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Abstract: Whey protein was pretreated with multi-frequency ultrasound in mono, dual, and tri-
frequency modes. The effect of multi-frequency ultrasound pretreatment on the hardness, chemical
forces, and microstructure of acid-induced whey protein gel was investigated. Whey protein gels
pretreated with dual and tri-frequency ultrasound showed higher hardness (p < 0.05) and a denser
network than mono-frequency ultrasound and control. Moreover, they have higher hydrophobic
interaction and lower disulfide bonds than the control (p < 0.05). The effect of gel properties on their
digestion was evaluated using an in vitro static model. Whey protein gels pretreated with dual and
tri-frequency ultrasound remained with a higher proportion of large fragments in the oral boluses
than in the control. Large fragments (> 3.35 mm) in those samples were resisted to gastric digestion.
Moreover, the tri-frequency ultrasound pretreatment of whey protein gel released the least free
amino group during gastric digestion. In contrast, whey protein gel with the mono-frequency
ultrasound pretreatment released the highest amount of free amino acid group during intestinal
digestion. Findings from this study suggested that gel hardness and network density could
modulate the digestion behaviors of protein gels.
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1. Introduction

Protein gels are employed in various applications in food processing because proteins are
considered safe and nutritious with excellent gelation properties [1-4]. Some foods, such as dairy
desserts and jellies, are made by gelation. The gelation of proteins involves two main processes,
including protein denaturation/unfolding and then aggregation into a self-supporting structure with
a 3-dimensional network [1,3,5]. The gel structure is a suitable medium for encapsulation by
protecting sensitive bioactive compounds or nutraceuticals from degradation during food processing
and through harsh conditions within the gastrointestinal tract [1,4,6]. In this view, several attempts
have been made to produce protein gels of different matrices that serve different purposes in the food
industry [2,3,7-10].

In recent decades, ultrasound (US) technology has been used in various food applications as a
green technology[11-15]. Ultrasound has a shorter processing time, cost, solvent, and energy
efficiency. It is environmentally friendly, with improved food quality in extractions, fruit drying,
freezing and thawing, fermentation, and protein modification. The US can exert these effects through
acoustic cavitation. Cavitation is generated in the medium by the collapse and explosion of
microbubbles coupled with physical and chemical effects [16-18]. These mechanical and chemical
effects, together with the pressure fluctuations resulting from collapse and bubble explosions, lead to
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modifications in the protein structure [12,14,19-21]. Changes to the structure then alter the
functionality and properties of the protein. The effect of US on proteins has been demonstrated to
reduce size and improve solubility, emulsifying, and gelling properties [14,20,22]. Furthermore, US
has been shown to enhance textural properties, gel microstructure, and rheological properties of
protein gels [23-25].

Although most ultrasonic pretreatments on proteins were conducted with a mono-frequency of
20 kHz, different US frequencies have been used to study their effect on food proteins. The effect of
ultrasound frequencies between 20 and 52 kHz on soy protein extraction [26] was assessed.
Interestingly, the mono-frequency of 20 kHz was not the optimal selection. Moreover, dual-frequency
ultrasonic (DFU) and tri-frequency ultrasonic (TFU) pretreatment have resulted in higher efficiency
in protein enzymatic hydrolysis than mono-frequency ultrasonic (MFU) pretreatment [20,27]. These
results confirm that different US frequencies and modes affect food proteins differently [22].

Whey protein is one of the crucial proteins in food products. Improving the gel properties is a
concern for the food industry. Ultrasound, as an innovative technology in the food industry, has been
explored for its application in enhancing the gel properties of whey protein [28-33]. Although US has
been shown to improve the gel properties, the gastrointestinal breakdown after US treatment has not
been studied in detail. Studying the breakdown pattern of these US-treated proteins is expedient
since the newly developed structure might affect digestion and nutrient release [5,34]. Our previous
work showed that DFU pretreatment produced heat-induced whey protein emulsion gels with better
mechanical properties and digestion than MFU [35,36]. However, the effect of multi-frequencies
ultrasonic pretreatment on acid-induced whey protein gel’s properties and digestion was unclear.

