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Abstract:

Whey protein-associated mouthdrying during oral processing is a driving factor
for consumers' dislike of high-protein beverages, however, remains mechanistically
underexplored in dairy systems. This study investigated the fundamental mechanisms
driving powderiness in whey protein-enriched dairy beverages (8% w/w protein). We
conducted a comparative analysis of whey protein concentrate (WPC) versus whey
protein isolate (WPI) at various casein-whey ratios (80:20 to 20:80) and evaluated
thermal processing effects (63 °C/85 °C for 30 min) from rheological characterization,
particle size distribution, tribological properties, and interfacial adsorption kinetics.
Results demonstrated that protein composition significantly altered frictional behavior,
with WPC-dominated systems (casein-whey protein ratio of 20:80) exhibiting 33.6%
higher friction coefficients versus WPI counterparts at 10 mm/s without heating.
Thermal treatment at 85 °C induced substantial aggregation in WPI-dominant systems
(hydrodynamic diameter increased from 0.150 pm to 0.167 pum) and reduced adsorption
capacity by 30.80%, correlating with impaired lubrication. Conversely, WPC
maintained structural homogeneity and enhanced interfacial coverage post-heating,
preserving lubrication functionality. These findings establish composition-specific
thermal processing guidelines for optimizing sensory attributes in high-protein dairy

beverages.

Keywords: Whey protein concentrate; Whey protein isolate; QCM-D; Tribologys;

Lubrication
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1. Introduction

High-protein beverages have witnessed a meteoric rise in consumer popularity
over the past decade, driven by a confluence of factors including heightened health
consciousness, growing interest in fitness and sports nutrition, and the demand for
convenient, functional food options (Paterson et al., 2021; Singh et al., 2022). These
beverages cater to a diverse consumer base, from athletes seeking muscle repair and
growth to individuals aiming for weight management or simply a satiating, nutritious
snack (Kew et al., 2021; Leidy et al., 2015; Pasiakos et al., 2013; Veldhorst et al., 2008).
Milk proteins, particularly whey and casein, are highly favored ingredients in these
formulations due to their excellent nutritional profile, boasting a complete amino acid
composition rich in essential and branched-chain amino acids, and high bioavailability
(Burd et al., 2009; Singh et al., 2022; Vogel et al., 2021). Whey Protein Concentrate
(WPC) and Whey Protein Isolate (WPI) are common whey-derived ingredients,
differing primarily in their protein purity and the presence of other milk components
like lactose and fat (Fuente et al., 2002; Hernandez-Ledesma et al., 2014; Mulet-Cabero
et al., 2020).

Despite their nutritional advantages, formulating high-protein beverages with
acceptable sensory characteristics, particularly mouthfeel, presents significant
challenges. A prevalent sensory defect is "powderiness" or "grittiness," a chalky or
sandy sensation in the mouth that severely diminishes consumer acceptance and product
appeal (Giles et al., 2024). This undesirable texture is often attributed to the presence

of undissolved or aggregated protein particles that are perceived by mechanoreceptors
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in the oral cavity (Giles et al., 2024; Li et al., 2018). Protein concentration, often
reaching 8% (w/w) or higher in high-protein formulations, inherently increases the
propensity for such issues due to increased particle interactions and potential for
insolubility (Carter et al., 2020; Giles et al., 2024; Graf et al., 2020).

The physicochemical state of proteins in solution, including their size, aggregation
state, surface properties, and interactions, is critically influenced by both the intrinsic
nature of the protein ingredients and the processing conditions applied, most notably
thermal treatment (Lucey, 2017; Zhu et al.,, 2019). Heat processing, such as
pasteurization (e.g., 63 °C for 30 min) or more severe treatments (e.g., 85 °C for 30 min,
mimicking aspects of UHT pre-heating or harsher pasteurization), is indispensable for
ensuring microbiological safety and extending shelf-life (Arzuaga et al., 2020; Nicolai
& Durand, 2013; Zhang et al., 2021). However, these thermal stresses can induce
protein denaturation, unfolding, and subsequent aggregation, leading to changes in
particle size distribution, viscosity, and interfacial behavior (Corredig et al., 2019; Pan
et al., 2022). Whey proteins, particularly p-lactoglobulin, are known for their
susceptibility to heat-induced denaturation and aggregation via disulfide bond
formation and hydrophobic interactions (Jorgensen et al., 2015; Ren et al., 2024).
Caseins, existing predominantly as micelles, are generally more heat-stable but can
interact with denatured whey proteins, forming complex co-aggregates (Pan et al.,
2022). The extent and nature of these heat-induced changes can vary significantly
depending on the specific protein type (e.g., WPC vs. WPI, which differ in non-protein

