gels.
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4.5 Supplementary materials
Figure S4.1. Heat-induced gelation profiles of the hydrolysates with low DH and the hydrolysates after dialysis.
The temperature profile is indicated with a dashed line.
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Figure S4.2. Strain amplitude sweep tests (from 1% to 1000%, ramp logarithmic mode, at 1Hz and 20 °C.) on
the heat-set gels formed by the hydrolysates with low DH and the hydrolysates after dialysis.
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Figure S4.3. Elastic modulus at the largest strain (𝑮𝑮𝑮𝑮′𝑳𝑳𝑳𝑳 ) and minimum strain (𝑮𝑮𝑮𝑮′𝑴𝑴𝑴𝑴 ) (a), viscosity at the maximum
shear rate (𝜼𝜼𝜼𝜼′𝑳𝑳𝑳𝑳 ) and minimum shear rate (𝜼𝜼𝜼𝜼′𝑴𝑴𝑴𝑴 ) (b) for the heat-set gels formed by 10% (w/w) of (from top to
bottom) SPI, DꞵH-L/ND, DꞵH-L/D, DꞵH-H/ND, DꞵH-H/D, DGH-L/ND, DGH-L/D, DGH-H/ND, and DGH-H/D
during the intercycle strain amplitude (γ0) sweep from 1% to 1000%.
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Table S4.1 Loss tangent (tan δ) of SPI, DꞵH and DGH heat-set gels at 1Hz and 20°C. Values are means ±
standard deviation. Different lowercase letters (a, b, c...) indicate significant differences (p < 0.05, Duncan′s
test) in the same row. Different uppercase letters (A, B, C...) indicate significant differences (p < 0.05,
Duncan′s test) in the same column.

6%

10%

14%

tan δ

tan δ

tan δ

SPI

0.122±0.001

a, A

0.120±0.001

a, A

0.121±0.001

a, A

DβH-L/ND

0.166±0.003

a, B

0.173±0.025

ab, BC

0.201±0.001

b, D

DβH-L/D

0.160±0.003

a, B

0.161±0.002

a, B

0.166±0.002

b, B

DβH-H/ND

0.175±0.000

a, C

0.175±0.004

a, BC

0.194±0.004

b, D

DβH-H/D

0.179±0.002

a, C

0.177±0.001

a, BC

0.196±0.004

b, D

DGH-L/ND

0.237±0.010

c, E

0.196±0.004

b, DE

0.178±0.007

a, C

DGH-L/D

0.221±0.005

b, D

0.203±0.008

a, E

0.193±0.006

a, D

DGH-H/ND

0.228±0.004 c, D

0.183±0.004

b, CD

0.167±0.008

a, B

DGH-H/D

0.182±0.004

0.188±0.007

c, CDE

0.173±0.004

a, BC

bc, C
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Abstract
In this study, we explored how substituting whey protein isolate (WPI) with soy protein
isolate (SPI) affects the linear and non-linear rheological behavior of acid-induced gels, and
their microstructures. Commercial SPI and WPI dispersions (pH 7.0, 3.0 mS/cm) were
preheated (95 °C, 30 min) at different protein concentrations (2%, 4%, 6%, and 8% w/w)
and SPI: WPI ratios (0: 4, 1: 3, 2: 2, 3: 1 and 4: 0), and the resultant thermally-induced
aggregates were characterized, before gelation was induced by glucono-δ-lactone (GDL).
Small and large amplitude oscillatory shear (SAOS and LAOS) tests showed that replacing
WPI with SPI decreased the strength (lower G′) and stretchability (lower γc) of acid-induced
gels in the linear viscoelastic regime. Gels containing SPI behaved more similar to pure SPI
gels in the non-linear viscoelastic regime: displaying a relatively elastic response at large
strain and a gradual transition to plastic behavior. The changes in rheological properties
were explained by the differences in the gel microstructures, via fractal scaling theory,
multiphoton laser scanning microscopy (MLSM) and scanning electron microscopy (SEM).
WPI gels formed denser and homogenous gel networks with very strong inter-floc links,
while the hybrid gels and pure SPI gels formed coarser and more porous networks with
intermediate inter-floc links. The constituent flocs in the latter were larger with rougher,
more elongated and branched structures. The present results provide useful information for
future attempts to replace WPI with SPI in food products based on acid-induced gelation.
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5.1 Introduction
The demand for food protein has grown dramatically due to the global population increase.
This demand cannot be met by simply increasing the supply of traditional animal-based
proteins such as meat and dairy protein, considering their high ecological footprint and
production cost compared to plant-based proteins [173]. Dairy proteins, i.e. caseins and
whey proteins, have been widely used as gelling agents in texturized foods such as cheese,
yoghurt, and pudding. If they can be partially or completely substituted by plant proteins in
these gel-based products, the new formulations will not only be more sustainable, but also
bring more choices and nutritional values to the consumer [173,174].
Gelation of food proteins is a complex process that involves several reactions such as
denaturation, dissociation-association, aggregation and gelation [175]. This process is
usually induced by heat treatment, and the properties of heat-set gels have been extensively
studied [176,177]. On the other hand, protein gelation can also be induced by acidulating
agents, such as glucono-δ-lactone (GDL). Acid-induced gelation occurs in the production of
many food products, such as yoghourt and silken tofu. In contrast to heat-induced gelation
where the denaturation, aggregation and gelation are intertwined and occur simultaneously,
acid-induced gelation often consists of two separate steps: Firstly, protein solutions are
preheated at neutral pH and a relatively low concentration to induce protein denaturation
and aggregation. Secondly, acidulating agents are used to decrease the pH of the protein
aggregate dispersions. This reduces the net charge of the proteins and hence the
electrostatic repulsion between them, leading to further aggregation and gel formation
[178,179]. Since the gelation step can be performed at ambient temperature, acid-induced
gels are also known as cold-set gels. They can be used to encapsulate heat-sensitive or
volatile compounds in the food, pharmaceutical and cosmetic sectors [180].
The properties of acid-induced gels can be influenced by the conditions of preheating and
gelation processes (e.g. temperature, time, pH, and ionic strength) as well as the
concentration and composition of proteins [181–184]. For acid-induced hybrid gels formed
by mixed dairy and plant proteins, the properties can be expected to vary significantly with
composition, since proteins from different origins normally possess different structures,
thermal transition temperatures, isoelectric points, and gelling properties [174]. For the
preheating step these hetero-proteins can be heated separately or simultaneously, leading
to “a mixture of aggregates” or “mixed aggregates”, which would also result in different gel
properties [185]. Up-to-now, studies have been reported on acid-induced hybrid gels formed
by pea and whey proteins [184,185], pea protein and casein micelles [186], soy protein and
sodium caseinate [187], and soy protein and casein micelles [188]. Information on acid-
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induced gelation of whey and soy protein mixtures is still limited, although it is of both
fundamental and applied interest.
The practical application of a gel system calls for a comprehensive understanding of its
rheological properties. To characterize these properties, dynamic oscillatory shear tests are
commonly performed, during which a gel material is subjected to a sinusoidal deformation,
and the resulting mechanical response is measured [139]. Based on the amplitude of
deformation, dynamic oscillatory shear tests can be divided into two categories: small
amplitude oscillatory shear (SAOS) and large amplitude oscillatory shear (LAOS) tests. In
SAOS tests, the strain amplitudes are too small to disrupt the gel microstructure, and the
mechanical response of gels is in the linear viscoelastic (LVE) regime, i.e. the viscoelastic
moduli (G′ and G″) are independent of the applied stress or strain [147]. In LAOS tests, on
the other hand, the strain amplitude is increased to a level where the gel microstructure is
affected, and the rheological properties in the non-linear viscoelastic (NLVE) regime can be
revealed [176].
As mentioned in a recent review article by Joyner, despite LAOS tests are still far from the
mainstream of the food science field, it is a valuable tool for investigating the interplay of
food microstructures, textures, processing properties, and sensory properties, since food
products inevitably undergo remarkably large deformation during production (e.g. mixing
and pumping) and digestion processes (e.g. chewing and swallowing) [189]. The research
group of Melito [140–143] has applied LAOS tests on whey protein isolate/ĸ-carrageenan
gels and different kinds of commercial cheeses, which demonstrated that the sensory and
oral processing characteristics of food gels can be well correlated to their rheological
properties in the NLVE regime. Bi et al. found the acid-induced hybrid gels of soy protein
and locust bean gum/ĸ-Carrageenan displayed intercycle strain softening behavior in the
NLVE regime [144,145]. This behavior was also found when the fermentation-induced pea
protein gels were subjected to LAOS tests, but these gels displayed intracycle strain
stiffening behavior when the amplitude was between 1.6% and 160%, and intracycle shear
thinning behavior when the amplitude exceeded 160% [134,149]. LAOS tests have also
been applied on gelatin gels [190,191], waxy rice starch gels [147], pectin-Ca gels [192],
and concentrated protein gels [150], to provide more comprehensive information on the
linear and non-linear rheological behaviors of these food gel matrices.
Dairy proteins can be used to control the structure and texture of food products. Whey
protein, for example, has been known to significantly affect the rheological properties of
foods when processed under shear or different physicochemical environments [193].
Heating milk before acidification could cause denaturation and induce attractive interactions
between whey proteins, which conferred higher elastic moduli (G′) to the milk gels [194].
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Adding whey protein to milk before this thermal treatment also enhanced the gel firmness
and reduced syneresis [195]. Soy protein, a plant-based protein that has been widely
consumed in Asia, is also known for its contribution to food texture, as well as its high
nutritional value and availability [124]. In our recent work, we applied both SAOS and LAOS
tests on soy protein heat-set gels and characterized their rheological behavior in both the
LVE and NLVE regimes [176]. Nevertheless, it remains unclear that how mixing soy protein
with whey protein affects the “rheological fingerprint” of acid-induced gel matrices,
especially in the NLVE regime.
In this study, we investigated the rheological properties and microstructure of acid (GDL)induced gels formed by blends of commercial whey protein isolate (WPI) and soy protein
isolate (SPI). Before acidification, WPI and SPI were preheated together at different ratios
and concentrations, and thus mixed aggregates were formed. The properties of these
thermally-induced aggregates were characterized by dynamic light scattering (DLS), size
exclusion chromatography (SEC), surface hydrophobicity (H0), and intrinsic fluorescence
spectroscopy. Subsequently, these aggregates were used to form acid-induced gels, of
which the linear and non-linear viscoelastic properties were studied by SAOS and LAOS tests,
and the water holding capacity (WHC) and gel solubility were also determined. We applied
Lissajous-Bowditch plots to interpret the LAOS data, and used fractal scaling theory to link
the rheological behaviors to the gel microstructure (characterized by multiphoton laser
scanning microscopy (MLSM) and scanning electron microscopy (SEM)). This study will
benefit the application of soy protein in traditional dairy products based on acid-induced
gelation.

5.2 Materials and methods
5.2.1 Materials
Commercial SPI (Unisol NRG IP Non-GMO) was provided by Barentz International B.V.
(Hoofddorp, North Holland, the Netherlands). Commercial WPI (BiPRO® 9500) was bought
from AGROPUR Dairy Co. (Longueuil, Quebec, Canada). The protein content of SPI and WPI
were 86.57±0.18 % (N×6.25) and 92.26±0.29 % (N×6.38) respectively, determined by
Dumas combustion method with a FlashEA 1112 N/Protein Analyzer (Thermo Fisher
Scientific, Waltham, MA, USA). Glucono-δ-lactone (GDL) (Art. No. G4750) and other
chemical reagents were ordered from Sigma-Aldrich Co., (St. Louis, MO, USA). Deionized
distilled water (DDW) used in the study was purified by a PURELAB Ultra apparatus (ELGA
LabWater Co., High Wycombe, UK). Unless mentioned otherwise, all experiments were
performed in thermostatic laboratories (20 ± 1 °C).
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5.2.2 Sol-gel phase diagram
Commercial SPI and WPI powders were dissolved in DDW at different protein concentrations
and stirred overnight to ensure complete hydration. SPI and WPI dispersions of the same
concentration were mixed at different ratios and heated simultaneously at 95 °C, pH 7.0 for
30 min. Subsequently, a sol-gel phase diagram was established for these heated protein
samples according to the method of Chihi et al. [185]. To determine the critical thermal
gelation concentrations (Cgth), the samples after heating (5 mL) were immediately poured
into 15 ml CELLSTAR® tubes with screw caps (Art. No. 188271, Greiner Bio-one B.V., the
Netherlands) and vertically stored at 4 °C for 24 h. After this, the samples that were not
flowing under tube inversion were considered as heat-set gels, and the minimum
concentration to form these gels was considered as Cgth. To determine the critical acid
gelation concentration (Cga), samples (5 ml) with protein concentrations below Cgth were
transferred into 15 ml CELLSTAR® tubes after heating. When the samples were cooled to
room temperature, appropriate amounts of GDL powder (20% of total protein content) were
added [196]. The resulting samples were incubated at 40 °C for 3h and then stored at 4 °C
for 24 h. Those not flowing under tube inversion were considered as acid-induced gels, and
the minimum concentration to form gels was considered as Cga.