Therefore, this work aimed to study the effect of mono, dual, and tri-frequency ultrasound
pretreatments on the characterization and digestion of Glucono-delta-lactone (GDL) induced whey
protein gels.

2. Materials and Methods
2.1. Materials

Whey protein Isolate (WPI) (protein content of 90.90%) was acquired from Hilmar Company
(Hilmar, CA, USA). Pepsin, pancreatin, Glucono-delta-lactone (GDL), and 2,4,6-trinitrobenzene
sulfonic acid (TNBS) were obtained from Sigma-Aldrich (St. Louis, MO, USA). All other reagents
were analytically pure.

2.2. Ultrasound Pretreatment on Whey Protein

Whey protein solution (10% w/v dissolved in 10 mM phosphate buffer pH7.0) was pretreated
with tri-frequency ultrasound device (Meibo Biotechnology Co., Ltd., Zhenjiang, China) [37] at
different ultrasound frequencies and time (MFU-20kHz for 30min, DFU-20/35kHz for 15mins and
TFU-20/35/50kHz for 10 min) with pulse on and off time of 5s and 2s respectively. Dual and tri-
frequency treatments were conducted in simultaneous mode. The ultrasonic power for each
frequency was 100 w.

2.3. Whey Protein Gels (WPG) Preparation

Whey protein solutions were heated at 90° C for 5mins and immediately cooled to room
temperature (RT). GDL (0.50%, w/w) was added, and gels were allowed to set at 25 °C. The GDL-
induced gels were stored at 4° C overnight and were equilibrated at RT for an hour before use.

2.4. Rheological Properties Analysis

A rheometer (DHR-1; TA Instruments, New Castle, DE, USA) was used to measure the
rheological changes during gelation of the whey protein solutions. For viscosity, the whey protein
solution was assessed using 40 mm plate geometry in flow-sweep mode at 25°C with shear rate from
0.1 to 100 s'. For small deformation analysis, the whey protein solution was preheated at 90 °C for
5mins. GDL (0.50% w/w) was added and stirred for 2 min at 200 rpm on a magnetic mixer. The
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mixture was immediately loaded into the cup in a concentric cylinder and covered with silicone oil
to prevent evaporation. The test was done using time oscillation mode for 3 h at 25°C with a strain of
0.5% and frequency of 1.0 Hz.

2.5. Turbidity Determination

The turbidity of the whey protein solution during gelation was determined at different times
using absorbance at 500nm.

2.6. Gel Solubility

Gel solubility in different chemical solvents was carried out using the method described by
Zhang et al. [38] with some modifications. Two grams of cold set whey protein gel was dissolved in
18 mL of four different solvents: (A) 50 mM sodium phosphate buffer pH 7.0,(B) solution A
containing 8M Urea (C) solution A containing 0.5% sodium dodecyl sulfate (SDS) and (D) solution A
containing 0.25% (w/v) 2-mercaptoethanol. The suspensions were then heated for 30 min at 80°C and
cooled to room temperature, followed by centrifuging at 5000 g for 15 min. The protein content in the
supernatant was estimated using the Biuret method. The solution’s dissolved protein content
represented the gels” main forces.

2.7. Gel Hardness

The hardness of the gel was measured with a texture analyzer (TA-XT Plus, Stable Microsystems,
Surrey, UK). With a gel strain of 30%, a 40mm diameter aluminum cylindrical probe was applied at
a pre-test, test, and post-test speed of Imm/s. Gel hardness was calculated as the average of at least
six replicates.

2.8. Scan Electron Microscopy (SEM.)

Whey protein gels (WPG) were cut into small sizes (2-5 mm) and soaked in glutaraldehyde (2.5%
v/v) for 2 h. The samples were dehydrated in ethanol with serial concentrations of 50, 70, 80, 90, and
100%, then dried with a critical point drier. SEM was used to observe the microstructures of the gels
after coating with gold.

2.9. Protein Distribution in Gel

WPG was centrifuged at 2000g for 10 mins. Reducing SDS-PAGE [39]of the leached water and
protein gels was run using WPI solution as a reference. Protein in the gel solid was prepared using
the same procedure in 2.5, containing 0.5%(w/v) SDS and 0.25% (w/v) 2-mercaptoethanol.

