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Abstract

This study aimed to investigate the effects of heat (HE), ultrasound (US), and high hydrostatic
pressure (HHP) on the structural and functional properties of whey protein isolate (WPI). The
structural modifications were characterized by determining surface hydrophobicity, scanning
electron microscopy (SEM), circular dichroism (CD) spectroscopy, and steady shear rheological
measurements. The functional performance was evaluated by studying adsorption Kinetics,
interfacial dilatational rheology, emulsifying activity index (EAI), and emulsion stability index
(ESI). The results showed that all treatments increased surface hydrophobicity, with HE having
the greatest impact (529.78 + 11.81), followed by HHP (402.35 + 10.44) and US (245.48 +
2.55). Each treatment also resulted in distinct changes in conformation and functionality.
Specifically, US decreased viscosity, increased molecular flexibility (as evidenced by an increase
in a-helix content to 20.9%), and resulted in the formation of an elastic interfacial film. It also
accelerated both interfacial adsorption and rearrangement, yielding the highest EAI (1.22 £ 0.11
m2/g) and ESI (257.33 + 13.49 min). HE treatment caused protein unfolding and aggregation into
larger, more viscous structures, resulting in mobile interfacial films and moderate improvement
in emulsification. HHP led to mild unfolding without altering viscosity, but reduced adsorption
dynamics and relatively enhanced interfacial elasticity, ending up in diminished emulsifying
performance (0.75 + 0.12 m#/g). These findings provide a deep understanding of how different
physical treatments affect the structure and function of WPI and can be used to tailor protein
functionality for food emulsification applications.
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Introduction

Proteins are a crucial component of food, whether they occur naturally or are added as an
ingredient. In addition to their nutritional value, proteins also play a vital role in texturizing and
structuring food due to their functional properties, such as foaming, gelling, and emulsifying
abilities. The emulsifying activity of proteins is linked to their amphiphilic nature, which
involves the coexistence of both hydrophilic and hydrophobic groups in a single molecule. This
enables them to reduce the interfacial tension between oil and water by adsorbing at the interface
of the two phases, allowing the emulsion to form (McClements, 2004). Whey proteins, which are
derived from whey, a byproduct of the cheese-making process, are a popular source of proteins
often utilized in the processing of a wide variety of foods. This is due to their unique functional
properties, as well as their high digestibility and biological value (Kheto et al., 2025). However,
native WPI has inherent limitations that hinder its performance in complex food systems. These
include moderate interfacial activity and foaming stability, as well as poor resistance to
environmental stresses such as changes in pH, ionic strength, and thermal processing. These
limitations are primarily due to its compact globular structure, which restricts molecular
flexibility and inhibits effective adsorption and rearrangement at oil-water and air-water
interfaces. As a result, its functional performance is suboptimal. To address these issues, it is
crucial to improve both the structural properties, such as surface hydrophobicity and molecular
flexibility, and the functional properties, including solubility, emulsifying capacity, and foaming
stability. This will expand the potential uses of WPI in food formulations (Khojasteh et al., 2025;
Minj & Anand, 2020). Heat (HE) treatment, as the most conventional unit operation widely used
in the food industry, has been shown to affect these proteins, leading to unfolding and
aggregation (Sobhaninia et al., 2017). All whey protein fractions, including B-lactoglobulin, -
lactoalbumin, and bovine serum albumin, are prone to structural changes, which are commonly
irreversible when exposed to temperatures above 70 °C (Dziuba et al., 2021). The type and
extent of these variations depend on several factors, such as temperature and time of exposure,
pH, ionic strength, and total protein concentration (Zhang et al., 2015). Previous research has
shown that heating WPC at a temperature of 80 °C results in the formation of aggregates of
varying size, depending on the pH and duration of the process, with the largest particles being
produced at around the isoelectric point (Sajedi et al., 2014). These protein aggregates have been
found to have a higher emulsifying capacity compared to the native protein (Fan et al., 2021).

US treatment is a nonthermal processing method that has been proven to decrease the size of
protein particles without altering their primary structure (Loushigam et al., 2025). Furthermore, it
has been demonstrated to significantly enhance their emulsifying activity by increasing their
hydrophobicity, improving their interfacial packing, and boosting their ability to effectively
reduce interfacial tension (O'Sullivan et al., 2014). However, the effects of US treatment may
vary for different types of proteins, depending on their nature, environmental conditions, and the
power or frequency of the US source (Jadhav et al., 2024; Qian et al., 2023).

High hydrostatic pressure (HHP) treatment is another nonthermal technique that has been found
to disrupt hydrophobic and electrostatic interactions, resulting in changes to protein structure.
However, the extent of these variations depends on various factors, including the
physicochemical properties of the protein surrounding environment, the level of pressure
applied, as well as the time and temperature of the process (Dehnad et al., 2023). HHP treatment
may also affect the functionality of proteins, particularly their emulsifying activity. Nevertheless,
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inconsistent results have been reported, suggesting that different proteins may respond
differently to HHP treatment (Denda & Hayashi, 1992). For example, while whey proteins and
B-lactoglobulin have shown a significant decrease in their emulsifying activity, ovalbumin and
soy proteins have exhibited noticeable improvements in this feature (Galazka et al., 1996;
Galazka et al., 1995). These changes, which are specific to each protein, are linked to pressure-
induced structural alterations and aggregation (Galazka et al., 2000).