5.2.3

Characterization

of

SPI

and

WPI

thermally-induced

aggregates
The effects of SPI: WPI ratio on the properties of thermally-induced aggregates were studied
using samples with a 4% w/w protein concentration. SPI and WPI dispersions (4% w/w)
were prepared and mixed at five ratios (4:0, 3:1, 2:2, 1:3, 0:4). The pH and conductivity
of these dispersions were standardized to pH 7.0 and 3.0 mS/cm (~55mM ionic strength).
Subsequently, each dispersion was divided into two parts for the following tests. One part
was heated at 95 °C, pH 7.0 for 30 min while the other one was not heated and served as
a control.
Dynamic light scattering (DLS)
The particle size and zeta-potential of samples were measured by DLS using a Zetasizer
Nano ZS (Malvern Instruments, Worcestershire, UK). Sample dispersions were diluted to
0.3% w/w protein concentration and injected into folded capillary zeta cells (DTS1070,
Malvern). The refractive and absorption indices of the particles were set at 1.450 and 0.001
respectively, while the refractive index of the dispersant (DDW) was 1.330.
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Size exclusion chromatography (SEC)
Sample dispersions were centrifuged at 15000 g for 10 min before SEC analysis. The
supernatants (50 µL) were injected on an ÄKTA pure 25 system (Cytiva, Marlborough, MA,
USA) equipped with Superose® 6 10/300 GL column, and eluted with sodium phosphate
buffer (30 mM, pH 7.0) containing 50 mM NaCl at a flow rate of 0.5 mL/min. The elution
was monitored using UV absorbance at 214 nm. The column was calibrated with a series of
biomacromolecules with molecular weights ranging from 29 to 2000 kDa (MWGF-1000,
Sigma-Aldrich, USA). The calibration curve of these standard samples is provided in the
supplementary material (Fig. S5.1).
Surface hydrophobicity (H0)
The H0 of samples was determined using 8-anilino-1-napthalenesulfonic acid ammonium salt
(ANSA) as a fluorescent probe. Each sample dispersion was diluted with DDW to obtain a
sequence of protein concentrations (0.0025%, 0.005%, 0.01%, 0.02% w/w), and were
added into acrylic cuvettes (Sarstedt Inc, Nümbrecht, Germany) together with 40 µL of
ANSA reagent (8 mM). After one-hour reaction in the dark, the fluorescence intensity (FI)
of these samples was measured by a luminescence spectrometer LS50B (Perkin Elmer,
Waltham, MA, USA) at an excitation wavelength (λEx) of 390 nm and emission wavelength
(λEm) of 470 nm. The slope of the plot of FI vs. protein concentration was used as the
indicator of H0.
Intrinsic fluorescence spectra
Intrinsic fluorescence spectra of samples were measured according to the method of Wan
et al. [23]. The sample dispersions were adjusted to 0.02% w/w and their intrinsic
fluorescence spectra were determined using a Perkin Elmer (LS50B) luminescence
spectrometer. A volume of 3 mL of each sample was slowly added into a 10 mm path length
quartz cuvette (Hellma GmbH). The λEx was set at 295 nm, and the λEm was recorded from
300 to 500 nm. Both the excitation and emission slit were 5 nm.
Protein solubility
The protein solubility of samples was evaluated by measuring the protein content in the
supernatant after centrifugation. Sample dispersions (20 ml) were added in 50 ml centrifuge
tubes (Sarstedt Inc) and then centrifuged at 15,000 g for 10 min. The protein concentration
of supernatants was measured by the Dumas combustion method. Protein solubility of
different samples was expressed as below:
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𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑠𝑠𝑠𝑠𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠 (%) =

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑐𝑐𝑐𝑐𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
× 100%
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5.2.4 Rheology of acid-induced gelation

The process of acid-induced gelation and the rheological properties of the resultant gels
were studied using an MCR 302 rheometer (Anton Paar, Graz, Austria) with a titanium
sandblasted concentric cylinder geometry (CC17). SPI and WPI dispersions at different
protein concentrations (2%, 4%, 6% and 8% w/w) were prepared, and then mixed at
different ratios (4:0, 3:1, 2:2, 1:3, 0:4). Each protein mixture was adjusted to pH 7.0 and
3.0 mS/cm (~55mM ionic strength) before being heated at 95 °C, pH 7.0 for 30 min. After
this, the preheated samples were cooled back to room temperature and mixed with
appropriate amounts of GDL (20% of total protein content). Immediately, a volume of 4.7
ml protein sample was gently injected into the CC17 cup that was preheated at 40 °C. The
CC17 cup was covered with a solvent trap to prevent sample evaporation. In the following
rheological tests, the temperature was controlled by a Peltier element and a water circulation
system.
Small amplitude oscillatory shear (SAOS) tests
SAOS tests were performed at a fixed amplitude of 0.1% and a frequency of 0.1 Hz, which
were within the linear viscoelastic (LVE) regime. First, oscillations were applied at 40 °C for
3 h, and then the temperature was decreased from 40 °C to 4 °C at a rate of 1 °C/min.
After this, the formed gels were allowed to rest at 4 °C for 5 min, before performing a
frequency-sweep test from 0.1 to 10 Hz (4 °C), at an amplitude of 0.1%. The storage
modulus (G′), loss modulus (G″), and loss tangent (tan δ) were recorded throughout the
SAOS tests. The change of G′ and G″ as a function of frequency was fitted with a Power-law
model.
Large amplitude oscillatory shear (LAOS) tests
After the frequency-sweep test in Section 2.4.1, the gels were subjected to a LAOS
amplitude-sweep test to investigate their viscoelastic behavior in the non-linear viscoelastic
(NLVE) regime. The strain amplitude (γ0) was increased from 0.1% to 1000% in a ramp
logarithmic mode at a fixed frequency (0.1 Hz) and temperature (4 °C). The G′ and G″ were
monitored as a function of intercycle strain (γ0) while the shear stress (σ) was monitored
as a function of intracycle strain (γ) and strain rate (𝜸𝜸𝜸𝜸̇). Lissajous-Bowditch plots (also called

Lissajous plots) were constructed to analyze the NLVE properties of these gels. As
extensively discussed by Ewoldt et al. [25], the analysis framework using Lissajous plots
can effectively reveal the different non-linear rheological responses of materials.
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5.2.5 Acidification kinetics
The effects of SPI: WPI ratio on the acidification kinetic during GDL-induced gelation were
studied using samples with a 4% w/w protein concentration. In brief, SPI and WPI
dispersions were prepared and mixed at five ratios (4:0, 3:1, 2:2, 1:3, 0:4) as in Section
5.2.4. Then, the dispersions were heated at 95 °C, pH 7.0 for 30 min and cooled to room
temperature. After mixing with GDL powder (0.8% w/w), the dispersions were incubated in
a water bath at 40 °C for 3h, during which their pH were recorded every 10 min by a pHmeter (SCHOTT Instruments, Mainz, Germany).

5.2.6 Water holding capacity (WHC)
The WHC of acid-induced gels was determined based on the method of Kocher and
Foegeding [197]. A microcentrifuge filtration unit (i.e. a 2 ml Eppendorf tube with a spin
tube inside) was used (Axygen Biosciences, Inc., Union City, USA). Filter paper was used to
reduce grid size. Protein gels (4% w/w, 0.5mL) were prepared in the same manner as in the
rheology test (Section 5.2.4) and centrifuged at 500 g for 10 min (Z306 centrifuge, HERMLE
Labortechnik, Wehingen, Germany). The water expelled from the gel was collected in the
outer Eppendorf tube. The WHC was defined as the percentage of the water that remaining
in the gel after centrifugation:
WHC = (WT – WE)/ WT × 100 [%]
where WT is the total amount of water before gelation (g), and WE is the amount of water
expelled from the gel (g).

5.2.7 Gel solubility
The solubility of acid-induced gels was determined according to previous studies [198,199].
Protein gels (4% w/w, 10 ml) were formed in 50 ml centrifuge tubes (Sarstedt Inc) before
mixing with 10 ml of each of the following solvents: (SA) DDW; (SB) 0.086M Tris, 0.09M
glycine, 4mM Na2EDTA buffer (pH 8.0); (SC) SB containing 1% SDS and 8M urea; (SD) SC
containing 5% 2-mercaptoethanol. After this, the tubes were rotated by a rotator (Labinco
BV, Breda, The Netherlands) for 48 hours and then centrifuged at 15000 g for 10 min (Z383K
centrifuge, HERMLE Labortechnik GmbH, Wehingen, Germany). Soluble protein content in
the supernatant was determined using a Pierce™ detergent compatible Bradford assay kit
(No. 23246, Thermo Fisher Scientific). The gel solubility in different solvents was expressed
as below:
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𝐺𝐺𝐺𝐺𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑠𝑠𝑠𝑠𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠 (%) =
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× 100%
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Tris-glycine buffers can screen electrostatic interactions, SDS and urea are known to disrupt
hydrophobic interactions and hydrogen bonds, and 2-mercaptoethanol is a bond-breaking
agent for disulfide bonds. The differences in gel solubility in different solvents (i.e. SB- SA,
SC- SB, and SD- SC) were used to indicate the relative importance of different interactions for
maintaining the gel structures.

5.2.8 Microscopy of the acid-induced gels
Multiphoton laser scanning microscopy (MLSM)
Alexa Fluor® 350 (λEx: 800 nm, λEm: 570-630 nm) and Cy5® (λEx: 840 nm, λEm: 650-700 nm)
were dissolved in dimethyl sulfoxide at 1mg/mL, and then used to stain WPI and SPI
dispersion (4% w/w), respectively. Then, these two dispersions were mixed at different
ratios before mixing with GDL (0.8% w/w). Immediately, 120 μL of each mixture was
transferred to hermetically sealed flat cuvettes (Gene Frame® 125 μL, Thermo Fisher
Scientific, Waltham, MA, USA) that were glued onto microscopy slides in advance. After
covering with coverslips, these microscopy slides were mounted on a Peltier system
(LTS120, LINKAM. Co., UK) to allow acid-induced gels to form in the same manner as in the
rheology tests (40 °C for 3 hours and cooled to 4 °C at the rate of 1 °C /min). The gel
samples were visualized by a Leica SP8Dive multiphoton excitation microscope (Leica,
Germany), using a HC FLUOTAR L 25×/0.95 W VISIR objective.
Scanning electron microscopy (SEM)
Acid-induced gels (4% w/w, 5 mL) were prepared in 10 ml disposable thermotolerant
syringes (Terumo Corporation, Tokyo, Japan) with the tip sealed by a syringe screw cap
(Combi™ plug, Becton Dickinson, Franklin Lakes, NJ, USA). For SEM imaging, the gels formed
in the syringes were cut into small cubes (~5×5×5mm) and fixed in 2.5% glutaraldehyde
for at least 8 hours. After the crosslinking, the samples were rinsed to remove the excess of
glutaraldehyde and were dehydrated using a series of ethanol (30%, 50%, 70%, 80%, 90%,
100%) solutions before critical point drying (CPD 300, Leica, Vienna, Austria). Subsequently,
the samples were fractured and attached to SEM sample holders using Carbon Conductive
Cement (Leit-C, Neubauer Chemicalien, Germany). After sputter coating with a 12 nm layer
of tungsten (SCD 500, Leica, Vienna, Austria) the fractured surfaces were analyzed with SE
detection at 2 kV in a field emission scanning electron microscope (Magellan 400, FEI,
Eindhoven, the Netherlands).
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5.2.9 Statistical analysis
All experiments were performed in duplicate at least. The statistical analysis of data was
conducted by SPSS 25.0 (IBM SPSS Inc. Chicago, IL, USA). One-way ANOVA (one-way
analysis of variance) with the Duncan post-Hoc test (p < 0.05) were used to evaluate the
statistical significance of differences among means. Lissajous plots were made by MATLAB
R2018b (MathWorks Inc., MA, USA) while other figures were made by Origin 2018 (Origin
Lab Corporation, MA, USA).

5.3 Results and discussion
5.3.1 Sol-gel phase diagram
To investigate acid-induced gelation, it is necessary to avoid forming heat-set gels directly
after the preheating step (95 °C, pH 7.0 for 30 min). A sol-gel phase diagram (Fig. 5.1) was
established for SPI and WPI mixtures, using a series of samples covering different protein
concentrations and SPI: WPI ratios. The red line in the phase diagram represents the critical
thermal gelation concentration (Cgth), while the blue line represents the critical acid gelation
concentration (Cga). As shown in Fig. 5.1, pure SPI and WPI directly formed heat-set gels
when their concentration is above 8% w/w and 10% w/w respectively, which are comparable
to the Cgth found in previous studies [21,200]. For SPI and WPI mixtures, the Cgth gradually
decreased from 10% to 7.5% w/w with increasing SPI:WPI ratio, indicating the thermal
gelling ability of mixtures increased as more soy protein was involved. The Cga for preheated
SPI and WPI were 1.5% and 1.0% w/w, respectively, and the Cga for the preheated mixtures
are in between. This shows that after the preheating step, GDL-induced gels can be formed
by commercial SPI and WPI at very low concentrations compared to heat-set gels. Based on
this phase diagram, four protein concentrations (2% w/w, 4% w/w, 6% w/w, and 8% w/w),
and five SPI: WPI ratios (0:4, 1:3, 2:2, 3:1, and 4:0) were selected, to investigate acidinduced gelation of SPI and WPI mixtures.
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Figure 5.1 Sol-gel phase diagram for SPI and WPI mixtures.