2.10. Simulated Digestion of WPG
Selected WP gels and control samples were digested using the INFOGEST method described by
Minekus et al.(2014) [40] with modifications as outlined in our previous work[35].

2.11. Free Amino Group Determination

Free amino groups were determined at different time points during gastric and intestinal static
digestion with the TNBS method described by Spellman et al.(2003)[41]. Absorbance was measured
at 420nm. The free amino acid content was determined using the standard curve of L-leucine.

2.12. Statistical Analysis

At least two independent experiments were done using fresh samples prepared at different
times. ANOVA was used for analyses, and the significance difference was set at p< 0.05. Figures were
representations of means and standard deviations.
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3. Results
3.1. Effect of Ultrasonic Frequency Mode on the Viscosity of Whey Protein Solution

Ultrasound is known to decrease the protein viscosity by reducing the size of protein particles
[42]. The reduction in particle size could be due to the unfolding and breakage of intermolecular
hydrophobic bonds in the protein structure as an effect of acoustic cavitation. Our findings confirmed
that multi-frequency US treatment decreased the viscosity of whey protein solutions compared to
control, as shown in Figure 1A. Whey protein solutions with TFU treatment showed a more thinning
behavior than those with DFU pretreatment. However, with increasing shear, TFU and MFU showed
a further decline in viscosity compared to DFU. It was unsurprising because DFU of 20 and 35 kHz
might lower the acoustic cavitation effect. The higher thinning effect in TFU could be due to its
maximizing acoustic cavitation effect of the three frequencies on the whey solution. Although TFU
treatment exhibited similar thinning behavior to MFU treatment, it could be more efficient for
spending less ultrasonic time.
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Figure 1. The viscosity of whey protein solution (A) and hardness of whey protein gel (B) Pretreated
with mono, dual, and tri-frequency (MF, DF, TF) ultrasound.

3.2. Hardness of WPG

Figure 1B is a graphical representation of the hardness of GDL-induced WPG. It is evident from
the graph that DFU and TFU pretreatment improved the hardness of gels. Compared with the control,
the hardness of DFU and TFU pretreated WPG increased 23.8% and 29.4%, respectively. Our results
agreed with existing literature [28] using MFU treatment. US improvement in hardness might be due
to US-induced protein unfolding, increasing the availability of more protein bonds to strengthen the
gel [43]. This was confirmed by previous studies on US-pretreated whey protein emulsion gel [36,44].
DFU-pretreated whey protein showed more protein unfolding than MFU, resulting in more rigid gels.

3.3. Rheological Properteis of WPG

Storage modulus (G’), which is a measure of gel rigidity, and tan delta (d), which shows the
viscoelastic property of gels, were studied (Figure 2). US treatments resulted in an improvement in
the storage modulus of gels. This finding is in agreement with existing literature [28,31], where the
US caused significant improvement in the gel rigidity. DFU treatment gave a more rigid gel than
MFU, which is in line with the findings of Cheng et al. (2019) [44], where DFU improved the rigidity
(higher G’) of whey protein emulsion gels. This effect has been attributed to enhanced unwinding in
the protein structure induced by the US, as it increases the availability of free proteins involved in
gelation, bridging, and incorporation into strengthening the gel structure[36,44].

Nonetheless, WPG with TFU treatment had a lower G” than DFU and MFU. The reason might
be that WPG with TFU treatment exhibited a later gelling time according to tand < 1 (Figure 2B). The
US is known to reduce the gelling time for gels [31]. However, our findings from this study contrasted
this for TFU samples, as control samples gelled faster than TFU treatments (Figure 2B). It might be
related to the different changes in protein structure. The gelling time affected the final G’. It was not
surprising because the time sweep interval was set at a limited time and could only represent the
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initial step of gel formation. Extending the time might lead to higher G’. The hardness result could
be evident because G’ was positively related to the hardness of gels [28,44].
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Figure 2. Storage modulus G’ (A) and tan 6 (B) of whey protein solution pretreated with mono, dual,
and tri-frequency (MF, DF, TF) ultrasound at different frequencies during time sweep.