components that can affect stability) and the casein-to-whey ratio in the system (Pan et
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al., 2022; Wijegunawardhana et al., 2025). For instance, WPC, typically produced via
ultrafiltration and spray drying, may contain pre-existing aggregates or denatured
proteins from its own processing history, which could respond differently to further
heating compared to the more purified WPI (Ho et al., 2021; Sun et al., 2016).

The oral perception of whey protein-associated mouthdrying is intimately linked
to the tribological properties of the beverage, which describe the friction and lubrication
occurring between surfaces in relative motion, in this case, the tongue, palate, and teeth
during consumption (Ji et al., 2023; Pradal & Stokes, 2016; Sarkar et al., 2019).
Effective lubrication by the fluid film formed in the oral cavity is crucial for a smooth,
pleasant mouthfeel. When this lubrication is compromised, often by particles that are
too large or that disrupt the lubricating film, sensations like astringency, grittiness, or
powderiness can arise (Giles et al., 2024; Li et al., 2018). Therefore, understanding how
protein composition and thermal processing affect the lubrication behavior of high-
protein solutions is paramount for controlling mouthfeel. Soft tribology, employing
compliant surfaces that mimic oral tissues (e.g., PDMS), has emerged as a powerful
tool to quantify these lubrication properties under conditions relevant to oral processing
(Chen & Stokes, 2012; Wang et al., 2021).

Beyond bulk properties like particle size and viscosity, the interfacial behavior of
proteins, including their adsorption onto surfaces and the viscoelastic characteristics of
the adsorbed layer, plays a critical role in lubrication (Stokes et al., 2011). QCM-D is a
highly sensitive mass-sensing technique capable of real-time, label-free monitoring.

This method tracks shifts in resonant frequency and energy dissipation over time. These
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measurable parameters provide critical insights into the hydration state and
characteristic properties of adsorbed protein layers (Glumac et al., 2019; Zembyla et al.,
2021). The synergistic application of tribological analysis and QCM-D technology
offers profound insights into interfacial protein layer formation (Brown et al., 2025).

While previous studies have investigated individual aspects, such as the effect of
heat on whey protein aggregation (Bull et al.,2022; Jorgensen et al., 2015; Ren et al.,
2024) or as a control group for the tribological studies of plant protein systems (Brown
et al., 2025; Kew et al., 2021), a comprehensive understanding of how the interplay
between different whey protein types, casein-whey protein ratios and varying heat
treatment collectively impacts the physicochemical, interfacial, and tribological
properties for high-protein solutions is still developing. Specifically, the distinct
responses of WPC and WPI to thermal processing, given their different purity and
pretreatment methods, and how these differences affect lubrication mechanisms,
warrant detailed investigation (Brown et al., 2025).

Therefore, this study aimed to systematically investigate the impact of varying
casein-to-whey protein ratios (achieved by blending milk protein concentrate powder
with either WPC or WPI) and two distinct heat treatments (63 °C and 85 °C for 30 min)
on the hydrodynamic diameter, shear viscosity, wettability, interfacial adsorption
characteristics (using QCM-D), and soft tribological behavior of 8% (w/w) total protein
model solutions. By correlating these multifaceted instrumental measurements, we
sought to elucidate the fundamental mechanisms by which protein composition and

thermal processing govern lubrication performance. The results of this study will help
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to promote the elucidation of protein-mediated lubrication mechanisms and the

development of innovative formulations of protein-rich foods.

2. Materials and methods

2.1. Materials

The protein materials utilized in this study were obtained from different sources.
China Mengniu Dairy Company Limited (Hohhot, China) kindly provided two protein
concentrates: Whey Protein Concentrate (WPC) containing 86% protein content and
Milk Protein Concentrate Powder (MPC) with a protein concentration of 80.4%.
Additionally, Whey Protein Isolate (WPI) with 90% protein purity was commercially
acquired from Ueno (USA). All protein samples were employed in their original form

without undergoing further purification processes.