5.3.2 Characteristics of thermally-induced aggregates
In the preheating step of this study (95 °C, pH 7.0 for 30 min), the mixtures of SPI and WPI
formed thermally-induced aggregates, and we will first present an overview of the physical
and conformational properties of these mixed aggregates before discussing the rheological
and microstructural properties of the acid-induced gels formed by them.
Fig. 5.2A shows that the particle size distribution (PSD) (number based) of all samples
moved towards larger sizes after preheating, proving the formation of protein aggregates.
For instance, the peak in the PSD of pure WPI shifted from ~2 nm to ~20 nm after heating,
which is comparable to results reported previously [201]. Both before and after the
preheating, the PSD of mixtures shifted towards a larger size range when the proportion of
SPI increased. Pure WPI and mixtures formed thermally-induced aggregates with a size
between 10-100 nm, while pure SPI showed the existence of some large macroaggregates
(>100 nm). The PSD result was obtained based on the whole protein sample, and we further
applied size exclusion chromatography (SEC) to provide information on the soluble proteins
and protein aggregates in the sample. As shown in Fig. 5.2B, the supernatants of unheated
samples all displayed a unimodal SEC profile with one peak located in between 17.8 to 19.3
mL elution volume (≈18 to 43 kDa), which can be attributed to protein monomers and
subunits [33,202]. After preheating, the SEC profiles of all supernatants changed to a
bimodal distribution, with a new peak appearing at around 7.6 mL elution volume (≈17×103
kDa), representing the formation of soluble protein aggregates. As the SPI: WPI ratio
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increased, the location of this new peak did not change while its intensity decreased
significantly, suggesting the size of soluble aggregates were similar but their amount
decreased with increasing SPI proportion. Combined with the PSD results, it can be deduced
that replacing WPI with SPI led to an increased formation of insoluble aggregates and a
decrease in the fraction of smaller soluble aggregates. This analysis is also supported by
protein solubility results (Fig. 5.2C) which displayed a linear relationship with the enclosed
area of SEC peaks (Fig. S5.2). The preheating step increased the protein solubility of all
samples significantly. After heating, the solubility showed a decreasing trend as more SPI
was involved, due to a lower proportion of soluble aggregates.
Fig. 5.2D shows that the zeta-potential of all samples was negative at pH 7.0, since this pH
was above the isoelectric point of soy and whey proteins. For unheated samples, the zetapotential decreased as the proportion of SPI increased. They all decreased to a similar level
(around -28mV) after heating, indicating the surface charge and electrostatic interactions of
thermally-induced aggregates were similar and not affected by SPI: WPI ratios. Ryan et al.
reported that heating WPI for 10 min at 90 °C and pH 7.0 generated soluble WPI aggregates
that had a more negative surface charge than unheated WPI [203]. Wan et al. recently
found that the change in zeta-potential of SPI upon formation of aggregates was relatively
small and dependent on the protein concentration during heating [23]. Fig. 5.2E shows that
the surface hydrophobicity (H0) of unheated samples gradually increased with the proportion
of SPI. This could be attributed to the harsh industrial processing of commercial SPI which
resulted in a large extent of protein denaturation and unfolding, exposing more hydrophobic
groups to the protein surface [204]. The preheating step also induced the denaturation of
commercial WPI, leading to higher H0, but did not increase the H0 of samples containing a
high proportion of SPI. Consistently, the intrinsic fluorescence spectra (Fig. 5.2F) of
unheated samples showed a gradual red shift (increased λmax) as the proportion of SPI
increased, indicating that Tryptophan residues were exposed to a more polar/hydrophilic
environment due to unfolded protein structures [23]. After the preheating, although the λmax
of all samples further increased, the λmax was still higher for the samples with more SPI,
indicating that their thermally-induced aggregates consisted of proteins which were more
unfolded.
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Figure 5.2 Physical and conformational properties of SPI and WPI mixtures: S:W 0:4 (red), S:W 1:3 (magenta),
S:W 2:2 (green), S:W 3:1 (cyan), S:W 4:0 (dark blue). Particle size distribution (A), size exclusion
chromatography of supernatant (B) and protein solubility (C), zeta potential (D), surface hydrophobicity (E),
and intrinsic fluorescence spectra (F). Dashed line/bar represents non-heated mixtures (control group), while
solid line/bar represents samples after preheating. Different small letters (in the same subplot) indicates that
the results of different samples are significantly different (p< 0.05) according to ANOVA and Duncan post-Hoc
test.
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5.3.3 Acidification kinetics
During the isothermal incubation (40 °C), the slow hydrolysis of GDL into gluconic acid
releases protons, which subsequently reduce electrostatic repulsion between aggregates by
protonation of charged carboxyl groups, and induce their aggregation into a threedimensional (3D) gel network [185]. It is known that the acidification kinetics of GDL
depends on the protein: GDL ratio as well as the temperature. To determine how different
SPI: WPI ratios would affect the acidification kinetics, we recorded the pH of dispersions of
thermally-induced aggregates (4% w/w) formed at different SPI: WPI ratios at the same
amount of GDL addition (0.8% w/w) and temperature (40 °C). As shown in Fig. 5.3, all
samples displayed similar acidification kinetics: the decrease in pH was fastest in the
beginning, then slowed down and finally leveled off. Pure WPI showed a faster acidification
rate than pure SPI, as it took 100 min for WPI to reach pH 4.5 (the pKa of glutamic acid)
while 180 min for SPI. Similarly, for mixed aggregates a higher SPI fraction led to a slower
pH decreasing rate. This phenomenon could be attributed to the buffering ability of soy
protein [194]. The acidification rate might affect the level of structural rearrangements
during gelation and thus the gel properties [205]. For example, it has been reported that
bacterial-acidification-induced WPI gels showed increased hardness when the acidification
rate was faster [206], which is in line with our subsequent rheology results.

Figure 5.3 Acidification kinetics (3h) of the dispersions of thermally-induced aggregates (4% w/w).
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5.3.4 Linear rheology
Small amplitude oscillatory shear (SAOS) tests were used to investigate the acid-induced
gelation kinetics of preheated samples and characterize the linear viscoelastic (LVE)
properties of the gels. Figure 5.4 shows the results of 4% w/w protein samples which were
used as representative samples. As shown in Fig. 5.4A, all samples displayed a similar GDLinduced gelation profile, regardless of composition and concentration (data not shown): after
a short lag phase, the G′ and G″ started to increase rapidly, and subsequently the gelation
rate slowed down, until the moduli reached a plateau. The time when G′ exceeds 1Pa is
often taken as the gelling point of acid-induced gels [23]. It was found that all samples
started to gel within 30 min, and the gelling point was postponed when the proportion of
SPI increased. We previously found that the zeta-potentials of preheated samples were
similar while H0 was higher with increasing proportion of SPI. This implies that the postponed
gelling point is most likely due to the slower acidification rate of SPI, resulting in a longer
time for the attractive interactions such as hydrophobic interactions to overcome the
electrostatic repulsive force. For gels formed at the same protein concentration, replacing
WPI with SPI significantly decreased the final G′ at 40 °C (Table 5.1), indicating a lower gel
strength. Schmitt et al. concluded that the presence of plant proteins led to a lower gel
strength compared to dairy proteins alone, because the different proteins appeared to form
separate gel networks which did not interact with each other [184]. This is also consistent
with our microscopy results that will be shown later.
Fig. 5.4B shows that the G′ and G″ of acid-induced gels further increased when lowering the
temperature from 40 °C to 4 °C, which suggested reinforcement or rearrangement of the
gel structure during the cooling process. According to previous studies, this increase in
moduli was mainly due to the formation of hydrogen bonds [207,208]. Table 5.1 shows that
the enhancement of G′ during this cooling processing (∆G′= [G′(4 °C) - G′(40 °C)]/ G′(40
°C)) varied with the protein composition of gels but not the protein concentration. Gels that
contained more SPI showed higher ∆G′, indicating this strengthening effect of cooling was
more significant. This indicated that hydrogen bonds might play a more important role in
maintaining the gel network of soy protein. Similarly, Ringgenberg et al. found that GDLinduced gelation of soymilk showed earlier gelation and much stiffer bonds at 7 °C compared
to 30 °C, which suggested that hydrogen bonds and van der Waals interactions played a
major role in strengthening the network linkages [209].
Fig. 5.4C shows that the G′ and G″ of acid-induced gels at 4 °C both increased as the
frequency increased from 0.1 to 10 Hz. This indicated the formation of a continuous network
and a typical physical gel structure, which normally shows a weak frequency dependence
and no crossover of G′ and G″ [210]. The frequency dependence of different gels is
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summarized in Table S5.1, which showed that the power law exponent of G″, i.e. n″, was
slightly higher than the exponent of G′, i.e. n′. Both n′ and n″ of acid-induced gels were not
significantly affected by protein concentrations, but gradually increased with the proportion
of SPI. Table S5.2 also shows that the tan δ of gels at 4 °C increased with the proportion of
SPI. These results indicated that the LVE properties of gels became less elastically dominated
when more WPI was replaced by SPI.

Figure 5.4 Time sweep (A) and temperature sweep (B) tests of the dispersions of thermally-induced
aggregates (4% w/w), and frequency sweep (C) and strain sweep (D) of the resultant gels.
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3.9 ± 0.3 d

12.6 ± 0.4 d

21.1 ± 0.4 e

4% w/w

6% w/w

8% w/w

1.4

1.4

1.4

1.4

∆G′= [G′ (4 °C) - G′ (40 °C)]/ G′ (40 °C)

0.55 ± 0.02 e

(103 Pa)

c

16.1 ± 0.9 d

9.9 ± 0.9

2.72±0.09 c

0.35±0.2 d

(103 Pa)

G′ (40 °C)

G′ (40 °C)
∆G′

1: 3

0: 4

2% w/w

Conc.

SPI: WPI

1.7

1.7

1.8

1.7

∆G′

12.4 ± 1.6 c

6.2 ± 0.2 b

2.0 ± 0.1 b

0.263 ± 0.004 c

(103 Pa)

G′ (40 °C)

2: 2

2.1

2.0

2.3

2.2

∆G′

9.1 ± 0.3 b

3.9 ± 0.8 a

1.31 ± 0.03 a

0.157 ± 0.004 b

(103 Pa)

G′ (40 °C)

3: 1

2.5

2.7

2.6

2.7

∆G′

5.3 ± 0.2 a

2.67 ± 0.03 a

0.94 ± 0.01 a

a

0.101 ± 0.001

(103 Pa)

G′ (40 °C)

4: 0

2.8

2.9

2.9

2.9

∆G′

Table 5.1 Storage modules (G′) of the acid-induced gels formed at different SPI:WPI ratios during temperature sweep test. Different letters represent significant
differences (p< 0.05) within rows as derived from ANOVA followed by Duncan post-Hoc test.
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5.3.5 Non-linear rheology
After the frequency-sweep test, we performed a LAOS strain sweep test on these acidinduced gels to investigate their non-linear viscoelastic (NLVE) properties. Fig. 5.4D shows
all gels displayed a similar strain dependence regardless of the composition and
concentration (data for the latter not shown): With increasing intercycle strain amplitude
(γ0), G′ and G″ first displayed a clear plateau, representing the linear viscoelastic (LVE)
regime. When γ0 exceed a certain value, both G′ and G″ decreased gradually, which is known
as shear strain softening (Type I) behavior. This non-linear rheological behavior has been
explained by a decreased creation rate and increased loss rate of gel network-bonds when
γ0 is increased [24]. Similar behavior was also observed for the acid-induced gels formed by
pure soy protein [144] and peanut protein [211].
The gels displayed similar strain sweep profiles, but the range of their LVE regime, i.e. the
critical linear strain (γc), significantly changed with protein concentrations and compositions,
as shown in Table 5.2. When the gels were formed at the same protein concentration, γc
generally decreased as the proportion of SPI increased, indicating that replacing WPI with
SPI made the acid-induced gels less ductile. When the gels were formed at the same SPI:
WPI ratio, the γc dependence on protein concentration was different for the various ratios,
which will be further discussed in the next section.
Table 5.2 Critical linear strain (γc) of the acid-induced gels formed at different SPI:WPI ratios.

SPI: WPI

0:4

1:3

2:2

3:1

4:0

Conc.