Although there have been numerous studies on the effects of HE, US, and HHP treatments on
proteins, including whey proteins, the underlying mechanisms are still not fully understood.
Therefore, it is necessary to comprehensively investigate these changes from the molecular level
to the macroscopic scale in order to gain a better understanding of how these processes affect the
structure-function relationship. In our previous study, we examined the influence of these
thermal and non-thermal techniques on the key structural features of whey proteins and their
links to isoelectric point and solubility (Khojasteh et al., 2025). In this current work, our main
objective is to study the impact of these methods on the interfacial functionality of whey
proteins, which is a crucial factor in determining their successful industrial applications. To
achieve this goal, we conducted a variety of analyses, including as measuring surface
hydrophobicity, interfacial dynamic moduli, and interfacial tension, examining microstructure,
and studying structural changes using circular dichroism (CD) spectroscopy, and correlated the
results to changes in emulsifying activity. These findings are expected to provide a foundational
framework for the rational design of multi-step or sequential processing strategies to tailor WPI
functionality for specific food applications.

Material and Methods

Materials

Whey protein isolate (WPI) with the following specifications was provided by Davisco
International Inc. (Minneapolis, Minnesota, USA): 96.2% protein, 1.54% ash sulfate, 5%
moisture, and less than 0.5% lactose. 8-Anilinonaphthalene-1-sulfonic acid (ANS), hydrochloric
acid (HCI), sodium azide, and sodium hydroxide (NaOH) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). All other chemicals used in this study were of analytical-grade. Solutions
were prepared using deionized water.

Methods

Preparation of WPI solution

WPI powder was gradually added to deionized MilliQ water to make a 5% wi/w solution and
mixed at 500 rpm for two hours at ambient temperature. It was then kept refrigerated at 4 °C
overnight for complete hydration. The pH of the WPI solution was adjusted to 7.0 using either
0.1 N NaOH or 0.1 N HCI solution before being subjected to HE, US, and HHP treatment.
Sodium azide (0.02% w/w) was added to inhibit microbial growth.

HE, US, and HHP treatment of WPI

The WPI solution, with a concentration of 5% w/w, was subjected to HE, US, and HHP
treatment, following the methods described in our previous study (Khojasteh et al., 2025).
Briefly, for the HE treatment, the solution was heated at a temperature of 90 °C in a jacketed
vessel connected to a water bath (EH-19, Julabo, USA) for 30 minutes while being gently
agitated at 500 rpm. The US treatment was performed at a temperature of 25 £ 0.1 °C for 20
minutes using an ultrasonic processor (VCX 750 Sonics & Materials, Inc., USA) operating at 20
kHz and 750 W, equipped with a 13 mm diameter titanium cylindrical probe. The HHP treatment
was conducted at a pressure of 500 MPa for 20 minutes at ambient temperature, using an HHP
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device with a 60 mL chamber designed and built by the Research Institute of Food Science and
Technology (Mashhad, Iran).

Determination of surface hydrophobicity

The surface hydrophobicity of WPI was determined using the fluorescent probe 8-anilino-1-
naphthalene sulfonic acid (ANS), following the method described by Mohammadian et al.
(2019). WPI solutions with concentrations ranging from 0.002 to 0.01% were prepared in
phosphate-buffered saline (PBS) solution (0.01 M) at pH 7.0. Next, 4 mL of each solution was
mixed with 20 yL of ANS solution (0.008 M in 0.01 M PBS). The mixture was thoroughly
vortexed and then incubated in complete darkness for 15 minutes. The fluorescence intensity of
each sample was measured at an excitation wavelength of 390 nm and an emission wavelength
of 470 nm using a Jasco FP-6200 spectrofluorometer. The fluorescence intensity was plotted
against protein concentration, and the initial slope of the curve was taken as an indicator of
surface hydrophobicity (Mohammadian et al., 2019).

Circular dichroism (CD) spectroscopy

To analyze the secondary structure composition of the WPI samples, their far UV spectra were
recorded using a J-810 CD spectropolarimeter (Jasco International Co., Ltd., Tokyo, Japan). The
lyophilized samples were dissolved in deionized water at a pH of 7.0 to reach a concentration of
0.25 mg/mL. The measurements were carried out by collecting the CD spectra of the solutions in
the far-UV region (190-260 nm) at ambient temperature using a quartz cuvette with a path length
of 1 mm. The scan speed was set to 50 nm/min with a 4 s response time, 1 nm bandwidth, and
0.1 nm data pitch. The signal average was performed on at least four scans, and the baseline was
corrected by subtracting the spectrum of deionized water at pH 7.0 as a blank. The ellipticity data
were converted to a concentration-independent parameter of mean residue ellipticity using

Equation 1:
__ MRWx6,

(012 = Tone @)
where [6], (deg cm? dmol™) is the mean residue ellipticity at wavelength 1, 6, is the observed
ellipticity (millidegree) at wavelength 4, MRW is the mean residue molecular weight of WPI
(Mw/n; Mw and n denote molecular weight and the number of residues, respectively), ¢ (mg/mL)
is the WPI concentration, and | (cm) is the optical path length of the cuvette. The MRW of WPI
was taken as 114.63 g/mol (Spotti et al., 2017).

The composition of the secondary structural elements was determined using the Spectra Manager
software, ver. 1.53.02 (Jasco International Co., Ltd., Tokyo, Japan) (Chen et al., 2019).
Scanning electron microscopy (SEM)

The surface morphology of WPI particles was examined using a scanning electron microscope
(Zeiss Supra 40VP, Carl Zeiss NTS GmbH, Germany). To prepare the samples, WPI solutions
were dehydrated in a freeze dryer (FDU-8606, OPERON, South Korea) at a pressure of 0.2 mbar
and a temperature of -70 °C for 48 hours. The resulting dried powders were then mounted onto
an aluminum stub using double-sided conductive carbon tape and sputter-coated with a thin layer
of gold under vacuum for 120 seconds. Images were captured at an acceleration voltage of 20 kV
and magnifications of 500 and 1000x, and were analyzed using ImageJ software, version
1.4.3.67 (National Institute of Health, Bethesda, MD, USA).