2.2. Methods

2.2.1. High protein solutions preparation
Protein solutions were formulated at a constant total protein concentration of 8%
(w/w) by blending different proportions of whey and casein proteins. Three distinct
casein/whey protein ratios (80:20, 50:50, and 20:80) were achieved through the
combination of WPC, WPI and MPC. A detailed description of the samples is present
in Table. 1.
Table 1

All the protein powders were dispersed and mixed in ultrapure water and stirred
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at 40 °C for 4 h. The solution preparation process involved multiple sequential steps.
Initial emulsion formation was achieved through high-speed shearing at 12,000 rpm for
2 min, creating a preliminary mixture. This pre-emulsion subsequently underwent high-
pressure homogenization using a dynamic microjet system, with two processing cycles
at 12,000 bar pressure. Following homogenization, all samples were transferred to a
refrigerated environment (4 °C) and maintained for 12 h to facilitate complete hydration.
To generate samples containing partially and fully denatured proteins, the solutions
underwent thermal treatment after overnight storage. Two distinct heating protocols
were applied: exposure to either 63 °C or 85 °C (Pan et al., 2022; Zhang et al., 2021).
Each temperature was held constant for a duration of 30 min. All heat-treated samples
were then cooled to ambient temperature and stored under refrigeration prior to
subsequent analytical procedures.
2.2.2. Contact angle test

Hydrophilicity characterization of high protein solutions was performed through
contact angle measurements using a Theta optical tensiometer (Biolin Scientific,
Sweden). The sessile drop technique (Mohammadi et al., 2023) was employed to
evaluate surface wetting properties on acrylic resin substrates. For measurement
preparation, acrylic resin surfaces were horizontally positioned and securely mounted
onto glass slides, which were subsequently placed on the instrument stage. A syringe
(10 pL, Hamilton, Switzerland) was used to put a fixed volume (4 pL) of liquid sample
onto the surface of acrylic resin. When the syringe discharged the liquid and the gun

head left the droplet boundary, a camera was used to quickly record the droplet at a
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frequency of 10 frames/s for 10 seconds. And data acquisition and analysis were
conducted using OneAttention software (TGI Technology Co. Ltd.), which obtain the
contact angle over time. To minimize the influence of droplet evaporation, all
experiments were maintained at a constant temperature of 28 °C. Each test involved
triplicate measurements, with each replicate performed at distinct positions to ensure
representative sampling.
2.2.3. Particle size

Particle size characterization of the high protein solutions was conducted using a
Master sizer 3000 analyzer (Malvern Instruments, Worcester, UK). The instrument
parameters were configured with a protein refractive index of 1.47 and an absorption
value of 0.001, following established methodology (Kew et al., 2021). Prior to analysis,
samples were appropriately diluted using ultrapure water to achieve optimal
measurement conditions. For each experimental condition, triplicate measurements
were performed to ensure data reliability, with results recorded for both average particle
diameter and size distribution profiles.
2.2.4. Shear rheology

Rheological characterization of high protein solutions was performed using a
Discovery Hybrid Rheometer-2 (TA Instruments, USA) following established protocols
(Van Aken et al., 2007). A cone-plate geometry (40 mm diameter with a 2.017° angle)
was employed for viscosity determination at 55 um operational gap. The experimental
temperature was maintained at 15 °C throughout the measurements. Shear rate sweeps

were conducted across a range from 0.1 to 1000.0 s to evaluate flow properties. To
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ensure data reproducibility, each measurement was replicated three times.
2.2.5. Soft tribology

Soft friction experiments were carried out using the laboratory's own in vitro soft
friction apparatus “STAT”. The experimental configuration was implemented according
to previously established methodologies (Chen & Stokes, et al., 2012), incorporating
operational principles detailed in recent literature (Wang et al., 2021). The apparatus
design featured a compliant sensing element comprising three hemispherical PDMS
components, simulating the structural characteristics of the hard palate. Additionally, a
PDMS-based platform was employed to mimic human tongue. Soft friction
experiments were performed at room temperature. Approximately 8 mL of sample was
aspirated using a disposable plastic pipette and transferred to the silicone rubber surface
in the cuvette. The probe was set to move at a distance of 10 mm and speeds of 0.05,
0.1, 0.3, 1, 3, 6, 10, and 20 mm/s, and the measuring temperature was set to 28 °C.
Experimental parameters including force, displacement, velocity, and time were
automatically acquired using Exponent 137 software (Stable Microsystems, version
6.1.9.0). Frictional properties were quantified through calculation of the friction
coefficient, determined as the ratio between normal force and frictional resistance. To
ensure statistical reliability, a minimum of six independent measurements were
conducted for every experimental condition for tribological measurement.
2.2.6. Quartz crystal microbalance with dissipation monitoring (QCM-D)