γc [%]

γc [%]

γc [%]

γc [%]

γc [%]

2% w/w

42.2±2.2 c

11.3±2.8 b

6.0±0.5 a

5.4±0.4 a

5.6±0.0 a

4% w/w

9.2±0.7 d

8.0±0.2 c

5.5±0.6 b

2.2±0.1 a

2.4±0.1 a

6% w/w

7.9±0.0 d

6.8±0.0 c

5.9±0.3 b

3.2±1.9 a

2.2±0.2 a

8% w/w

6.8±0.5 c

6.4±0.4 c

5.9±0.1 bc

4.8±1.3 b

1.7±0.7 a
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Fractal scaling model
The concentration dependence of G′ and γc of protein gels are often given by a power-law
relationship, i.e. G′~ CA, γc ~ CB, as shown in Fig. S5.3. Although the G′ (4 °C) of all acidinduced gels increased with protein concentration, the exponent A varied with different SPI:
WPI ratios, as shown in Table 5.3. Pure WPI gels displayed an exponent A of 2.65 which is
similar to the results (2.75±0.20) reported by Alting et al. [212]. As the proportion of SPI
increased, this exponent A gradually increased to 2.96 (for pure SPI gels). The increased
exponent A indicated that proteins were used less efficiently in the gelation and distributed
more heterogeneously in the structure, which is consistent with the gel morphology
observed later on (Fig. 5.7). For pure WPI and SPI gels, their γc decreased with protein
concentration, following a power-law model with an exponent B equal to -1.34 and -1.05,
respectively. When the gels were formed by WPI and SPI mixtures, the concentration
dependence of γc became rather different. For the gels formed at SPI: WPI ratio of 1:3, the
γc decreased with protein concentration, still following a power-law model but with a less
negative exponent B (-0.42). For the gels formed at SPI: WPI ratio of 2:2, the γc appeared
to be independent of the protein concentration. While for the gels formed at SPI: WPI ratio
of 3:1, the γc first decreased and then increased with protein concentrations.
Shih et al. has developed a scaling theory for the rheological properties of colloidal gels by
considering the gel network as a collection of fractal protein flocs which are closely packed
throughout the sample [26]. In their theory, gel structures are classified into a strong-link
regime and a weak-link regime. In the strong-link regime, the inter-floc links are stronger
than the intra-floc links, and γc decreases with increasing protein concentration, while in the
weak-link regime, the situation is opposite. Our results indicated that although acid-induced
gels formed by pure WPI and SPI could both belong to the strong-link regime, the hybrid
gels formed by their mixtures could not be clearly classified as either strong- or weak-link.
In these hybrid gels, the interactions and the fractal nature of the flocs seemed to depend
on the SPI: WPI ratio. Wu & Morbidelli further develop Shih’s fractal model by introducing a
new parameter α ∈ [0,1] that indicates the relative importance of inter- and intra-floc links

in gels. α value of 0 indicates ideal strong-link regime and α value of 1 indicates ideal weaklink regime [27]. With this model an estimate of the fractal dimension (Df) of the flocs can
be obtained based on the concentration dependence of G′ and γc: in this extended model A
= [(d-2)+(2+x)(1-α)]/(d-Df), and B= [1-(2+x)(1-α)]/(d-Df). Here x represents the fractal
dimension of the backbone of the flocs (ranging from 1.0 to 1.3 for colloidal gels and
assumed to be 1.1 in this study). Table 5.3 shows that the calculated Df and α gradually
increased for the gels in the order of pure WPI, pure SPI, S:W 1:3 and S:W 2:2. The higher
Df indicated that the constituent flocs had more compact structures. Meanwhile, only for
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pure WPI gels the α value was close to zero (0.02), indicating only pure WPI gels were of
the strong-link type, while other gels that contained SPI were in the intermediate regime.
Table 5.3 The protein concentration (C) dependence of storage modules (G′) and critical linear strain (γc) of
the acid-induced gels formed at different SPI:WPI ratios, and the fractal dimension (Df) calculated based on
scaling theory of Wu et al. ① The Euclidean dimension d of the gel system is 3 and the backbone fractal
dimension x of the flocs is assumed to be 1.1.

SPI: WPI

G′ ∝ C

A

A=
γC ∝ C

(𝑎𝑎𝑎𝑎−2)+(2+𝑥𝑥𝑥𝑥)(1−𝛼𝛼𝛼𝛼)

B=

1−(2+𝑥𝑥𝑥𝑥)(1−𝛼𝛼𝛼𝛼)

B

𝑎𝑎𝑎𝑎−𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓

①

𝑎𝑎𝑎𝑎−𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓

4 °C

A

B

Df

α

0: 4

2.65

-1.34

1.47

0.02

1: 3

2.78

-0.42

2.15

0.56

2: 2

2.84

0.01

2.30

0.68

3: 1

2.93

--

--

--

4: 0

2.96

-1.05

1.95

0.32

Lissajous plots
Since G′ and G″ are based only on the first harmonic contribution to the stress response
and may have ambiguous physical meaning in the NLVE regime [139], the intracycle
oscillatory response at various intercycle strains (γ0) or strain rates (𝜸𝜸𝜸𝜸𝟎𝟎𝟎𝟎̇ ) were analyzed using

Lissajous plots. The elastic Lissajous plots (Fig. 5.5A) and viscous Lissajous plots (Fig. 5.5B)
of 4% w/w gels are constructed by plotting stress (σ) vs. intracycle strain (γ) and stress (σ)
vs. intracycle strain rate (𝜸𝜸𝜸𝜸̇ ), respectively. To better illustrate the elastic and viscous
contribution to the total stress (σ), the decomposed elastic (σe) and viscous stress (σv) were
also plotted within the loops of the elastic and viscous Lissajous plots, respectively.
As shown in Fig. 5.5A, at a γ0 equal to 0.1%, all gels (4% w/w) displayed a narrow and
elliptical elastic Lissajous plot, and the σe displayed a linear dependence on γ (see straight
dashed line). This demonstrated that the deformation amplitude in our SAOS test, i.e. 0.1%,
was sufficiently small to ensure all the gels were within the LVE regime. As the γ0 increased
to 10.2%, the shape of the elastic Lissajous plots started to deviate from an elliptic shape
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due to the impact of higher harmonics presented in the NLVE regime. This distortion was
more obvious when the proportion of SPI was higher, which was consistent with our previous
results that increasing the SPI: WPI ratio shortened the range of the LVE regime (Table 5.2).
When γ0 increased to 40.8%, the shapes of the elastic Lissajous plots differed significantly.
For the pure WPI gel, the plots were significantly wider than for the other samples and
already started to change into a more rhomboidal shape. The area enclosed by the loop and
the difference between σ and σe both increased significantly, indicating considerable
structure breakdown [150]. For hybrid gels formed by WPI and SPI, the loops became
progressively narrower with increasing SPI: WPI ratio. The Lissajous plots of these gels
displayed a narrow and inverted sigmoidal shape with a steep upswing near maximum γ.
The smaller enclosed area of elastic Lissajous plots indicated less dissipated energy per
cycle, and the narrower gap between σ and σe indicated that the stress response is relatively
more elastic dominated. These results suggested that although WPI gels displayed higher
stiffness (G′) than hybrid gels and SPI gels in the LVE regime, they are more brittle, as the
transition to a fully plastic behavior occurred at much lower strains. Compared to the
relatively straight σe curves in the LVE regime, the lower slope of σe curves at small intracycle
strain [-0.5<γ <0.5] indicates gels have less ability to support elastic stress due to the
decreasing number of network bonds, which can be associated with the overall intercycle
strain softening observed in Fig. 5.4D. The steep slope at higher intracycle strain [γ< -0.5
or γ> 0.5] could have resulted from the stretching of dissociated flocs, which manifested in
an apparent intracycle stiffening [166].
When the γ0 increased to 128%, the Lissajous plots of pure WPI gels had already changed
into a nearly rectangular shape and did not change much further up to the maximum
amplitude, i.e. 1000%. This near plastic behavior [150,167] is evident from an intracycle
sequence of (starting from the lower-left corner (γ = -1) of this curve, in a clockwise
direction) elastic straining (the vertical part), yielding, flow (the horizontal part), and
recovery. In contrast, this transition to plastic behavior proceeded in a much more gradual
way for gels that contained SPI. For pure SPI gels, the Lissajous plots changed into a near
rhomboidal shape at γ0 = 128%, and for the hybrid gel formed at SPI: WPI ratio of 1:3, their
Lissajous plots had an inverted sigmoidal shape even up to a deformation amplitude of
510%. In addition, while the σe of pure WPI gels was near zero for almost the entire cycle
when γ0 reached 204%, one could still observe nonzero values for σe when the other gels
were subjected to the maximum γ0 (1020%), a sign there was still residual elasticity in the
material. That the gels containing SPI showed a slower transition towards plastic properties
and still retained an elastic contribution to the response at higher strain, could be another
indication of their coarser network structures, since coarser structures are less prone to a
complete transition towards plastic behavior due to increased structural flexibility [149]. The
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higher flexibility could lead to a more gradual decrease in bond numbers, thus some elastic
responses can still be detected at higher strain [149].
As a complement to the elastic Lissajous plots, viscous Lissajous plots were shown in Fig.
5.5B. In contrast to the former, the enclosed area of viscous Lissajous plots represents the
stored energy (proportional to G′) per cycle. When γ0 is 0.1%, all gels displayed circular
viscous Lissajous plots, showing that all gels displayed predominantly elastic behavior in the
LVE regime. As γ0 increased, the shape of viscous Lissajous gradually changed into a
sigmoidal shape with a decreased enclosed area, which indicated the decay of elasticity.
Obviously, this decay started at lower strain rates and proceeded more abruptly in pure WPI
gels compared to the other gels. For the gels that contained SPI, a distinct decrease in the
stress can be observed near the maximum normalized intracycle strain rate (𝛾𝛾𝛾𝛾̇ = -1 or 1),
which indicated strong intracycle shear thinning behavior. At high deformation amplitude (γ0

≥ 204%), secondary loops were clearly observed in the viscous Lissajous plots of the pure
WPI gel, which could be explained by a coupling of the elasticity of sample with instrument
inertia [147,176].
Overall, we found soy protein plays a dominant role in the non-linear rheological behavior
of WPI and SPI hybrid gels, as the evolution of both elastic and viscous Lissajous plots of
hybrid gels are more similar to that of pure SPI gels, regardless of the ratios. Even when
only 25% WPI was replaced with SPI, the NLVE properties of acid-induced gels changed
significantly. This phenomenon can be also found in the gels formed at other concentrations
(Fig. S5.4). Although gels with similar strength (G′) can be obtained by two proteins with
different concentrations (e.g. 4% w/w WPI and 6% w/w SPI) (Fig. S5.3), their NLVE
properties still differ a lot (Fig. S5.5), which demonstrates that the rheological behavior
beyond the LVE regime might be a better reflection of the microstructural differences
between samples.
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Figure 5.5 Elastic Lissajous plots (A) and viscous Lissajous plots (B) of normalized stress (s/smax) versus
normalized strain (g/g0) or normalized strain rate (𝜸𝜸𝜸𝜸̇/𝜸𝜸𝜸𝜸̇ 𝟎𝟎𝟎𝟎 ), for acid-induced gels (4% w/w) formed at different
SPI:WPI ratios; S:W 0:4 (red), S:W 1:3 (magenta), S:W 2:2 (green), S:W 3:1 (cyan), S:W 4:0 (dark blue).
Solid lines indicate the total stress (σ) and dashed lines within the loop indicates the decomposed elastic
stress (σe) and viscous stress (σv).
(A)

(B)
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5.3.6 Water holding capacity and gel solubility
Fig. 5.6A shows the effects of SPI: WPI ratio on the water holding capacity (WHC) of acidinduced gel (4% w/w). The WHC of pure WPI gels was about 88.7%, which was almost three
times the WHC of pure SPI gels (33.8%). Increasing the proportion of SPI significantly
decreased the WHC of hybrid gels. The WHC of gels has been found closely related to the
rheological properties as well as the microstructures of gels. Stiffer gels (with higher G′)
generally had larger WHC than less stiff gels, since under the same centrifugal force the stiff
gels would experience a lower extent of compression compared to the weaker ones, and
hence less water was expelled from the former. This is consistent with our SAOS results.
Urbonaite et al. reported that the homogeneity of a gel microstructure significantly
contributes to WHC [213], which is also consistent with the microscopy images of the gel
microstructure as shown later (Fig. 5.7).
Figure 5.6 Water holding capacity and gel solubility of acid-induced gels (4% w/w) formed at different
SPI:WPI ratios. Different letters (in the same subplot) indicate the results for different samples have
significant differences (p< 0.05) according to ANOVA and Duncan post-Hoc test.
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Evaluating the gel solubility in the solvents SA, SB, SC, and SD (see Section 5.2.7) reveals
the types of protein interactions and their relative importance in different gels. As shown in
Fig. 5.6B, both covalent and non-covalent interactions are all involved in the acid-induced
gels formed by SPI and WPI, which is consistent with previous studies [214,215]. For pure
WPI gels, the contribution of disulfide bonds was significantly more important than
hydrophobic interactions and hydrogen bonds, and the contribution of electrostatic
interactions was the lowest. This is consistent with the study of Alting et al., who added thiol
blocking agents to whey protein aggregate dispersions before acid-induced gelation, and
observed a dramatic decrease (5 to 10-fold) in the gel hardness [178]. Partially replacing
WPI with SPI (S: W of 1: 3 or 2: 2) did not change the relative importance of these
interactions in the gels, except for the electrostatic interactions which slightly decreased. As
SPI became abundant in the gels (S:W > 2:2), the contribution of non-covalent interactions
(hydrogen bonds, hydrophobic and electrostatic interactions) significantly increased, while
the importance of disulfide bonds significantly decreased, which could be a sign of transition
of the dominant gel network as shown later. The increased extent of hydrophobic
interactions could be related to the higher surface hydrophobicity of SPI aggregates (Fig.
5.2E). An increased extent of hydrogen bonding would explain the stronger increase of G′
(higher ∆G′) when these gels were subjected to a cooling step, since hydrogen bonds are
known to be enhanced at a lower temperature. Although the increased noncovalent
interactions are beneficial to the formation of disulfide bonds during acidic gelation [178],
the much lower composition of sulfur-containing amino acids (Met and Cys) of soy protein
compared to whey protein, could substantially limit the formation of disulfide bonds in these
SPI-abundant gels [216].