Steady shear rheological measurements

The flow behavior of WPI solutions was studied using a Discovery Hybrid rheometer (DHR-2,
TA Instruments, New Castle, DE, USA) equipped with a Peltier concentric cylinder system at a
concentration of 5% w/w and a pH of 7.0. Measurements were taken at 25 °C and a shear rate
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ranging from 1 to 100 s™. The collected data was then fitted to the Power law model using the
following equation:

o =Ky" 2

where K, 7,
and n represent the consistency coefficient (mPa s"), shear rate (s), and flow behavior index
(dimensionless), respectively.

Surface tension measurement

The surface tension of WPI solutions was measured at a concentration of 5% w/w and a pH of
7.0 using a tensiometer (K100, Kriiss GmbH, Germany) and the Du Noly ring method. The
tensiometer was calibrated with deionized Milli-Q water at a temperature of 25 °C with a surface
tension of 72.1 mN/m. Before taking each measurement, the glass measuring cup was
meticulously washed with concentrated sulfuric acid, rinsed with deionized Milli-Q water, and
then air-dried. The ring was also washed with deionized Milli-Q water, flushed with absolute
ethanol, and burned in a flame. Surface tension was measured after 5 minutes of equilibration
and continued up to 180 minutes until it reached a plateau.

Interfacial dilatational rheological measurements

Surface dilatational properties were determined using a drop tensiometer (OCA 25, DataPhysics
Instruments, Filderstadt, Germany) equipped with an oscillating drop generator (ODG 20,
DataPhysics). A 15 uL droplet of 0.01% (w/w) native or treated WPI was formed at the tip of a
stainless-steel needle (0.51 mm diameter) and submerged in a quartz-glass cuvette (1 x 1 x 1
cm?d) filled with MCT oil. After allowing for a 3-h equilibration period to ensure the formation of
a quasi-stable interfacial film, a strain sweep test was conducted by manually applying a
deformation amplitude ranging from 0.027 to 0.27 mm (as interfacial area) at a fixed oscillation
frequency of 0.01 Hz. Each deformation was applied for five cycles of oscillation, followed by a
90 second rest period to allow the interfacial film to recover. This was followed by frequency
sweep of 0.01-0.1 Hz at a fixed deformation amplitude of 0.13 mm, which had previously been
determined to be within the linear viscoelastic regime. A 90 s rest period was applied between
each frequency increment to allow the interfacial layer to re-equilibrate (Subasi et al., 2022).
Determination of emulsifying properties

To evaluate the emulsifying properties of WPI, 12 mL of sunflower oil was gradually added to
48 mL of WPI solution (0.5% w/w) on a magnetic stirrer. The mixture was then homogenized
using an Ultra-Turrax T25 homogenizer (IKA Werke GmbH & Co., Staufen, Germany) at
12,000 rpm for 3 minutes to create an emulsion. Samples of 50 puL were taken immediately and
10 minutes after the emulsion was prepared and mixed with a 10 mL of 0.1% sodium dodecyl
sulfate solution with a pH of 7.0. The mixture was vortexed for 15 seconds and its absorbance
was measured at a wavelength of 500 nm using a UV-vis spectrophotometer (UV-160A,
Shimadzu, Japan). The emulsifying activity index (EAI) and emulsion stability index (ESI) were
then calculated using the following equations (S. Jiang et al., 2018):

m?\ 2 x 2303 x A, XDy
EAI |— ) = 3
(1 - q)) X my
Ay X At
ESI (min) = 22— ()

AO - AlO
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where Ag and A represent the absorbance of the diluted emulsion at 500 nm immediately and at
At = 10 minutes after preparation, respectively. Dy is the dilution factor, M, is the mass of protein
(9), and ¢ is the volume fraction of oil in the emulsion.

Statistical analysis

All measurements were conducted in triplicates. The experimental data were analyzed using one-
way analysis of variance (ANOVA) with IBM SPSS Statistics software version 24.0 (IBM Corp.,
Armonk, NY, USA) at a significance level of p < 0.05. The means were compared using
Duncan's multiple range test at a = 0.05. The data were reported as mean + standard deviation.
Results and discussion

Surface hydrophobicity

The surface hydrophobicity of a protein is a measure of the amount of exposed hydrophobic
amino acids in its three-dimensional structure (Zhang et al., 2021). This indicates the presence of
hydrophobic regions within the protein molecule (Alves et al., 2022), which determine its
amphiphilic nature. Changes in the protein's hydrophobicity can affect its functional properties,
such as emulsifying and foaming abilities (Tan et al., 2021).

Figure. 1 shows the surface hydrophobicity of native and treated WPI at pH 7.0. It is evident that
all treatments significantly increased the surface hydrophobicity of WPI (p < 0.05) compared to
its native state, with the order of HE > HHP > US. The dramatic increase in the surface
hydrophobicity of HE-treated WPI from 245.48+2.55 to 529.78+11.81 is in alignment with
previous reports (Gao et al., 2019). The exact mechanism underlying this rise is unclear;
however, it is likely the result of thermal disruption of noncovalent bonds that maintain the
tertiary and secondary structures of WPI molecules. Upon heating, the internal energy of protein
molecules, including vibrational and rotational energies, increases, while the surface tension of
water decreases. These events impose destabilizing effects on the protein tertiary and secondary
structures, leading to unfolding and exposure of hydrophobic side chain residues. Among the
three fractions of B-lactoglobulin, o-lactalbumin, and bovine serum albumin, the former
undergoes the most structural changes and exhibits higher hydrophobicity relative to the other
two fractions. It is worth noting that at elevated temperatures and prolonged heating times, the
formation of dimers, trimers, and other higher oligomers of WPI fractions, particularly p-
lactoglobulin, may occur, resulting in a decrease in hydrophobicity. However, this was not
observed, possibly because the changes in hydrophobicity as a function of temperature were not
monitored.