Interfacial adsorption characteristics of high protein solutions were analyzed using

QCM-D, following established methodologies (Glumac et al., 2019; Xu et al., 2020).
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The QCM-D allowed real-time monitoring of frequency shifts and energy dissipation
across multiple overtones, providing comprehensive data regarding adsorption
dynamics, deposited mass, and viscoelastic properties of interfacial films (Zembyla et
al., 2021). Protein-surface interactions were quantified using QSX301 gold-coated
sensors (Biolin Scientific/Q-Sense, Sweden), as previously described (Zou et al., 2018).
The gold sensors needed to be clean and free of contamination, and underwent a specific
cleaning process before and after the experiment, i.e., soaking in RCA solution
(deionized water, concentrated ammonia, and 30% hydrogen peroxide in a 5:1:1 ratio)
at 75 °C for 10 min, followed ultrasonic treatment in ultrapure water for 10 min,
blowing the surface of the sensors with nitrogen, and drying them in a U V-irradiator for
10 min. The experimental temperature of the quartz crystal microbalance was
controlled at 28 °C, and the injection of protein solution was controlled by a peristaltic
pumping system at 100 uL/min flow rate (Kew et al., 2021).

For protein adsorption on the gold sensors, water was passed through in the first
stage to maintain a stable baseline, and then the protein solution was passed through
and adsorbed on the sensors for 10 min. Finally, water was passed to remove the protein
that was not firmly adsorbed, and this phase lasted 5-10 min. All QCM-D data obtained
were analyzed using the "Smartfit model" of the Q Sense D find software (Biol in
Scientific/Q-Sense, Sweden). Each experimental specimen underwent triplicate
analytical determinations to ensure measurement reliability.

2.2.7. Statistical analysis

All experimental findings are reported as mean values accompanied by their

11
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corresponding standard deviations, calculated from at least three separate experimental
replicates. The distribution characteristics of the obtained data were evaluated through
Shapiro-Wilk normality testing. Parametric statistical comparisons were conducted
using one-way ANOVA coupled with Tukey's test for datasets satisfying normality
requirements. For data sets deviating from normal distribution patterns, appropriate
non-parametric analytical techniques were implemented. In examining variable
relationships, Pearson correlation coefficients were computed for normally distributed
parameters, while Spearman's rank-order correlation analysis was applied to non-
parametric data.

3. Results and discussions

3.1. Hydrodynamic diameter

The hydrodynamic diameter (dH) of the prepared samples was tested through
dynamic light scattering (DLS), and its particle size distribution under various protein
compositions and heat treatments is shown in Fig. 1. It can be seen from the figure that
the peak gradually shifts to the right as the increasing of WPC percentage (Fig. 1a),
which means the raise of protein particle size in the solution (Table 1). And for different
whey proteins, their DLS plots were also different, it was found that if systems
contained WPC, it had a much larger particle size than WPI-contained solutions (Fig.la
& c). This is because compared to WPI and casein, WPC has larger particle size (Sun

et al., 2016), thus caused the increase of particle size.

Fig. 1.

12
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As shown in Table 2, for WPI-dominant systems, the protein particle size of
solutions increased significantly after heating, especially after denaturation (85 °C for
30 min). For example, for WPI-dominated systems (casein-whey protein ratio of 20:80),
the hydrodynamic diameter increased from 0.150 £+ 0.007 pum to 0.167 & 0.005 pum. This
result was in line with previous studies (Jorgensen et al., 2015; Ren et al., 2024). This
phenomenon happened since the polymerisation of milk proteins increase observably
during high heating temperature (Wang et al., 2024). However, for WPC, it was found
that the heating process decreased the protein particle size (Table. 2), which may be
attributed to the fact that the WPC itself has already been aggregated during spray

drying and could be depolymerization after heating (Ho et al., 2021; Sun et al., 2016).