5.3.7 Gel morphology
Understanding the relationship between the rheological properties of materials and their
microstructures is essential for designing new food products but also a long-term challenge
to rheologists. Here, we applied different microscopy techniques to observe the gel
microstructure. The first row of Fig. 5.7 shows 3D images of gel microstructures made using
multiphoton laser scanning microscopy (MLSM) with a magnification of 40. Here the SPI
and WPI were stained by different dyes and thus are shown in different colors: SPI in green
while WPI in red. It can be seen that pure WPI gels showed a denser and more homogenous
structure than pure SPI gels. In WPI gels, the constituent flocs appear to be smaller and
more evenly distributed in 3D space, while in SPI gels, the flocs were larger and more
irregularly shaped, and much larger pores and gaps were observed. Our previous results
showed that preheated SPI had a lower amount of soluble aggregates and a postponed onset
of gelation, which may not be sufficient for a denser and well-arranged network to form.
This coarser and looser structure explained why SPI gels showed lower G′, shorter LVE
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range, and worse WHC than WPI gels, since their less strongly connected and more porous
network could be less resilient to deformation, and the water that was originally present in
these large gaps and pores could more readily flow out. Replacing WPI with SPI significantly
coarsened the gel microstructure, and the gaps and pores increased as the SPI: WPI ratio
increased. Similarly, Roesch et al. also found that the network structures of soy/skim milk
mixed GDL-induced gels showed larger pore sizes because of the presence of soy proteins
[194]. As mentioned, these coarse networks could explain why gels that contained SPI were
less prone to a complete transition towards plastic properties. MLSM also revealed that SPI
and WPI appeared to form independent gel networks (Fig. S5.6). When the SPI: WPI ratio
was 1: 3, the network of the hybrid gels was mainly formed by WPI, with SPI embedded as
particulate fillers. When the SPI: WPI ratio was 3:1, the situation appeared to be the
opposite. When the SPI: WPI ratio was 2: 2, the main network was hard to identify, as the
occupancy of each network in 3D space seems to be roughly equal.
The second row of Fig. 5.7 shows the images obtained by scanning electron microscopy
(SEM) with a much higher magnification of 50000, which provided more detailed information
of a cross-section through the gel. SEM shows that all the flocs in the gels consisted of
roughly spherical protein particulates. Consistent with the MLSM images, the flocs in pure
WPI gel were relatively small and more homogenously distributed. For the gels that
contained SPI, the flocs have rougher, more elongated and irregularly branched structures,
which appear to be linked to each other by only a few strands, especially obvious when the
SPI: WPI ratio was 1: 3 and 2: 2. These results agreed with their higher Df and α as analyzed
by fractal scaling theory. Under deformation, these thin strands could be easily broken,
which led to a shorter LVE range. The dissociated flocs would move in the flow field and
subsequently be stretched at higher strain, which would explain the apparent intracycle
hardening we observed. In addition, since noncovalent interactions played a more important
role in samples containing SPI, bonds between flocs could also be more easily reformed. All
these features could allow these gels to retain more elasticity even at very high strain, as
shown in their Lissajous plots (Fig. 5.5A). Although the dense, homogeneous, and stronglinked structure allowed WPI gels to resist higher intercycle strain, once the strain exceeds
the critical strain, cracks in the microstructure will form more quickly and evenly, leading to
a more complete structural breakdown and plastic behavior. These results supported our
findings that hybrid gels displayed more similar NLVE properties with pure SPI gels.
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SPI:WPI 0:4

SPI:WPI 1:3

SPI:WPI 2:2
SPI:WPI 3:1

SPI:WPI 4:0

Figure 5.7 Multiphoton microscopy (40×, 3D; WPI dyed in red while SPI in green) (1nd row), scanning electron microscopy (50,000×) (2rd row) of acid-induced gels
formed at different SPI:WPI ratios.
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5.4 Conclusion
Acid (GDL)-induced gels with different rheological and microstructural properties can be
obtained by mixing commercial SPI and WPI at different ratios and concentrations. Replacing
WPI with SPI decreased the stiffness (lower G′) and stretchability (lower γc) of acid-induced
gels in the linear viscoelastic (LVE) regime, but the gels had a relatively more elastic
response in the non-linear viscoelastic regime (NLVE) and a more gradual transition to
plastic behavior. The changes in the rheological properties can be correlated to differences
in the gel microstructure. Replacing WPI with SPI decreased the proportion of soluble
aggregates formed in the preheating step, slowed down the acidification rate of GDL, and
postponed the gelling points. As a result, hybrid gels and pure SPI gels displayed coarser
and more porous microstructures with lower water holding capacity, compared to pure WPI
gels. Replacing WPI with SPI also changed the state of constituent flocs. The flocs became
larger, with rougher, more elongated, and branched structures. The inter-floc links became
less strong and the interactions responsible for gel formation shifted from mainly disulfide
bonds to mainly noncovalent interactions. Overall, these results provide useful information
for replacing whey proteins with soy protein in traditional acid-induced gel foods since their
sensory attributes, especially those related to chewing down and residual sensations, are
more closely correlated with behavior in the NLVE regime. Further strides could be made to
link the current results, especially the LAOS data, with the sensory properties of these gels.
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5.5 Supplementary materials
Figure S5.1. Size exclusion chromatography (SEC) of standard proteins (A) and the calibration curve (B, C).
Seven standard samples were used: Blue dextran (MW 2000 kDa), Thyroglobulin (MW 669 kDa), Apoferritin
(MW 443 kDa), β-Amylase (MW 200 kDa), Alcohol dehydrogenase (MW 150 kDa), BSA (66 kDa), Carbonic
anhydrase (MW 29 kDa).
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Figure S5.2. Linear relationship between protein solubility and enclosed area of SEC peaks (Gray symbols
represent unheated samples, while orange symbols represent preheated samples).

Figure S5.3. Concentration dependency of storage module (G′) (A) and linear critical strain (γc) (B) of acidinduced gels formed at different SPI:WPI ratios.
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Figure S5.4 Elastic Lissajous plots of normalized stress (s/smax) versus normalized strain (g/g0) for acidinduced gels formed at 2% w/w (A), 6% w/w (B), and 8% w/w (C) with different SPI:WPI ratios; S:W 0:4
(red), S:W 1:3 (magenta), S:W 2:2 (green), S:W 3:1 (cyan), S:W 4:0 (dark blue). Solid lines indicates the total
stress (σ) and dashed lines within the loop indicates the decomposed elastic stress (σe) and viscous stress
(σv).
(A)

(B)

(C)
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(A)

(B)

(C)

Figure S5.6 Separated multiphoton microscopy images (40×, 3D; WPI dyed in red while SPI in green) for acid-induced hybrid gels formed at SPI: WPI ratio of 1: 3 (A),
2: 2 (B), and 3: 1 (C).

Figure S5.5 Elastic Lissajous plots of normalized stress (s/smax) versus normalized strain (g/g0) for acid-induced gels formed by 4% w/w WPI (red) and 6% w/w SPI
(blue) which have similar gel strength G′.
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Table S5.1 The frequence dependency for the acid-induced gels formed at different SPI:WPI ratios at 4 °C.
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Table S5.2 Tan δ of the acid-induced gels formed at different SPI:WPI ratios at 40 °C and 4 °C.
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General discussion
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6.1 Introduction
In recent years, a transition from animal-based proteins to plant-based proteins has become
a clear trend in both the food industry and food science field, driven by the demands for
food security and sustainable development. Compared to the production of animal-based
proteins, the production of plant-based proteins is a more efficient and economical way to
convert nitrogenous matter to digestible protein for human consumption, since the latter
requires fewer resources such as dedicated land and water. Soy protein is one of these plantbased proteins and has been focused on in this thesis. Although soy protein-based foods
such as tofu have already been consumed in Asia for thousands of years, the technofunctional properties of soy protein are generally not comparable to animal-based proteins,
which limits their application as a protein ingredient in the food industry. Native soy proteins
have relatively large molecular weight, low molecular flexibility, and poor solubility, leading
to a poor performance in interface-dominated systems such as emulsions and foams.
Creaming could be observed in oil/water emulsions stabilized by soy protein after 60 days
of storage, while emulsions stabilized by sodium caseinate, a commercial surfactant, were
still stable [98]. Similarly, foam produced with soy protein decomposed more quickly with
aging time than foam produced with whey protein, and the foam stability of the latter
decreased significantly when soy protein was added, even at small soy-whey ratios [217].
Soy protein generally contains less Sulphur amino acids compared to animal-based proteins
[218]. The production of soy protein often involves harsh extraction and purification
processes, which causes the denaturation of protein and the formation of large insoluble
aggregates. These could be detrimental to the gelling ability of soy proteins. For example,
it has been found that heat-induced gels formed by soy protein have lower gel strength
compared to gels formed by whey protein [219][220][193], micellar caseins [221], and egg
protein [222].
The aggregation and gelation properties are very important for the application of soy
proteins. To date, many efforts and attempts have been made to modify the properties of
soy protein gels as well as the food products that are based on them. Figure 6.1 shows an
overview of the research articles related to this topic as recorded by the Web of Science
Core Collection Database from the year 2011 to 2020. Most of these studies (64%) applied
physical modifications, while 13% of them focused on enzymatic modifications or combined
methods. Since the usage of chemical reagents in food products normally reduces the
acceptance of consumers, only 10% of the articles adopted chemical approaches for soy
protein modifications. Among the articles using physical modifications, most of the studies
tried to mix soy protein with other food polymers such as proteins (27%) and
polysaccharides (43%) directly, since, in real food production, the aggregation and gelation
of soy proteins often occur in the presence of other food polymers, and therefore, the results
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of these studies could be more ready-to-use for application. As an eco-friendly and nonthermal physical modification, high-intensity ultrasound (HIU) treatment also has become
a popular technique to modify the gelling ability of soy protein, which accounts for 8% of
research articles.

Figure 6.1. An overview of research articles on the most common modification techniques of soy protein gels
and gel-related products (A), and specifically, the physical modifications (B), according to the Web of Science
Core Collection Database from the year 2011 to 2020.