The US treatment increased the surface hydrophobicity of WPI to 282.82+2.05. This can be
attributed to the high shear forces generated by the pulsation and collapse of bubbles in the
acoustic cavitation field, which are strong enough to change the protein tertiary and secondary
structures by breaking noncovalent weak bonds and unfolding the molecule, exposing the
originally concealed hydrophobic amino acid residues (Shi et al., 2020; Vargas et al., 2021b).
Additionally, the OH® free radicals produced during the sonolysis of water may oxidize amino
acids, such as tyrosine, leading to covalent crosslinks that further alters the hydrophobicity
(Kadkhodaee & Povey, 2008). These findings are consistent with other studies that have shown
an increase in the hydrophobicity of proteins when exposed to US (Vargas et al., 2021a; Yan et
al., 2021).

Similarly, the application of HHP caused a noticeable increase in the surface hydrophobicity of
WPI to 402.35 £ 10.43 (Kato & Nakai, 1980). This increase has also been observed in previous
studies (Lee et al., 2006; Lim et al., 2008; Liu et al., 2005). It is linked to the penetration of water
molecules inside the protein structure due to the reduction of water-protein interfacial energy,
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resulting in the breakage of the hydrophobic core and unfolding of the protein (Cheung et al.,
2006), with a greater impact on the tertiary rather than the secondary structure. However, it has
been reported that the surface hydrophobicity of myofibrillar protein decreases when the applied
pressure surpasses 400 MPa, likely due to protein aggregation. This shows that the impact of
HHP on the surface hydrophobicity is determined by the type of protein, as well as the pressure
level and physicochemical properties of the surrounding environment (Liu et al., 2021).
Secondary structure

CD spectroscopy is a highly sensitive method used to detect changes in protein secondary
structure. Figure. 2 shows the far-UV CD spectrum of native WPI, as well as WPI treated with
HE, US, and HHP. The native WPI exhibited a maximum at 197 nm, a broad minimum spanning
from 208 to 222 nm, and an isodichroic point at 202 nm, suggesting a predominance of B-sheets
over helical conformation. The proportions of the secondary structure elements were calculated
using the Spectra Manager TM Il software package and are presented in Figure. 3. The native
WPI had a distribution of 17.3% a-helix, 35.2% B-sheets, 18.3% B-turn, and 29.2% random coil
(Figure. 3), showing slight deviations relative to the profiles reported by previous studies, which
may be attributed to differences in the source of protein (Chen et al., 2019; Dai et al., 2016; Qin
et al., 2016; Tomczynska-Mleko et al., 2014).

After being treated with HE, the CD spectrum of the WPI underwent significant changes. The
positive band shifted to 194 nm and the isodichroic point displaced to 198 nm. The negative peak
also became broader and less intense compared to the native WPI. Although the spectrum still
showed characteristics of a [3-sheet rich protein, the decrease in intensity of the minimum band
suggests a reduction in a-helix conformation. The blue shift of the isodichroic point indicates a
possible a-helix to random coil or folding to unfolding transition, which has been previously
reported during heating (Wooster & Augustin, 2007; Zhou et al., 2017). Figure. 3 illustrates that
heating decreased the o-helix content to 15.2% and increased the (-sheet and random coil
content to 40.9% and 33.1%, respectively. These results are consistent with other studies
(Tomczynska-Mleko et al., 2014). It has been observed that HE treatment of WPI leads to an
increase in unordered structures and B-sheets at the expense of a-helices (Joshi et al., 2014),
although there is also evidence that heating can induce a B-sheet to a-helix transition (Viseu et
al., 2007). This discrepancy may be attributed to the aggregation of unfolded proteins through
inter- and intramolecular interactions, such as disulfide linkages, hydrophobic interactions, and
electrostatic forces (Momen et al., 2018; Narayanan & Dias, 2013). It is important to note that
the secondary structural changes induced by HE on proteins are influenced by both the
temperature and duration of heating. When heated mildly above the denaturation temperature,
both a-helices and B-sheets become destabilized, causing the protein structure to unfold and
leading to an increase in the random coil motifs. However, when heated severely at elevated
temperatures for a prolonged period of time, the a-helices decrease even further, while the [3-
sheet content significantly increases due to the formation of stable f-sheet aggregates, although
the abundance of random coils also continues to increase (Joeres et al., 2023; Pang et al., 2011).
It is worth noting that HE treatment significantly decreased p-turn content, which can be
attributed to the disruption of hydrogen bonds and the promotion of structural transitions into
irregular random coils and p-sheets, as has been reported by others (Li et al., 2021).

Similar to HE, HHP also caused a shift in the positive band to 195 nm and the isodichroic point
to 198 nm, with both positive and negative peaks having lower intensity compared to the
spectrum of HE-treated WPI. This suggests an increase in B-sheets and random coils, and a
decrease in a-helix elements. Figure. 3 shows a reduction in a-helix content to 14.7%, while -
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sheets and random coils increased to 40.9% and 32.1%, respectively. These findings indicate that
a-helices are more susceptible to HHP than B-sheets, which may undergo a transition to
permanent unfolding due to infiltration of water molecules. The increase in the content of B-sheet
structures is likely a result of degradation of intermolecular B-sheets and the formation of
intramolecular B-sheet structures through protein aggregation (Cepero-Betancourt et al., 2020;
Yin et al., 2022).