Table 2

3.2. Shear viscosity

Fig. 2 shows the shearing rheological property of high protein solutions with
various casein to whey protein ratios under different heat treatments. As expected, all
samples presented shear thinning under tested shear rate, which is a typical non-
Newtonian behaviour (Dickinson, 2001; Fischer et al., 2020; Simmons et al., 2007).
Besides, as shown in Fig. 2, the milk protein composition had a more significant effect

on its viscosity than heat treatments, especially for samples containing WPC.

Fig. 2.
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Since the fluids usually remain briefly in the oral cavity and might be subjected to
high intermittent shear stresses when intra-fluid proteins aggregated and merged
between the tongue and palatal surfaces, it normally consider the its organoleptic
attributes correlate well with the viscosity at 50 s shear rate (ns0) for food products
ranging from Newtonian fluids to oil solutions (Nguyen et al., 2017). Fig. 3 shows the
nso of high protein solutions with different milk protein compositions and heat
treatments. The observed inverse relationship between viscosity and casein-whey
protein ratio (Fig. 3) suggests that reduced viscosity at lower casein proportion likely
stems from the comparatively weaker intermolecular forces inherent to whey proteins
versus the more robust associative properties of casein micelle (Jorgensen et al., 2015;
Solowiej et al., 2014; Warncke et al., 2022). In addition, the viscosity of high protein
solutions increased significant after heating, it consistent with former studies
(Meletharayil et al., 2015; Warncke et al., 2022). However, for different whey proteins,
the influence of heat treatment was different. For sample WPC-20:80, the viscosity
raised from 2.6 mPa-s to 2.8 mPa-s, while when WPC replaced by WPI, the viscosity
had been increased by a factor of 1.4 (Fig. 3). The observed divergence likely originates
from inherent material properties. Unlike WPC, which undergoes spray-drying that
stabilizes its components, WPI retains greater levels of heat-labile constituents.
Consequently, WPI exhibits heightened susceptibility to thermal denaturation during

processing (Warncke et al., 2022; Zhu et al., 2019).
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Fig. 3.

3.3. Wettability

The static contact angle was measured by placing the high protein solutions on the
surface of the hydrophilic material acrylic resin to compare the hydrophilicity of
samples. As can be seen from Fig. 4, the static contact angle for water was ~79.37°, and
the high protein solutions showed significant lower contact angle (P<0.05), this
indicated that the samples were more hydrophilic. With the decrease of casein-whey
protein ratio and heat treatment, the contact angle of high protein solutions raised. All
these results indicate that milk protein solutions have a better wetting and lubricating
effect than water, which is due to the fact that casein micelles as well as whey proteins
have a certain surface energy, which is related to their behaviour and stability at the
interface (Effraimopoulou et al., 2024; Michel et al., 1989). In addition, heating and
decreasing casein-whey protein ratio had a negative effect on its wetting effect, which
suggests that its hydrophobicity can be significantly improved by heat treatment and by
lowing casein-whey protein ratio, thus increasing its contact angle (Jafari et al., 2015;

Silva & O'Mahony, 2017; White et al., 2013).

Fig. 4.

3.4. QCM-D

3.4.1. Adsorption characteristics

15
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To gain deeper insights into interfacial adsorption characteristics of high protein
solutions, QCM-D was employed to quantify both hydrated mass adsorption and
viscoelastic properties of protein layers. For QCM-D, the frequency and dissipation
displacements over time was recorded to monitor the adsorption of proteins on surfaces
(Li et al.,2021). The adsorption and elution curves of high protein solutions under
different protein compositions and heat treatments were presented in Fig. 5.

The measurement commenced with establishing a stable baseline through water
flow. Upon introduction of high protein solutions (8% w/w), significant shifts in
resonance parameters were observed, characterized by a substantial reduction in
frequency (F) and corresponding elevation in dissipation (D) values. These pronounced
changes in QCM-D signals demonstrated the formation of a viscoelastic interfacial
layer, resulting from protein adsorption onto the sensor surface (Feng et al., 2024).
When the protein adsorption-desorption rate reached equilibrium, it meant that the
proteins on the sensor had formed a stable layer, which was shown in the QCM-D data
as the basically constant frequency and dissipation was got. Finally, when the gold chip
was eluted by passing water, the adsorption curves of high protein solutions changed
significantly, with a rapid raise in frequency and a rapid decrease in dissipation,
indicating proteins that were not firmly adsorbed on the chip surface were removed.
With the removal of most of the unfastened proteins, the frequency and dissipation
gradually levelled off until there was basically no change (Feng et al., 2024; Zou et al.,

2018).
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Fig. 5.