In this thesis, we investigated the aggregation and gelation properties of soy protein after
several types of modification, such as selective proteolysis (Chapter 2 and 4), selective
proteolysis combined with HIU (Chapter 3), and blending with whey proteins (Chapter 5).
In this chapter, we will discuss the main findings of this thesis (as shown in Fig. 6.2) and
compare the effects of the different modification approaches, and the mechanisms behind
the changes they induce. As the application of a modified gel system in a real product needs
a comprehensive understanding of its rheological properties, and the latter are closely
related to the gel microstructure, we also extensively discuss the relationship between the
rheological properties of gels and their microstructures, based on the results of this thesis
and available literature. Finally, based on a reflection on the results of this thesis, we will
provide some suggestions for further studies in this field.
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Figure 6.2. Graphic overview of the main topics and findings of this thesis; numbers indicate corresponding research chapters.
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6.2 How to modify the aggregation and gelation behavior of soy
proteins?
6.2.1 Selective proteolysis
Soy protein is a mixture of various protein components, with more than 80% of them being
β-conglycinin and glycinin [33]. β-conglycinin and glycinin are significantly different in many
aspects such as amino acid compositions, molecular structures, intramolecular forces, and
denaturation behaviors. Hence, changing the ratio of β-conglycinin to glycinin, in a controlled
way, could tune the aggregation and gelation behaviors of soy protein directly. Apart from
the genetic modification of soy, this is commonly done by first extracting and separating
these two components from native SPI, and then recombining them at different ratios.
However, it is not economical to use this recombined “soy protein” in the food industry since
the fractionation of soy protein components is a complicated and tedious process [193]. In
this thesis, we have applied a method called selective proteolysis (Chapter 2, 3 and 4) to
specifically hydrolyze the β-conglycinin or glycinin in soy protein isolate (SPI) without
affecting the other proteins. Compared to the traditional enzymatic modification, this novel
method allows us not only to hydrolyze the soy protein but also to vary the ratio of βconglycinin to glycinin in the hydrolysate. By this method, we have obtained two types of
hydrolysates, named degraded ꞵ-conglycinin hydrolysate (DβH) and degraded glycinin
hydrolysate (DGH), which proved to have significantly different protein compositions and
functional properties.
At acidic conditions (pH 2.0, 95 °C, and 20mM ionic strength) where amyloid fibrils are
expected to form (Chapter 2), we found SPI and DβH both formed fibrillar aggregates as a
function of time, but these amyloid fibrils displayed different morphologies. DβH formed
longer and semiflexible fibrils after heating for 60 min while the SPI formed short worm-like
fibrils. After six-hour thermal treatment, DβH fibrils further aggregated into larger clusters
with a long-stranded shape, while the SPI fibrils formed small clusters with a small and more
twisted conformation. Our results, for the first time, showed that amyloid fibrils can be
formed by soy protein enzymatic hydrolysates, and selectively hydrolyzing β-conglycinin
could contribute to the formation of long and semiflexible fibrillar aggregates. In line with
our results, it has been found by others that the fibrils formed by purified glycinin were less
branched than those formed by SPI [6]. In addition, isolated β-conglycinin was found to
form worm-like fibrils with a twisted form, while isolated glycinin formed fibrils that were
less flexible and associated into bundles [7]. Under the same conditions, their 1:1 mixture,
however, formed irregular fibrils and much short-length debris [7]. These findings suggest
that fibrillation processes of ꞵ-conglycinin and glycinin were different and could be mutually
affected when these two components coexist in SPI. Apart from our study, only one study
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so far explored the effects of enzymatic proteolysis on the formation of soy protein fibrils
[223]. In that study, the authors used traditional proteolysis and mentioned that the
hydrolysate prepared by papain were less favorable for the formation of nanofibrils, but
neither microscope images nor the enzymatic conditions were provided [223]. In here, the
ability of DβH to form longer and semiflexible fibrils could make it a promising thickening
agent or structural ingredients, as these protein fibrils proved to have high viscosity and
shear thinning behavior [6].
At neutral pH, we systematically compared the thermal gelation behaviors of DβH, DGH, and
SPI (Chapter 4). To distinguish between effects which were introduced by changing the
globular protein composition and those resulting from the generation of peptides, we first
prepared each type of hydrolysate at two different degrees of hydrolysis (DH) by using the
pH-stat technique, and then divided each sample into a dialyzed one and a non-dialyzed
one. As a result, eight hydrolysate samples were obtained (as shown in Fig. 4.1) and
compared with SPI. It was found that no matter which component of soy protein was
hydrolyzed, extensive hydrolysis was not favorable for the formation of a stiff gel. This could
be attributed to the increased amount of small peptides (≤10 kDa), which may not be
incorporated in the gel network [159]. This point was also supported by the observation that
dialyzed hydrolysates (cut-off 12-14 kDa) formed stiffer gels than their non-dialyzed
counterparts.
On the other hand, when the DH was controlled, we found that selectively hydrolyzing βconglycinin rather than glycinin, could be beneficial to the gel stiffness. DβH samples,
especially the dialyzed one, could form significantly stiffer gels than SPI, while none of the
DGH samples could. The improved gelation properties of plant-based proteins after
traditional proteolysis has also been reported [133,224,225]. The enhanced strength of DβH
samples could be attributed to two aspects: 1) like in traditional proteolysis, the enzymatic
cleavage of β-conglycinin unfolded the original protein structure, which exposed ionizable
groups and hydrophobic groups to the surface, thus contributing to the interaction between
proteins; 2) selectively hydrolyzing β-conglycinin and removing the peptides, significantly
increased the relative content of glycinin. Glycinin is known to form stiffer gels than βconglycinin since the former contains more sulfhydryl groups and is thus able to form more
disulfide bonds to maintain a strong-linked gel structure. The importance of disulfide bonds
in maintaining the gel structure was also shown when we compared the acid-induced soy
protein gels with whey protein gels (Chapter 5).
Selective proteolysis can also be beneficial when a lower gelling temperature is desired. Both
β-conglycinin and glycinin in SPI were denatured to some extent during the proteolysis,
which led to an earlier onset of gelation. This shortening of gelation onset was more obvious
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when glycinin was hydrolyzed since glycinin is the component that has a higher thermal
stability and denaturation temperature. The DβH samples with limited DH could be a
promising gelling ingredient for meat products such as sausages, where the protein additives
are required to form strong gel networks at lower temperatures. Our results also provide
first evidence that hydrolyzing different components of soy protein, even at the same DH,
could produce heat-induced gels with distinct microstructures and nonlinear rheological
behaviors, which we will discuss in Section 6.3.
For other functional purposes, selective proteolysis also has proved to be more efficient than
traditional proteolysis. For instance, when it comes to emulsion properties, selectively
hydrolyzing glycinin instead of β-conglycinin can be preferential, since glycinin is known to
have higher molecular weight and a more compact structure which are not favorable for the
emulsifying activity and foaming ability [33,226]. This point has been verified by Li et al.
who found that DGH (which they called reduced glycinin hydrolysate, RG) was a better
emulsifier compared to isolated β-conglycinin and the hydrolysates prepared by traditional
proteolysis, and could be used as a substitute for sodium caseinate (a widely used
commercial emulsifier). Another example of the benefits of selective proteolysis was shown
by Margatan et al.: enlightened by the fact that β-conglycinin showed greater potential than
glycinin for reducing the risk of cardiovascular diseases, they applied selective proteolysis
and found that DβH, even with lower DH, had a higher content of antihypertensive peptides
than DGH [39]. Therefore, selective proteolysis allows one to produce hydrolysates with high
angiotensin-converting enzyme (ACE) inhibitory activity without performing extensive
hydrolysis and unnecessary fractionation [39].
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6.2.2 Physical modification and its combination with proteolysis
Unlike selective proteolysis that can break peptide bonds and change the protein
composition, physical modifications normally affect the conformational structures of proteins
instead of their primary structures. High-intensity ultrasound (HIU) is such a physical
method that has been widely used in protein modification. Owing to the cavitation
phenomenon, HIU can induce changes in a protein system in several ways: 1) disrupting
the inter- or intramolecular interactions of macroaggregates; 2) unfolding (partially) the
native structures of proteins and exposing their buried hydrophobic groups and sulfhydryl
groups; 3) inducing the re-association and aggregation between small and unfolded protein
particles,

by

enhanced

particle

collision

and

oxidation-induced/thermally-induced

interactions. Although these different aspects could cause different results in terms of the
physicochemical properties, they are generally beneficial to the gelation properties of soy
protein, as shown in Table 6.1. For example, Tang et al. found HIU could facilitate the
transformation of insoluble aggregates to soluble aggregates in soy protein dispersions,
which improved the elasticity of heat-induced gels [106]. Similarly, Hu and colleagues have
found HIU-treated soy protein could form better cold-set gels with higher strength, water
holding capacity, and finer gel structures compared to unmodified soy protein, no matter
the coagulant was salt [227], acid [95,228], or enzyme [229,230].
Like the DH in proteolysis modification, the extent of HIU treatment (here the interplay of
intensity and time) decides the final effects of this modification (Table 6.1), especially in
terms of protein aggregation. For instance, at the beginning of HIU treatment, the dominant
effect might be the localized shear force generated by cavitation, which reduces the size of
protein particles, especially for those macroaggregates that are originally present in the
sample [228]. As the HIU treatment is prolonged, the protein structure gradually unfolds
and exposes reactive groups. Proteins in these states are more likely to interact with each
other and form aggregates, especially at an increased rate of collision [106,228]. Similarly,
Jiang et al. found that low-power HIU (72–78 W/cm2) disrupted the internal hydrophobic
interactions of protein molecules and accelerated protein molecular motion, leading to
protein aggregation; medium-power HIU (96-104 W/cm2) broke up unstable aggregates;
high-power HIU (112-120 W/cm2) induced repolymerization of small aggregates through
noncovalent interactions.
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15 kHz; 200W; 10 min (pretreated with homogenization)

25 kHz; 19/31/42 W/cm2; 15 min;

20 kHz; 4.27 ± 0.71 W; 20min

20 kHz; 79/107/135 W/cm2; 15/30 min
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Com. SPI
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---
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=

---
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Lab. 7S
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Table 6.1. The effects of HIU on the physicochemical properties of soy proteins and the properties of resultant gels. “Com.” means commercial, “Lab.” means laboratory
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Lab. SPI

Com. SPI

Lab. SPI
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trend with HIU treatment.
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PS: particle size; Sol.: solubility; H0: surface hydrophobicity; -SH: free sulfhydryl content; Vis.: viscosity. WHC: water holding capacity.
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Soy milk

---

1.
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Chapter 6
The extent of HIU modification has also been found to depend on the composition and
aggregation state of proteins. HIU showed significant effects on commercial SPI/SPC
[94,235], native SPI [95], and isolated β-conglycinin [96], but seemed to have no or minor
effects on isolated glycinin, because of its rigid structure and highly aggregated state. For
this reason, in Chapter 3, we applied selective proteolysis to first hydrolyze the glycinin
and then subjected DGH to a HIU treatment (20kHz, 34–37 W/cm2, 5/20/40 min), with the
aim to explore the combined effects of proteolysis and HIU modifications. Our results showed
that the effects of HIU on the physical, structural, and aggregation properties of DGH and
non-hydrolyzed SPI both depend on the treatment time. Within a certain duration, HIU
treatment induced the formation of soluble aggregates and increased the solubility of
samples, but these soluble aggregates were unstable and could be dissociated again under
prolonged sonication. Pretreating SPI by selectively hydrolyzing the glycinin component
contributed to the HIU-induced formation of soluble aggregates because the enzymatic
cleavage disrupted the original macroaggregates and unfolded the rigid structure of glycinin,
exposing more reaction sites for the subsequent aggregation. Furthermore, the increased
ratio of β-conglycinin: glycinin could also be beneficial to the formation of soluble aggregates
as Guo et al. found that ꞵ-conglycinin tended to form soluble aggregates while glycinin
formed insoluble aggregates during thermal treatment. Overall, under the same time of HIU
treatment, DGH displayed higher solubility and better gelling ability than non-hydrolyzed
SPI, showing the synergistic effects of selective proteolysis and HIU modification.
Apart from our study, there is one study by Tian et al. which also treated soy protein
hydrolysates with HIU [236]. In that study, soy protein hydrolysates with different DH (not
provided) were prepared by traditional proteolysis with Alcalase, and HIU treatment also
proved to increase the solubility of these hydrolysates as well as the antioxidant capacity.
However, the authors attributed the improved solubility to the degradation of peptide
aggregates. These divergent mechanisms, again, cement the point that the effects of HIU
treatment depend on the aggregation state of the starting material, since the hydrolysates
in the study of Tian et al [236] contained a large number of insoluble aggregates and even
two separated phases, while these phenomena were not observed in our DGH samples. For
the reversed order, so HIU pretreatment and subsequent proteolysis, synergistic effects
have been reported more often. It has been found that HIU pretreatment could benefit the
proteolysis of soy protein by improving the accessibility of protein subunits to the enzyme
such as papain [97], Alcalase [237], or bromelain [233]. The hydrolysates from HIUpretreated soy protein showed higher solubility, emulsifying ability, and antioxidant capacity
than the hydrolysates from untreated SPI [97,233,237].
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6.2.3 Blending soy protein with animal-based proteins
Blending plant-based proteins with animal-based proteins becomes attractive in the
formulation of food products due to advantages in the economic, nutritional, environmental,
and techno-functional aspects [238]. To this end, it is important to understand the
aggregation and gelation properties of soy protein in the admixture of animal-based
proteins. Table 6.2 summarizes the studies on the mixed systems of soy protein and animalbased proteins, with the focus on the aggregation and gelation properties. As shown, most
of the studies investigated heat-induced aggregates or hybrid gels, while few of them
focused on cold-set hybrid gels. The research group of Corredig has first explored the GDLinduced gelation of the heated mixture of commercial SPC and commercial skim milk powder
[194]. At the same solid content (12% w/w), replacing commercial skim milk powder with
commercial SPC, up to a ratio of 1: 1, shortened the onset of gelation and strengthened the
gels, while further replacement did not affect the gelation anymore [194]. The
microstructure of these hybrid gels did not show phase separation, although larger
aggregates were observed in the gel network when the amount of SPC was higher [194].
They further explored the effects of soluble soy protein (SSP) on the gelation of casein
micelles with/ without whey protein and found that the heated mixture of SSP and casein
micelles showed an earlier onset of gelation and a higher G′ value compared to casein
micelles alone [188]. However, when mixing SSP with casein micelles and whey protein, the
changes in the gelation behavior seemed to be dominated by whey protein, while the effects
of soy protein were negligible [188]. The authors attributed these discrepancies to the
different composition and processing history of soy proteins [188]. In fact, the starting
materials in previous studies were mainly commercial SPC, soy milk, reconstituted and fresh
milk [188,194,239–241], which were rather complicated and impure protein systems even
before blending, making it difficult to ascertain the gelling behavior of soy protein in the
admixture of a specific dairy protein.
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Gel type
Heat
Acid
Only aggregates
Acid
Only aggregates
Only aggregates
Heat
Acid & rennet
Acid
Acid & rennet
Only aggregates

Mixed system

Com. SPI & Com. WPI

Com. SPC & skim milk powder

Com. SPC & Com. WPI

Com. SPC & Lab. Casein micelles

Lab. 11S & Lab. β-lactoglobulin

Com. SPI & Com. Casein micelles

Com. SF& Com. Whey powder co-precipitates

Lab. Soy milk & skim milk powder

Lab. SPI & Com. sodium caseinate

Lab. Soy milk & Fresh milk

Com. SPI & Com. Casein micelles

“Lab.” means laboratory extracted.