It should be noted that, while this study found that HHP treatment of WPI increased the B-sheets
content at the expense of a-helices, other researchers have reported the opposite effect (Baier et
al., 2015; Ma et al., 2023). Similar results have been observed for HHP-treated B-lactoglobulin,
which has been attributed to the conversion of native B-sheets to non-native a-helices due to the
protein structure transitioning to a molten globule state (YYang et al., 2001). However, it appears
that the molten globule intermediate state did not occur under the HHP conditions used in this
study, likely due to aggregation caused by intra- and intermolecular disulfide crosslinking or
hydrophobic interactions during HHP treatment or depressurization process (Aouzelleg et al.,
2004; Funtenberger et al., 1995; lametti et al., 1997; Pittia et al., 1996) as reported in our
previous study (Khojasteh et al., 2025).

In contrast to HE and HHP, the application of US increased the a-helix content of WPI to 20.9%
and reduced PB-sheets to 31.3%. However, there was also a slight increase in random coil
conformation to 30.8% (Figure. 3). This was confirmed by a significant rise in the intensity of
the positive band at 198 nm, a red shift of the isodichroic point to 203 nm, and an increase in the
intensity of the broad negative band. These findings are consistent with the data reported by
other researchers (Aouzelleg et al., 2004; Chandrapala et al., 2012; Chandrapala et al., 2011).
The changes in secondary structure composition indicate that WPI fractions, particularly B-
lactoglobulin, may have adopted a molten globule state. It is believed that the denatured whey
proteins, with open structure, underwent a transition from a native B-sheet to a non-native a-helix
when refolding. This intermediate state between ordered and unordered structures appears to
occur at high enough ultrasound power and prolonged sonication time. These findings are in
consistent with previous studies that have reported a decrease in 3-sheets and an increase in a-
helices in a-lactaloumin (Chandrapala et al., 2011; Zhao et al., 2020) and B-lactoglobulin
(Chandrapala et al., 2011) when sonicated at high power for a reasonable amount of times.
However, at low ultrasound power or sonication time, either no changes in the secondary
structure have been observed (Frydenberg et al., 2016), or, interestingly, the opposite effect, has
been found, with an increase in B-sheets and random coils at the expense of a-helices, (Khatkar
et al., 2018; Ortiz-Deledn et al., 2024; Silva et al., 2018; Vargas et al., 2021a). This could be
mainly due to weak to mild acoustic cavitation, which imposes almost no chemical modification
to the protein structure but can disrupt intramolecular hydrogen bonds and lead to unfolding
through the mechanical shearing effects and shockwaves produced by the vibration and collapse
of bubbles (Hamada et al., 1996; Vargas et al., 2021a).

Microstructure

The changes in the morphology of WPI particles were studied to understand how HE, US, and
HHP affect their microarchitecture attributes, such as size, surface appearance, and homogeneity,
by impacting the tertiary and secondary structures of protein molecules. SEM images of native
WPI particles, as shown in Figure. 4, revealed that they are globular in shape with a dense and
smooth surface, small size, and a uniform and narrow size distribution, consistent with previous
studies (Paul et al., 2023; Yu et al., 2021). However, HE treatment resulted in the formation of
larger particles with irregular shapes and rough surfaces compared to the untreated sample. This
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is associated with the breakage of intramolecular hydrogen bonds and the formation of disulfide
linkages, resulting in the denaturation of protein molecules and subsequent aggregation of p-
lactoglobulin, either alone or together with a-lactalbumin, through hydrophobic interactions and
other noncovalent bonds (Curlej et al., 2022; Li et al., 2021; Zhao et al., 2020). As a result, more
intricate aggregates with larger sizes and higher polydispersity are formed (Wagner et al., 2020).

In contrast, US-treated WPI showed smaller particles compared to the native protein. This is
likely due to the size-reducing effect of acoustic cavitation, which disrupts weakly bound
molecular aggregates including dimers, trimers, and other oligomers. Additionally, changes in
the protein conformation (Guo et al., 2023; Meng et al., 2021) and subsequent noncovalent and
covalent inter- and intramolecular interactions may lead to the formation of particles with a
broader size distribution ranging from small to large loose aggregates (Z. Jiang et al., 2018;
Vargas et al., 2021a) with irregular shape and rough surface, as also reported previously
(Mushtag et al., 2025).

HHP treatment resulted in irregularly shaped and tightly agglomerated lamellar structures with
porous surfaces, reflecting the profound changes in the inter- and intramolecular interactions
(Cepero-Betancourt et al., 2020; Liu et al., 2021; Zhao et al., 2022). This can be attributed to the
unfolding and denaturation of protein molecules and conformational variations, bringing the
hydrophobic residues from the interior to the surface, eventually leading to aggregation, as
illustrated in Figure. 4 (Zhao et al., 2022). The dense lamellar structure of particles, as seen in
Figure. 4, is likely due to the compressing effect of HHP treatment (Ma et al., 2023).

Steady shear rheological properties

Changes in the viscosity of protein solutions can serve as an indicator of their conformational
changes, which are commonly interpreted as a sign of denaturation (Fu et al., 2025). Upon
treatment with HE and HHP, the apparent viscosity of WPI solution increased, while exposure to
US resulted in a slight decrease. This variation in viscosity is linked to the size of WPI particles,
and thus it was more noticeably increased as the larger aggregates were formed as a result of a
higher degree of denaturation, as was the case in the HE-treated sample. Additionally, the
viscosity may also increase due to the entrapment of water within the loose aggregates (Joyce et
al., 2018; O’Loughlin et al., 2012). Despite the differences in viscosity among the treatments, all
solutions exhibited Newtonian behavior (Figure. 5). The viscometric data were well fitted to the
Power law model with a determination coefficient (R?) greater than 0.99 over the shear rate
range of 1-100 s™ (Table 2). The flow behavior index, n, was approximately equal to 1 for all
samples, indicating that they can be classified as Newtonian fluids (He & Vardhanabhuti, 2021).
Their consistency index, K, which is a measure of viscosity (Ahmadi et al., 2017), was found to
vary in the order of HE > HHP > native > US. It should be noted that various factors, such as
size, shape, flexibility, and charge of the protein, interactions between protein molecules and
solvent, and hydrodynamic volume, significantly influence changes in the rheological behavior
of the solution (Zhang & Liu, 2017).