The hydrated mass of adsorbed protein layers on QCM-D gold sensors was
quantitatively determined using the 'Smartfit' analytical model. Quantitative results
demonstrating the hydration characteristics of high protein solutions following elution
processes are presented in Table 3. As shown in Fig. 5 and Table 3, the frequency signal
of the protein on the surface of the gold chip decreases gradually, and the decrease in
frequency signals was proportional to the increase in protein adsorption. For example,
when bovine serum protein was adsorbed on the gold chip, the decrease of the
frequency signal indicated that the adsorption amount was increasing (Stadler et al.,
2003). When increasing the amount of whey protein in the system, the influence of heat
treatment on high protein solution for WPI and WPC showed different. For WPC, the
adsorption amount increased significantly after heating (Table 3), the gradual increase
in adsorption may be due to its dissociation upon heating, which leading to the release
of hydrophobic groups, thus enhance its adhesion to the gold chip surface (Kim et al.,
2007; Ren et al., 2024) . However, the opposite effect was observed with WPI, where
adsorption decreased significantly (P < 0.05) when got the denaturation temperature.
The observed reduction in adsorption capacity could be due to the agglomeration of
WPI upon heating, which inhibits surface deposition on the gold sensor and
consequently diminishes interfacial binding (Ren et al., 2024; van Lieshout et al., 2020;

Zembyla et al., 2021).
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Table 3

3.4.2. Differences in properties of hydrated membrane layers

The main parameters measured by the QCM-D technique were the changes in
frequency (Af) and dissipation factor (AD), where Af correlated not only with small
mass changes on the sensor, but also with the density, viscosity, etc., and AD reflected
the change in energy loss in the system on the sensor, whereas the parameter -AD/Af
allowed for a more comprehensive understanding about the properties of formed film,
with higher -AD/Af correlating with viscous thin films and smaller -AD/Af often
corresponding to more rigid films (Ash et al., 2014; Carpenter et al., 2021; Madsen et
al., 2016; Xu et al., 2020). The ratio of dissipation and frequency was shown in Fig. 6.
The trend of the graph showed the rapidly increasing curve, indicating the passage of
the high protein solution leaded the forming of membrane layer, which was loose and
viscous at this stage, this might related to the protein arrangement (Xu et al., 2020). As
the percentage of whey protein increased, -AD/Af gradually decreased (Fig.6 a & ¢),
suggesting that the protein membrane layer was less viscoelastic (Ash et al., 2014; Kew
et al., 2021). When casein-whey protein ratio remained constant, the influence of
heating on high protein solutions for WPC and WPI was different (Fig.6 b & d). For
WPC, the change in -AD/Af with increasing temperature was not significant, indicating
heating had no influence on the protein adsorption layer. While for WPI, -AD/Af
increased significantly, especially when reached the denaturation temperature,

suggesting a change in its viscoelasticity (Zhou et al., 2023).
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Fig. 6.

To check whether any structural rearrangement of proteins bound to the surface
occurred during adsorption, AD-Af correlation plots were drawn (Supporting
information Fig. S1) with subsequent slope analysis. These plots provide critical
information about layer rigidity, where minimal slope values indicate formation of rigid
interfacial films, corresponding to limited energy dissipation relative to frequency
changes. Conversely, steeper gradients suggest the development of soft, viscoelastic
layers (Teo et al., 2016). With the decrease of casein-whey protein ratio, the slope
decreased, while all protein solutions exhibit a simple linear relationship, except for the
high protein solution at ratio 80:20 for casein to whey protein (Fig. S1). For casein-rich
protein solutions, the adsorption process exhibited distinct biphasic behavior in the
AD/Af profile. The initial adsorption phase demonstrated minimal slope values,
indicating rigid layer formation, followed by a subsequent transition phase
characterized by substantial enhancement in the dissipation-to-frequency ratio. The
observed slope variation indicates significant structural reorganization within the
adsorbed protein layer throughout the deposition process, ultimately generating a more
hydrated and compliant interfacial film (Dolatshahi-Pirouz et al., 2008). Casein
incorporation modifies adsorption characteristics, initially promoting the development
of compact, rigid surface layers. Subsequent molecular rearrangement, involving

protein unfolding and water incorporation, facilitates the transition to less densely
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packed, viscoelastic interfacial structures.