40, 50, 60, 70, 80, 90 °C (5 min)

GDL (30 °C, 3h) with/without rennet to pH 6.6-5.5

GDL (35 °C)

GDL (30 °C) with/without rennet to pH 6, 5.5, and 5

25 to 95 °C (2°C/min);

40-90 °C (5 min);

50-90 °C (10 min);

78 °C (30 min); GDL (30 °C, 4h) to pH 4.6

30 to 90 °C (1°C /min); 90 °C (1h); 90 to 30 °C (1°C /min)

78 °C (30 min); GDL (30 °C, 10h) to pH 4.5

20 to 90 °C (1°C /min); 90 °C (1h); 90 to 20 °C (2°C /min)

Gelation conditions

[247]

[241]

[246]

[239]

[245]

[244]

[243]

[188]

[242]

[194]

[219]

Ref.

Table 6.2. Compilation of the studies concerning the aggregation and gelation properties of soy and animal-based protein mixed systems. “Com.” means commercial,

Acid & heat
Acid
Heat
Heat
Acid
Heat
Heat
Heat
Heat
Heat
Heat
Heat
Acid

Com. SPI & Lab. Egg white

Com. SPI & Collagen

Lab. SPI & Com. WPI

Native SPI/ Com. SPI & myofibrillar protein

Com. SPI & Collagen

Lab. SPI & Gelatin

Com. SPI & Com. WPI

Com. SPI & Com. micellar casein

Com. SPI & Com. micellar casein

Com. SPI & whole egg/ egg yolk

Lab. SPI & Lab. myofibrillar protein

Lab. SPI & Lab, cod protein

Com. Soy milk & Gelatin

60 °C (15 min); 95 °C (10 min); GDL (40 °C)

100 °C (30 min); 100 to 4 °C

40 °C (30 min); 90 °C (30 min);

(10°C/min)

25 to 85 °C (5°C/min); 85 °C (10 min); 85 to 25 °C

20 to 90 °C (5°C/min); 90 °C (1h); 90 to 20 °C (5°C/min)

20 to 90 °C (5 °C/min); 90 °C (1h); 90 to 20 °C (5°C/min)

25 to 95 °C (2°C /min); 95 °C (1h); 95 to 25 °C (1°C /min)

40 °C (10min); 40 to 15 °C (5°C/min);

Phosphoric acid to pH 3

20 to 80 °C (2°C /min); 80 to 4 °C

20 to 95 °C (5°C /min); 95 °C (30min); 95 to 20 °C (5°C/min)

Phosphoric acid to pH 3

GDL& 20 to 85 °C (5°C/min); 85 °C (30min); 85 to 4 °C

[256]

[255]

[254]

[222]

[221]

[253]

[238]

[252]

[251]

[250]

[220]

[249]

[248]
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Taking the above into consideration, commercial SPI with commercial WPI were used in
Chapter 5, both of which had protein content higher than 90%. We blended them at
different ratios and protein concentrations, to explore the thermal aggregation and acidinduced gelation of soy and whey protein mixtures. We found that more insoluble aggregates
and fewer soluble aggregates were formed in the mixture during heating (95 °C, 30 min)
when the SPI proportion was higher. Similarly, Anuradha et al. found that the mixture of βlactoglobulin and glycinin showed higher turbidity and lower solubility after heating (90 °C,
10 min) when the proportion of glycinin was higher. Our results also indicated that the
strength of the electrostatic repulsion between protein aggregates could be similar in all
heated mixtures as their zeta-potential were similar (around -28 mV), at the same pH and
ionic strength. The surface hydrophobicity of the heated mixture was higher when the
proportion of SPI was higher, indicating the aggregates in these mixtures had a higher
tendency for hydrophobic interaction. We also found that the secondary structures of
mixtures were dependent on the ratio of SPI: WPI before heating: the α-helix and ꞵ-sheet
structures proportionally decreased with SPI content while the random coil and ꞵ-turn
structures increased. Interestingly, these trends were not observed after heating, and the
secondary structures of soluble aggregates seemed to be similar and independent of the
protein composition. (Fig. 6.3). To our knowledge, these are the first findings on the
secondary structures of soy and whey protein mixed aggregates.

Figure 6.3. Secondary structure composition of soluble fractions of the soy protein and whey protein mixtures
before heating (A) and after heating (B).
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Subsequently, we investigated the GDL-induced gelation of these mixed protein aggregates.
It was found that the acidification rate and gelling rate of samples were decreased with
increasing ratios of SPI: WPI, and the resultant gels had lower strength (lower G′),
stretchability (lower γc), and water holding capacity. Furthermore, we found that the
rheological behaviors of the hybrid gels in the non-linear viscoelastic (NLVE) regime were
more similar to SPI gels than to WPI gels. Compared to WPI gels, the hybrid gels and SPI
gels displayed a relatively more elastic response in the NLVE regime and a more gradual
transition to the plastic behavior, which could be explained by the different microstructures
and driving forces as we will discuss later on. Previous studies reported that soy protein had
little impact on the rheological properties of heat-induced hybrid gels formed by soy and
whey protein mixtures [238]. The formation of heat-induced gel networks was dominated
by whey proteins, and the gel networks were not influenced by the distribution of soy
proteins [238]. When the total protein content was fixed, replacing WPI with SPI led to lower
gel strength but higher WHC and fracture strain [220]. These different findings show that
the acid-induced gelation of soy and whey protein mixtures is significantly different from
their heat-induced gelation. Our results will contribute to the understanding of the partial
replacement of whey protein with soy protein in acid-induced gel matrices.

6.3 Linking rheological properties with gel microstructure
Although it has been generally accepted that the rheological properties of gel matrices are
dependent on their microstructures, a clear relationship between these two is difficult to
established. To contribute to this area, this thesis explored in detail how the linear and nonlinear rheological properties of soy protein heat-induced gels (Chapter 4) and acid-induced
gels (Chapter 5) changed after protein modifications like selective proteolysis (Chapter 4)
and blending with whey proteins (Chapter 5). We used various microscopy techniques to
visualize the gel microstructures and applied fractal scaling theory to interpret the different
rheological properties from the microstructural perspective.
The rheological properties of soy protein gels are related to the density of gel networks. As
shown by SAOS tests, the G′ of all gels in this thesis increased with protein concentrations.
This indicated that soy protein gels were stiffer when more proteins participated in the
gelation and formed a denser microstructure. However, the density of the microstructure is
not the only factor determining gel strength. As shown in Fig. 6.4, heat-induced soy protein
gels formed at 10% w/w protein concentration showed a much denser microstructure than
the acid-induced gels formed at 4% w/w, although these two gels displayed similar G′
(around 1000 Pa) in the SAOS tests. To understand this difference, other factors need to be
considered, e.g. the type of gel network which is formed. It can be seen that soy proteins
formed a coarse particulate or aggregated gel network after heat-induced gelation, while
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they formed a more fine-stranded gel network in acid-induced gelation. Using the fractal
scaling model of Wu & Morbidelli, we found these two gels both belong to the intermediate
gel type, in which both inter-floc and intra-floc links contribute to the overall gel elasticity.
Despite this, heat-induced gels were relatively closer to weak-link type gels compared to
acid-induced gels, as the α value of the former was higher than the latter (0.75 versus 0.32)
and comparatively closer to one (the value for an ideal weak-link system). So, here the
observation that a dense particulate gel network formed by heat-induced gelation did not
exhibit a higher G′ than a fine-stranded gel network form by acid-induced gelation, could be
attributed to the weaker inter-floc links in the former.

Figure 6.4. SEM images (magnification 25,000 ×) of 10% w/w heat-induced soy protein gels
(left) and 4% w/w acid-induced soy protein gels (right).
At the same protein concentration and using the same gelation process, we found selective
proteolysis significantly changed the microstructure of soy protein gels as well as their
rheological properties (Chapter 4). Through CLSM images, we found DβH formed a denser
and more homogenous gel microstructure than native SPI, which well explained their higher
G′ in the linear viscoelastic (LVE) regime. In general, the G′ of protein gels increase with
the homogeneity of their gel networks, since the finer gel structures have a higher water
holding capacity, and when more water is held inside the gel, less energy will be lost via
dissipation [257]. With SEM, we found that although DꞵH gels and SPI gels both belonged
to the class of particulate gel network, the constituent flocs in the former were more compact
and consisted of larger protein particles. The higher rigidity of these compact flocs could
contribute to the stiffness of DꞵH gels, but also made DꞵH gels much more brittle, as verified
by their lower γc during LAOS tests. The microstructure of DGH gels was much more
heterogeneous, and contained larger pores and cracks. Under an applied stress, DGH gels
could be easily disrupted as a result of these pores and cracks which were probably the
weakest elements of the gel network [258]. As a result, DGH gels displayed the lowest G′
and a clear syneresis. With SEM, we found that the constituted flocs in DGH gels appeared
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to be smaller and more branched. Although these flocs may have resulted in a lower
stiffness, they were more entangled and intertwined with each other, and as a result DGH
gels were classified in the strong-link regime. The inter-floc links in DGH gels manifested in
a weak strain overshoot (Type III) behavior and a gradual yielding behavior at large
deformation.
Acid-induced gels formed by WPI showed a homogenous and fine-stranded gel network, and
the constituent flocs were closely packed in 3D space. These structural features made the
WPI gels very stiff and stretchable, showing the highest G′ and γc among all the acid-induced
gels. Replacing WPI with SPI significantly coarsened the gel microstructure, and more gaps
and pores were observed with increased SPI content. In these gels that contained SPI, the
constituent flocs became larger and had more elongated and irregularly branched structures.
Again, using the model of Wu & Morbidelli, we found that the inter-floc links in WPI gels
were very strong and dominating the behavior, as the α value (0.03) was almost equal to
zero, while the gels that contained SPI were all categorized as intermediate type gels. Due
to the coarse and more weakly-interconnected network, the gels containing SPI could not
resist high stress and strain, which was manifested by a low G′ and γc. Meanwhile, more
branched structures would increase the chance of these flocs to entangle with each other
under shear flow, and to rejoin the network. As a result, the gels that contained SPI exhibited
a much slower transition to plastic behavior during LAOS tests and retained some elasticity
even at the highest strain amplitude we studied (γ0 = 1000%). Overall, the results in this
thesis demonstrated that the rheological properties of soy protein heat-induced gels and
acid-induced gels can be modified by selective proteolysis and blending with whey proteins.
The different rheological properties, especially in NLVE regime, can be well correlated with
the microstructural features, including the density, homogeneity, and type of gel networks,
as well as the conformation and interactions of constituent flocs.