As mentioned earlier, the viscosity of WPI solutions notably increased after HE treatment. This
can be attributed to the denaturation of protein molecules, which disrupts their tertiary and
secondary structures, leading to unfolding (Curlej et al., 2022; Li et al., 2021) and subsequent
protein-protein interactions through -SH groups, -SH/S-S interchange, and hydrophobic bonds,
resulting in aggregation (Curlej et al., 2022; Guo, 2019; Zhang et al., 2022) and the formation of
large particles that increase the resistance of the solution against flow (Mohammadian et al.,
2019). This increase in viscosity due to HE treatment has also previously been reported by other
researchers (S. Jiang et al., 2018; Zhang et al., 2019).
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On the other hand, the slight decrease in the viscosity of US-treated WPI solution can be related
to the smaller particle size. This reduction in size is a consequence of US-induced structural
changes, leading to a decrease in particle hydration and a smaller hydrodynamic volume,
ultimately resulting in a decrease in viscosity. In addition, the US maodification of the WPI
molecular structure, which increases surface hydrophobicity and forms covalently and
noncovalently bound particle associations, can cause entrapped water to be repled out, further
contributing to the drop in viscosity (Kang et al., 2022; Vargas et al., 2021a). Previous studies
have also shown a correlation between the reduction in viscosity and the US-induced decrease in
protein particle size (Ma et al., 2024; Vargas et al., 2021a).

Similar to HE, HHP treatment also increased the viscosity of the WPI solution, which can be
associated with the increase in particle size and surface hydrophobicity. The HHP-forced
penetration of water inside the protein molecules, which increases the degree of hydration, may
also contribute to the overall rise of viscosity. These findings are consistent with the results
reported by other researchers (Kanno et al., 1998; Liu et al., 2005).

Dynamic surface tension and adsorption kinetics

To gain insight into the effects of HE, US, and HHP treatments on the functionality of WPI as a
surface-active compound, its adsorption Kinetics were studied. The adsorption of a protein
molecule at the interface and the rate at which the surface tension is reduced, can be influenced
by various parameters, such as size, conformation, hydrophobicity, and environmental
conditions (Schroder et al., 2017). The adsorption process at the interface involves three steps:
diffusion (migration of protein molecules from the bulk solution to the interfacial layer),
penetration or adsorption, and rearrangement of the protein structure to a more energetically
favorable conformation (Jin et al., 2022; Zhan et al., 2021).

The rates of protein adsorption (k) and rearrangement (k;) were determined using a first-order
kinetics equation (Graham & Phillips, 1979):

where oy, It =% _ s () and o,
are the 00 ~ 0o initial  (t
= 0) and equilibrium surface tensions, and o is the surface tension at any specific moment. The
first-order rate constant is represented by k.

Plotting In[(ot - 0)/(00 - 0)] against t reveals two distinct linear regions, as shown in Figure 6.
The slope of the first segment implies the molecular penetration rate constant (kp), while the
slope of the second segment denotes the molecular rearrangement rate constant (k;) (Panizzolo et
al., 2014). The values of these constants are presented in Table 2. As can be seen, k; for all WPI
samples, regardless of whether they were native or treated, was noticeably higher than k,
highlighting the importance of protein conformational rearrangements in dynamic adsorption
behavior and the formation of the interfacial layer (Tian et al., 2020; Zhu et al., 2024). The
adsorption and unfolding rate constants followed the order of HE > US > native > HHP, while
for k, the order was US > native > HE > HHP.

The higher penetration rate of HE-treated WPI at the interface can be attributed to its greater
hydrophobicity (Fan et al., 2021; Zhou et al., 2021). This decreases the energy barrier to
adsorption and increases the adsorption kinetics (Arzeni et al., 2012; Moghadam et al., 2020).
The relatively low zeta potential of HE-treated WPI1 (Khojasteh et al., 2025) also contributes to
its high penetration rate by diminishing the electrostatic energy barrier to adsorption (Wang et
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al., 2020), making it easier for the particles to interact with the interface. However, despite their
high penetration rate, HE-treated WPI particles did not show a noticeable rearrangement rate.
This is likely due to their high amount of intramolecular disulfide bonds, as reported in our
previous study (Khojasteh et al., 2025), which limits their flexibility and makes it challenging for
them to change their structure at the interface (Liu & Tang, 2016; Wong et al., 2012).
Furthermore, the secondary structure of the protein also plays a role in its rearrangement rate
(Perticaroli et al., 2013; Perticaroli et al., 2014). It has been shown that p-sheet motifs are quite
stable and rigid, meaning that the internal dynamics do not change with small atomic fluctuations
or cleavage of noncovalent bonds (Sljoka, 2022). Therefore, given that HE-treated WPI contains
a relatively high amount of B-sheet, it is expected to have a decreased rearrangement rate at the
interface (Perticaroli et al., 2014).