3.5. Soft tribology

Soft friction experiments were performed to measure the friction coefficients of
high protein solutions through Soft TA-Tribometer (STAT) to understand the different
friction behaviours induced by protein composition and heat treatment. The tribological
behavior typically exhibits three distinct lubrication regimes: boundary, mixed, and
hydrodynamic phases (Wang et al., 2021), which depended on the lubricant
involvement in the surface contact region. Fig. 7 showed the friction behaviours of all
samples, and two lubrication states (boundary stage and mixed stage) can be identified.
At boundary state showed an almost velocity independent friction coefficient since the
two contacting surfaces did not separate from each other in this stage. The shift between
lubrication regimes, such as from boundary to mixed conditions, occurs with
progressive enhancement of entrainment speed. Within the mixed lubrication phase,
viscous interactions create discontinuous pressurized fluid layers that partially disrupt
surface contact (Prakash et al., 2013; Sarkar et al., 2019; Stokes et al., 2013),
consequently diminishing interfacial friction compared to the boundary lubrication

stage.

Fig. 7.

The lubrication effect increased with increasing percentage of WPI (Fig. 7c),

which suggested that bonding occurs with the addition of WPI and rolling friction took
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place, which reduced the coefficient of friction and increased the lubrication effect. The
results similar to previous research that increased dimensions of whey protein
aggregates can significantly improve tribological performance (Chojnicka et al., 2008).
However the friction coefficient raised as the percentage of WPC increased (Fig.7a),
suggesting that the raise of protein particle size (Table.1) reduced the lubrication effect
of high protein solutions (Warncke et al., 2022). And WPC-dominated systems (casein-
whey protein ratio of 20:80) showed 33.6% higher friction coefficients versus WPI
counterparts at 10 mm/s before heating. The dynamic light scattering (DLS) analysis
revealed that samples with elevated WPC content exhibited greater particle dimensions
(Fig. 1). This phenomenon could be attributed to the existence of large protein
aggregates, which tend to exhibit particulate rather than polymeric interfacial behavior.
In opposite, smaller protein complexes appear to demonstrate enhanced entrapment
efficiency, potentially explaining their superior lubrication properties (Liu et al., 2016).

Fig. 7b & d show the friction curves of high protein solutions under different heat
treatments. It was found that there were no obvious changes (P > 0.05) in the friction
curves of heat treatment temperatures for high protein solutions consisting of WPC,
meaning thermal treatment appeared to exert negligible influence on the tribological
properties of samples. On the other hand, unlike WPC, heating influenced the
lubrication of samples containing WPI, and it was found that the friction coefficient
raised obviously, especially when denaturation temperature reached (Fig. 7d). WPI
undergone denaturation at high temperatures and changed from small particles to large

particles (Zhu et al., 2019), which reduced its lubrication effect. Besides, the enhanced
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concentration of large WPI particles potentially induces aggregation phenomena within
the contact region. This aggregation tendency promotes discrete particulate interactions
rather than uniform polymeric behavior, potentially causing obstruction in the
interfacial zone. Such clogging effects could limit relative motion between surfaces,

consequently causing an increase in the coefficient of friction (Sarkar et al., 2017).

3.6. Correlations between various instrumental characteristics

Establishing relationships between tribological behavior and physicochemical
attributes offers valuable mechanistic understanding, facilitating the identification and
optimization of specific protein fractions while elucidating their structural and
functional modifications. Therefore, we evaluated the data from the various instruments
used to high protein solutions in this study with the aim of determining the
intercorrelation among various physicochemical parameters, including hydrodynamic
size, hydrated mass, viscoelasticity, and frictional coefficient (i) (Fig. 8a). Due to the
difference between WPC and WPI, it was clear that the friction characteristics as well

as the physical properties were significantly different.

Fig. 8.