6.4 Reflections and recommendations
The protein transition from animal-based to plant-based resources can be expected to
continue in the future. Motivated by this trend, this thesis took soy protein, a benchmark of
plant-based proteins, as the subject, and investigated their aggregation and gelation
properties after several enzymatic and physical modifications, such as selective proteolysis
and high-intensity ultrasound. In general, all these approaches successfully changed the
aggregation and gelation properties of soy protein, by altering their particle sizes,
conformational structures, protein compositions, and molecular interactions. Which method
to choose, depends largely on the application one is considering, and on several other
factors.
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To begin with, the source of the soy protein should be understood thoroughly before a choice
is made for a particular modification method. In the literature, different studies often started
with different soy protein materials. These protein materials could have different protein
purities (e.g. soy flour and soy protein isolate), protein compositions (e.g. isolated 7S and
isolated 11S), and denaturation state (e.g. commercial SPI and lab-extracted SPI). As a
result, the interstudy comparison between different modification methods is almost
impossible, and divergent results are often found in the soy protein research field, even from
the same research group. To solve this problem, a more detailed characterization of the
starting material should be advocated as a standard requirement for future studies. Just like
most of the current studies measured the protein content of soy protein materials, future
studies should also check the denaturation state of the starting material via differential
scanning calorimetry (DSC) or the ratio of ꞵ-conglycinin to glycinin via SDS-PAGE.
During soy protein modification, one should also realize that the final effects often depend
on the extent of treatment, and the latter is decided by the operating parameters. For
example, when applying enzymatic proteolysis, the final effects depend on the degree of
hydrolysis (DH), and this DH is decided by operating parameters such as time, pH,
temperature, and enzymatic activity. Within a certain limit, increasing the DH will contribute
to the unfolding of soy protein structures, and thus benefit the aggregation and gelation.
When the DH is too high, soy protein could be broken down into small peptides, which lose
the reactive groups and their ability to form gel networks. Similarly, when applying highintensity ultrasound (HIU), the duration and intensity of ultrasonic treatment are important.
Proteins could be partially unfolded and form soluble aggregates within a certain time and
power range, while intensive treatment could disrupt the aggregates and trigger undesired
protein oxidation. This kind of phenomenon can be also seen in other modification methods
such as heating and high-pressure treatments. Therefore, for achieving the desired
improvement and saving modification costs, future studies on soy protein modification
should carefully consider the extent of treatment and explore the optimal processing
parameters.
When the gelation properties are of interest, large amplitude oscillatory shear (LAOS) tests
should be performed on a more regular basis in addition to small amplitude oscillatory shear
(SAOS) tests. In this thesis, we successfully applied LAOS tests on both soy protein heatinduced gels and acid-induced gels, to reveal their rheological properties in the non-linear
viscoelastic regime. Normalized Lissajous plots proved to be a very useful tool to analyze
the LAOS data, since they visualize the non-linear viscoelastic properties in a more
distinctive way than traditionally used plots of first harmonic moduli versus strain.
Nevertheless, LAOS tests are still far from mainstream in food science, especially for protein
gels. To establish the relationship between the non-linear viscoelastic properties and gel
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microstructures, more work is needed. To this end, the collaborations with other researchers
from the engineering and material science fields would be helpful for food scientists to
understand the theoretical underpinnings of LAOS tests, and thus to make the best use of
this valuable tool in food materials.
Although many studies have realized that oral processing involves large stresses and strains,
only two studies so far have explored the relationship between the sensory properties of
food products with their nonlinear viscoelastic properties. By applying LAOS tests,
descriptive sensory analysis, and oral processing recording, Melito et al. [141,142]
demonstrated that the nonlinear viscoelastic properties of WPI/ κ-carrageenan gels and
different commercial cheeses could be well correlated (R2 > 0.5, P < 0.05) to their sensory
perception. It

was

found that 𝑮𝑮𝑮𝑮′𝑳𝑳𝑳𝑳 /𝑮𝑮𝑮𝑮′𝑴𝑴𝑴𝑴 and 𝑮𝑮𝑮𝑮′𝟑𝟑𝟑𝟑 /𝑮𝑮𝑮𝑮′𝟏𝟏𝟏𝟏 were

negatively

correlated

with

compressibility (degree of sample deformation/compression before fracture using tongue
and hard palate), while positively correlated with chalkiness (extent of perception of fine,
chalk-like particles during mastication) and residual particles (number of particles remaining
in mouth after expectorating a sample). In addition, nonlinear viscoelastic properties were
also found to correlate with oral processing characteristics (P < 0.05) including jaw
movement and muscle activity [141,142]. These results suggest that LAOS tests can be
used to indicate how gel-based foods deform and break down in the mouth, as these soft
solids are normally chewed by shear forces rather than compressive forces. However,
whether these sensory correlations are universal and applicable to our LAOS data of soy
protein gels still needs to be verified in the future. In conclusion, the present thesis not only
expands the knowledge of soy protein aggregation and gelation, but also provides a research
mode for other protein gels in terms of the interplay between protein modification,
rheological properties, and microstructures, which will benefit the rational design of gelbased foods and accelerate the transition to plant-based proteins.
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The concept of sustainable development drives food manufacturers and consumers to reduce
the consumption of animal-based proteins and switch to plant-based proteins. Soy protein
is such a plant-based protein which has been used in traditional Asian cuisine for thousands
of years. Soy protein contains well-balanced amino acids and physiologically beneficial
components, which makes it a promising substitute for animal-based proteins. However, the
functional properties, such as emulsification, gelation, foaming properties, of soy proteins
are often not comparable to that of traditional animal-based proteins, which limits the
application of soy proteins in food industry. Research efforts have therefore been made to
improve the functional properties of soy proteins, and various protein modification methods
have been studied. Aggregation and gelation properties are the most important properties
of soy proteins, which have been applied in the production of many texturized foods, such
as tofu, sausage, and meat analogues. In this thesis, we focused on the aggregation and
gelation properties of soy proteins, and investigated how these properties were modified by
several state of the art modification methods and the mechanisms behind these changes.
As the application of a new gel system needs a comprehensive understanding of its
rheological properties, and the latter are closely related to the microstructure of gels, we
also aimed to gain deeper insight into the interplays between protein modification, rheology,
and gel microstructures. In Chapter 1, as a basis to the aim of this thesis, we presented an
overview on the composition, aggregation, and gelation of soy proteins. As the most
common methods in protein modification research, we explain the principle of enzymatic
and physical modifications, specifically selective proteolysis and ultrasound treatment. We
also provided a detailed introduction on the rheological methods that were applied in this
thesis, such as large amplitude oscillatory shear (LAOS) tests and fractal scaling theory.
In Chapter 2, a novel method called selective proteolysis was applied on soy protein isolates
(SPI). By this method, we selectively and exclusively hydrolyzed the β-conglycinin
component of soy protein while keeping glycinin unaffected, which resulted in a degraded
ꞵ-conglycinin hydrolysate (DꞵH). Subsequently, we compared DꞵH with a non-hydrolyzed
control SPI (CSPI) sample, in terms of the aggregation behavior upon heating (95 °C) at pH
2.0 and low ionic strength (20 mmol/L). We were interested in these conditions since a
special aggregation behavior of proteins, i.e. amyloid fibrillation, has been known to occur
at these conditions. Our results showed that both DꞵH and SPI formed protein aggregates
that meet the criteria of amyloid fibrils: high content of β-sheet structure, fibrillar
morphology, and high Thioflavin T (Th T) fluorescence intensity. In addition, we found this
amyloid fibrillation of both CSPI and DβH was a multistep process, following a sequence of
preparatory stage, emergence stage, development stage, and reverse stage. At these
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conditions, we observed that CSPI formed shorter and worm-like fibrils while DβH formed
longer and semiflexible fibrils. These results, for the first time, showed that amyloid fibrils
can be formed by soy protein enzymatic hydrolysates, and selectively hydrolyzing βconglycinin changed the morphology of soy protein fibrils. The long and semiflexible fibrils
formed by DβH could be a promising thickening agent or structural ingredients.
In Chapter 3, selective proteolysis was applied on soy protein again, but targeted at the
glycinin component, thus a degraded glycinin hydrolysate (DGH) was obtained. We further
treated this DGH and non-hydrolyzed control SPI with high intensity ultrasound (HIU) (20
kHz at 400 W, 0, 5, 20, and 40 min), a physical modification approach that has drawn
increasing attention in food protein science. Since HIU was reported to have limited effects
on isolated glycinin, we aimed to explore the combined effects of selective proteolysis of
glycinin and HIU on soy protein. Our results showed that the physical, structural, and
aggregation properties of DGH and non-hydrolyzed SPI were both dependent on the HIU
treatment time. At an early stage, HIU treatment induced these proteins to form soluble
aggregates, while prolonged HIU treatment dissociated these newly formed aggregates
again. Selectively hydrolyzing glycinin contributed to the formation of soluble aggregates
under the subsequent HIU treatment, which could be attributed to the unfolding of the
compact glycinin structure, the generation of small protein fractions, and the increased ratio
of ꞵ-conglycinin: glycinin. As a result, under the same time of HIU treatment, DGH displayed
higher solubility and better gelling ability than CSPI, proving the synergistic effects of
selective proteolysis and HIU modifications on soy proteins.
In Chapter 4, we prepared both DβH and DGH based on the methods used in the above
chapters and compared these two distinct hydrolysates with native SPI in terms of heatinduced gelation properties. Heat-set gels were formed by SPI, hydrolysates, and dialyzed
hydrolysates at different protein concentrations (6%, 10%, 14%). To thoroughly investigate
the rheological properties of these gels, both small amplitude oscillatory shear (SAOS) and
large amplitude oscillatory shear (LAOS) tests were applied, as such we were able to show,
for the first time, the complete “rheological fingerprint” of soy protein heat-set gels. Our
results showed that both DβH and DGH samples could form heat-set gels at a shorter time
and lower temperature, compared to native SPI. However, the existence of non-network
peptides made hydrolysate gels generally less elastic and stretchable than SPI gels.
Selectively hydrolyzing β-conglycinin to a limited extent (lower DH) allowed DβH to form a
stiffer gel than native SPI at a shorter gelling time, which makes it a promising gelling agent
in meat products. On the other hand, hydrolyzing glycinin made DGH form weaker gels than
SPI, regardless of the DH and protein concentrations. We also found the gels formed by
hydrolysates and native SPI showed different non-linear rheological behaviors. DβH gels
displayed intercycle strain softening behavior (Type Ⅰ), while DGH and SPI displayed a weak
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(Type Ⅲ) and strong (Type Ⅳ) intercycle strain overshoot, respectively. By applying
Lissajous plots, we revealed that in the medium strain range, SPI showed stronger intracycle
shear stiffening, while DβH gels showed stronger intracycle shear thinning. At the large
strain regime, SPI and DβH gels showed abrupt yielding behavior while DGH gels yielded
more gradually. By applying fractal scaling theory, confocal laser scanning microscopy
(CLSM) and scanning electron microscopy (SEM), we found that DβH gels are weak-link
type gels with higher Df, while DGH gels are strong-link type gels with lower Df. SPI gels are
transition type gels with a Df in between. Consistently, DβH and SPI gels showed relatively
denser networks which were built by large and compact flocs, while DGH gels showed a
more coarse and heterogeneous structure, with smaller and more branched constituent
flocs. These different gel microstructures could explain the different rheological behaviors of
these gels in both in linear and non-linear regimes.
As a benchmark for plant-based proteins, the research on soy protein shares a same final
goal: increasing the usage of soy protein in food products or the human diet, which is still
mainly based on animal-based proteins. To achieve this goal, understanding the aggregation
and gelation behavior of soy protein when it is mixed with animal-based proteins is essential.
In Chapter 5, we explored how substituting whey protein isolate (WPI) with SPI affects the
rheological behavior and microstructure of acid (GDL)-induced gels. Before gelation was
induced by GDL, commercial SPI and WPI dispersions (pH 7.0, 3.0 mS/cm) were preheated
(95 °C, 30 min) at different total concentrations (2%, 4%, 6%, and 8% w/w) and SPI: WPI
ratios (0: 4, 1: 3, 2: 2, 3: 1, and 4: 0). During this preheating step, we found that more
insoluble aggregates were formed while fewer soluble aggregates were formed when the
SPI: WPI ratio was higher. The electrostatic repulsion between these protein aggregates
could be similar as they showed similar zeta-potential, while the hydrophobic interactions
could be stronger when the proportion of SPI was higher, as the surface hydrophobicity of
samples increased with increasing SPI: WPI ratio. Subsequently, GDL-induced gels were
prepared with these mixed protein aggregates, and both SAOS and LAOS tests were used
to provide a full picture of the rheological properties of these cold-set gels. With increasing
SPI: WPI ratios, the acidification rate and gelling rate of samples were decreased, while the
resultant gels displayed lower strength (lower G′), stretchability (lower γc), and water
holding capacity (WHC). By applying Lissajous plots, we were able to reveal, for the first
time, that the rheological behaviors of the hybrid gels in the non-linear viscoelastic (NLVE)
regime were more similar to SPI gels than to WPI gels. As the strain amplitude increased,
gels that contained SPI displayed a more gradual transition from elastic behavior to the
plastic behavior, and a relatively more elastic response in large strain amplitude, compared
to WPI gels. By applying fractal scaling theory, multiphoton laser scanning microscopy
(MLSM) and scanning electron microscopy (SEM), we found that WPI gels formed a dense,
homogeneous fine-stranded gel network, in which the constituent flocs were strongly
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interconnected. Gels that contained SPI showed significant coarser gel networks which were
classified as intermediate type gels. With increased SPI content, more gaps and pores were
observed in the gel network, and the constituent flocs became larger, more elongated, and
irregularly branched. These significant microstructural changes could be the reason behind
the changes in rheological properties induced by replacing WPI with SPI.
This thesis concluded in Chapter 6, in the context of a general discussion tying together
the main findings in each chapter, and comparing them with relevant studies in the
literature. The effects of several novel methods, i.e. selective proteolysis, ultrasound, and
blending with whey protein, on the properties of soy proteins were discussed in terms of
amyloid fibrillation, heat-induced, and acid-induced gelation. The results highlighted that
selective proteolysis could modify the aggregation and gelation properties of soy proteins
more efficiently compared to traditional proteolysis. The link between the rheological
properties of soy protein gels with their microstructures was established, and fractal scaling
theory proved to be a useful tool. We also concluded that the non-linear rheological
properties could provide additional detailed information on protein hydrogel microstructures.
Overall, the modification of soy protein cannot be a “one-size-fit-all” approach. Which
method to choose, depends largely on the application one is considering, and on several
other factors. Large amplitude oscillatory shear (LAOS) tests should be standard in studying
the rheological properties of protein gels. The present thesis provided new knowledge on
the aggregation and gelation of soy proteins, and also deeper understanding of the interplay
between protein modification, rheological properties and gel microstructures, which benefits
the application of soy proteins as well as the studies on other plant-based proteins.
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