The US-treated WPI, despite having lower surface hydrophobicity than HHP-treated sample and
similar zeta potential to the native species (Khojasteh et al., 2025), displayed a greater k, than
both of them. This suggests that its smaller size plays a significant role in decreasing the energy
barrier to adsorption (O'sullivan et al., 2016; Wang et al., 2022). However, the contribution of
surface electric charge and surface hydrophobicity to the penetration can not be neglected (Shi et
al., 2020; Xiong et al., 2019). Compared to all other samples, whether native or HE- and HHP-
treated, the US-treated WPI showed a higher k;. This is likely associated with the higher content
of a-helix elements in the secondary structure of US-treated WPI (Figure. 3), which enables it to
rearrange more easily at the interface due to its flexiblity and less rigidity (Chang, Chen, et al.,
2023; Perticaroli et al., 2014; Xiong et al., 2018; Zhou et al., 2021).

The lower k, and k, observed for HHP-treated WPI relative to native, HE- and US-treated
samples may result from its unique structural and conformational changes, which could
potentially affect its interfacial characteristics, including the rate of adsorption and
rearrangement (Carullo et al., 2021). The large size of the HHP-treated WPI particles and their
high number of intramolecular disulfide bonds (Khojasteh et al., 2025) may limit molecular
flexibility (Liu & Tang, 2016; Wong et al., 2012), potentially negatively impacting the
adsorption kinetics. In addition, the remarkable alteration of the secondary structures, with a rise
in stiff B-sheet motifs at the expense of flexible a-helices (Figure. 3) may increase the molecular
rigidity and hinder the rearrangement of protein molecules at the interface (Perticaroli et al.,
2014).

Interfacial dilatational properties

The viscoelasticity of the interfacial layer formed by WPI at the oil-water interface was
investigated using small deformation surface dilatational rheology. The results of the amplitude
sweep showed that all WPI adsorbed layers were elastic in nature, with the order of elasticity as
HHP = US > native > HE (Figures 7a and 7b). The higher elasticity of the adsorbed layer of
HHP- and US-treated WPI could possibly be due to the stronger intermolecular interactions at
the interface compared to the native WPI. Conversely, the opposite was observed for HE-treated
WPI, implying a more loosely packed protein aggregates. This could be associated with the
significantly high hydrophobicity of HE-treated WPI particles (Figure 1), causing them to
preferentially interact with the oil phase. This, along with their large size (Figure 4), diminishes
the frequency of interparticle interactions and thus weakens the interfacial layer. Additionally,
the surface electric charge also contributes to the extent of intermolecular charge, resulting in
strong repulsion with increasing its magnitude, and further weakening of the interfacial layer. As
shown in our previous study (Khojasteh et al., 2025), the zeta potential significantly decreased
upon HHP treatment of WPI, which presumably led to strengthening the interfacial adsorbed
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film by promoting the attractive forces and hence increasing the number of crosslinks. The initial
increase of Eq4 at very low amplitudes, despite being at a quasi-equilibrium state, may be likely
related to the adsorption and rearrangement of proteins.

In Figure 7c, it is evident that the surface dilatational complex modulus of all interfacial layers
increased with frequency, indicating a response that scales with the applied deformation rate .
The frequency dependence of the complex dilatational modulus was characterized by the Power
law model, |[E*|=ko". The fits adequately described the data with an R2 in the range of 0.92 to
0.94, indicating a tradeoff between the strength (k) and frequency sensitivity (n) of the interfacial
layer (Table 3). The log-log plot of E* versus o gave sigmoid-shaped curves for all WPI
adsorbed films, typical of an interfacial layer with a viscoelasticity governed by diffusion
exchange. This implies that the particles are pushed into the bulk upon compression of the
interface, and are adsorbed upon creation of new surface area during extension. According to the
Lucassen-van den Tempel model, a slope of n = 0 indicates a fully elastic response of the
interface, which approaches 0.5 when diffusion exchange dominates (Lucassen & Van Den
Tempel, 1972). The native WPI-adsorbed film exhibited a slope of 0.12, which is lower than that
of treated WPI interfacial layers. This is due to partial unfolding of protein molecules at the
interface, resulting in interactions between exposed hydrophobic groups and the formation of
disulfide linkages, which act as strong barriers to desorption and reorganization of the interfacial
film. On the other hand, the HE-treated WPI film displayed the highest degree of frequency
dependency with an n = 0.24, suggesting a more mobile adsorbed layer. This could be due to the
rigid and highly aggregated structure of HE-treated WPI particles. The lower number of surface
free thiol groups in the aggregates, as reported in our previous study (Khojasteh et al., 2025),
significantly reduces the number of interparticle crosslinks, allowing them to readily slide along
their own contour. Additionally, the larger size of particles may cause them to loosely pack at the
interface, reducing the extent of interaggregate junctions and enhancing the degree of freedom.
The US- and HHP-treated WPI interfacial films also showed a similar extent of frequency
dependency to the HE-treated one. The surprising behavior for the adsorbed US-treated WPI
film, despite having the the highest abundance of surface free sulfhydryl groups in the particles,
could be attributed to their higher hydrophilicity, which results in unfavorable interactions with
the oil phase and thus reversible adsorption (Khojasteh et al., 2025). However, considering the
value of n ranging from 0.12 to 0.24, which is less than 0.5, it can be concluded that WPI
particles, once adsorbed at the interface, form a disordered soft-solid-like structure with a low
degree of exchangeability with the bulk phase, but dominated by in-plane interactions. This is
confirmed by the value of the loss tangent (tan &), which, despite being frequency dependent
with a magnitude following the order of US > HE = HHP > native, it was lower than 1 across
the entire frequency domain applied (Figure 7d). The loss tangent showed an increase with
increasing frequency, indicating that the dilatational response is governed by diffusion relaxation
at low frequencies and viscous relaxation at high frequencies.