The hydration mass measured by QCM-D was positively correlated with the
mixing state p under all conditions (r = 0.598). A significant positive correlation (r =
0.67) was observed between particle dimensions and their associated hydrated mass.
This relationship suggests that macromolecular complexes with greater hydrodynamic
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size and higher water-binding capacity tend to exhibit particulate characteristics,
potentially leading to interfacial obstruction and consequent raising frictional forces
(Dai et al., 2016). The negative correlation between hydrodynamic diameter, boundary
layer friction, mixed layer friction and -AD/Af suggested that particle size as well as
friction magnitude affected changes in protein viscoelasticity (Fig. 8b), i.e., proteins
exhibiting greater hydrodynamic dimensions tend to assemble into densely packed,
rigid interfacial structures, whereas proteins with a smaller dH form a more viscoelastic
layer (Kew et al., 2021; Tellechea et al., 2009). Subsequent analysis demonstrated a
significant correlation (P < 0.01) between particle dimensions in solution and frictional
properties under mixed range, indicating that increased hydrodynamic size correlates
with elevated friction coefficients.

The investigation of thermal processing parameters and milk protein composition
revealed significant impacts on lubrication characteristics in high protein systems.
Alterations in protein formulation influenced colloidal dimensions, rheological
properties, and surface adsorption capacity, consequently modifying the solution's
tribological behavior. Fig. 9 illustrates distinct frictional patterns among casein, WPI,
and WPC, primarily attributed to variations in protein aggregate size. Progressive
incorporation of whey protein components resulted in changes of particle dimensions
at the interface (Fig. 9a-c), with WPC demonstrating substantially larger aggregates
compared to casein and WPIL. Interestingly, while WPC-enriched systems exhibited
enhanced protein adsorption, this was accompanied by reduced lubrication efficiency.

This phenomenon likely stems from persistent interfacial interactions between
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macromolecular protein complexes and contact surfaces, as depicted in Fig. 9b.
Nevertheless, the minimal variation in particle dimensions following WPI replacing

corresponded with insignificant alterations in frictional behavior.

Fig. 9.

In addition, casein, WPI and WPC also showed different degrees of changes before
and after heat treatment. For the WPC, the viscosity and protein particle size of the high
protein system was basically stable before and after heat treatment, but its protein
adsorption capacity increased, which led to the retention of protein particles on the
contact surfaces, thus slightly improve its lubrication characteristics (Fig. 9¢). However,
for WPI, the viscosity and protein particle size of the solution increased significantly
after heat treatment, and its protein adsorption capacity was reduced, which resulted in
the reduction of the lubrication characteristics. For high protein solutions, the formation
of a single chain-structured layer might be the reason for good lubrication property, thus
when there are too many particles exist, the inter-particles are piled up and extruded,
and they are no longer well delaminated but embedded in each other, which in turn
limits the rolling ability (Fig. 9f). At the same time, excessive particle extrusion may
also cause different degrees of deformation of the substrate and particles, among others,

leading the increasing of friction coefficient (Douaire et al., 2014).

4. Conclusion
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This study elucidates the fundamental mechanisms governing powderiness
formation in high-protein solutions through systematic manipulation of protein
composition (WPC vs. WPI) and thermal processing. Our findings demonstrate that
milk protein ratios directly modulate post-heat treatment physicochemical properties,
including protein aggregate size, viscosity, and interfacial adsorption capacity, which
collectively determine lubrication behavior. Crucially, compositional selection dictates
distinct processing requirements: WPI-enriched solutions showed substantial heat-
triggered viscosity/aggregate growth coupled with reduced adsorption capacity. This
impairs lubricating properties, necessitating alternative stabilization strategies (e.g.,
selective emulsifiers or non-thermal pasteurization) to achieve desirable sensory
smoothness. While WPC-dominant systems (casein-whey protein ratio of 20:80)
exhibited minimal heat-induced changes in viscosity or particle size, but significantly
enhanced protein adsorption. This promotes interfacial film retention during oral
processing, enabling manufacturers to prioritize thermal efficiency without
compromising lubricity. These mechanistic insights provide a predictive framework for
optimizing protein beverage processing. By strategically balancing composition and
thermal inputs, manufacturers can proactively suppress powderiness defects and

engineer products with target mouthfeel characteristics.
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