The US-treated WPI interfacial film showed the highest k value, followed by HHP-, native, and
HE-treated ones, respectively (Table 3). This suggests that the US-treated WPI formed the
strongest, but also most dynamically reorganizing film, whereas HHP-treated and native WPI led
to more structured, solid-like interfaces. The HE-treated WPI film was still solid-like, but with a
lower small-amplitude interfacial strength. These differences in the rheological properties of the
interfacial layers result from the structural variations of the corresponding film-forming WPI
particles.
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Comparison of the dilatational rheological results to interfacial tension versus time analyses
shows that adsorption and rearrangement play complementary roles. The initial adsorption rate
constant (kp) was the largest for the HE-treated WPI. In contrast, the rearrangement rate constant
(kr) was the largest for the US-treated WPI, consistent with its higher k and E* as a stronger
lateral network develops through molecular reorganization. Native WPI exhibited intermediate
kp and k;, consistent with their intermediate k and low n.
Emulsifying property

The emulsifying property of a protein, as a surface-active compound, is often characterized by
measuring its emulsifying activity index (EAI) and emulsion stability index (ESI). The EAI
represents the total surface area stabilized per unit weight of protein, indicating the ability of
protein molecules to adsorb at the oil-water interface. The ESI reflects the degree of droplets
resistance to coalescence once formed and stabilized by the protein (Wang et al., 2024; Xie et al.,
2023). Figure. 8 shows the EAI and ESI of native and treated WPI at pH 7.0. As is evident, the
US-treated WPI exhibited significantly higher EAI and ESI compared to the other samples (p <
0.05). This can be related to the smaller particle size of US-treated WPI (Figure. 4) and lower
apparent viscosity (Figure. 5) of its corresponding solution, which promote the diffusion rate of
particles from the bulk solution to the interface. Additionally, the considerably high k, also
appears to enhance the EAI (Li et al., 2014; O'Sullivan et al., 2014; O'sullivan et al., 2016;
O’Sullivan et al., 2015; Shi et al., 2020). The notably higher k. of US-treated WPI indicates more
structural flexibility of the particles, which can be attributed to an increase in a-helical
conformation. This enhanced flexibility allows for faster rearrangement of the particles,
facilitating the rapid formation of the interfacial film. This, in turn, leads to more effective
stabilization of the droplets once they are formed, resulting in a higher ESI (Chang, Lan, et al.,
2023; Khojasteh et al., 2025; Yang et al., 2023). These findings are consistent with previous
results showing improved emulsifying properties of US-treated WPI (Shen et al., 2017; Shi et al.,
2020).
The HE-treated WPI, while having the highest k, among all samples, was found to have a
slightly lower EAI than the US-treated WPI. This could be due to the larger particle size (Figure.
4) and higher viscosity of the solution (Figures. 5), which slow down their diffusion to the
interface. However, the significantly higher surface hydrophobicity of the particles seems to
compensate for this effect, improving their oil-water interfacial activity and thus the EAI. On the
other hand, HE treatment increases the rigidity of protein aggregates through the induction of
inter- and intramolecular B-sheet motifs, which hinders the rearrangement of the adsorbed
particles (Table 2). This also strengthens and stabilizes the interfacial film, improving ESI
(Dissanayake & Vasiljevic, 2009; S. Jiang et al., 2018; Raymundo et al., 1998; Zhou et al.,
2021). It has been shown that the low surface-to-volume ratio of large aggregates makes it
challenging for them to orient at the interface. The high viscosity also slows down the
rearrangement process, preventing the migration of proteins throughout the oil-water interface,
but it also contributes to a stronger interfacial layer, resulting in higher emulsion stability
(Dickinson, 2010; S. Jiang et al., 2018; Lu et al., 2022; Voutsinas et al., 1983).

In contrast to US and HE, HHP treatment led to the lowest EAI and ESI (Figure. 8). The impact
of HHP treatment on EAI may vary depending on the type of protein and the operating
conditions, and may either increase or decrease it (Qin et al., 2013). For example, it has been
reported that HHP treatment of rice bran protein hydrolysates increased both EAl and ESI up to a
pressure of 200 MPa, but had an inverse effect at 300 MPa (S. Wang et al., 2021). HHP
treatment of WPI, on the other hand, showed a reduction in its emulsifying property (Lee et al.,
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2006), which supports the findings of this study. According to Le Chatelier's principle, during
the compression period, proteins experience a volume shrinkage which results in significant
changes in their conformation and tertiary structure (C. Wang et al., 2021). These alterations
adversely affect the capacity of proteins to adsorb and reorient at the oil-water interface. HHP
treatment may also cause a decrease in the solubility of proteins, which is a key factor for their
emulsifying activity (Dissanayake & Vasiljevic, 2009; Kresic et al., 2006; Qin et al., 2013).
Conclusion
This study aimed to investigate the impact of heat (HE), high power ultrasound (US), and high
hydrostatic pressure (HHP) on the interfacial behavior and emulsifying properties of WPI. The
results showed that HE treatment at 90 °C for 30 min disrupted tertiary and secondary structures,
leading to the exposure of hydrophobic residues and the formation of large, viscous aggregates.
This resulted in a slower diffusion rate, moderate emulsifying activity, and reduced the
interfacial elasticity. On the other hand, US treatment at 20 kHz for 20 min, decreased particle
size, increased surface hydrophobicity, and promoted a-helical conformation. These changes led
to rapid adsorption, efficient interfacial reorganization, and the formation of an elastic interface,
resulting in the highest emulsifying activity and emulsion stability. However, HHP treatment at
500 MPa for 20 min induced moderate unfolding without significantly altering viscosity, but
weakened the interfacial film, slowing both penetration and rearrangement steps and ultimately
reducing emulsification performance. Based on the unique effects of each treatment on the
structure, bulk and interfacial rheological properties, and adsorption kinetics of WPI, it is
concluded that by combining HE, US, and HHP treatments, it may be possible to overcome their
limitations and improve overall emulsifying properties to meet final requirements.
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