3.4. Protein Distribution in Whey Protein Gel

To identify the proteins that were involved in gel formation, SDS-PAGE was carried out on US
and control GDL-WPG after centrifugation (Figure 3). The results indicated that (3-lactoglobulin was
the main active protein in structuring the gel network regardless of treatment. BSA and a-lactalbumin
being present in the gel of all samples indicated that they were responsible for strengthening and
filling up the gel matrix. This finding demonstrated that the US had no effect on the primary structure
of proteins.

protein in gel protein not in gel

Marker WPI C MFU DFU TFU C MFU DFU TF

Figure 3. SDS-PAGE of protein distribution in whey protein gels with different ultrasound
pretreatment (C: control without ultrasound, MFU: mono-frequency ultrasound, DFU: dual-
frequency ultrasound, TFU: tri-frequency ultrasound).

3.5. Turbidity and Chemical Forces
3.5.1. Turbidity

The turbidity of the diluted protein solution was used to indicate the kinetic of protein
aggregation during gel formation, as shown in Figure 4A. The kinetic model could fit a sinusoidal
curve, indicating three stages of gel formation. From the onset of gel formation to 2 hours, there were
little changes in turbidity for control, MFU, and DFU. Beyond this, the turbidity of TFU increased
with time. It is worth noting that the turbidity of DFU was similar to that of control. Although TFU
was less turbid from the onset of gel formation, this treatment produced the most turbid gel at the
end of the 8 hours. It suggested that TFU pretreatment led to more and larger fine protein aggregates.
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This consisted of the gel hardness results, which TFU resulted in more rigid gels. Because those
protein aggregates from TFU samples could serve as sub-units and support the compact particle gel
network. The extended exponential growth stage of TFU-treated samples suggested they took longer
to form a gel network, agreeing with the above rheological results that TFU-treated samples had
longer gelation time.
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Figure 4. Turbidity of whey protein solution during gelation (A) and protein solubility of whey
protein gel pretreated with mono, dual, and triple frequency (MF, DF, TF) ultrasound in different
chemical solvents (B) (The symbols a-c indicated the significant difference of US pretreatment).

3.5.2. Chemical Forces

The chemical forces between protein molecules supported protein aggregates and gel networks.
A solubility test was used to determine the possible forces stabilizing the gels in four different
solvents (Figure 4B). Compared with the control, US generally increased gel solubility in urea and
SDS (p < 0.05), indicating that US increased the number of hydrogen bonds and hydrophobic
interactions in WPG. While US decreased gel solubility in f-ME (p <0.05), indicating the US decreased
the content of disulfide linkages. US treatment might have resulted in disulfide bond cleavages and
sulphydryl group oxidation [28,45], reducing the total number of disulfide bonds available for gel
formation when compared to control. Disrupting disulfide bonds might improve the molecular
flexibility. It could increase the hydrogen bond and hydrophobic interactions between protein
molecules. Hydrogen bonds and hydrophobic interactions are short-range forces. An increase in
those chemical forces might lead to a shortened molecular distance. That could result in a compact
gel network and strengthening gel texture.

For US pretreated gels, MFU gels exhibited higher solubility in Urea than TFU gels(p < 0.05),
showing that hydrogen bond content in MFU gels was higher than that in TFU gels. In contrast,
disulfide content in TFU gels was higher than in MFU gels according to the solubility in f-ME (p <
0.05). MFU, DFU, and TFU gels had little difference in hydrophobic bonds supporting the gel
structure. The reason might be that MFU, DFU, and TFU treatment resulted in little difference in the
whey protein tertiary structure, as revealed by intrinsic fluorescence [35].

3.6. Microstructure of GDL-Induced Whey Protein Gel

SEM was used to study the gels’ microstructure, as shown in Figure 5. Our findings showed that
the US could modify the microstructure of whey protein gel, as previously reported [45,46]. It was
demonstrated that MFU, DFU, and TFU treatment produced compact gel microstructures and
smaller pore sizes relative to the control, which exhibited larger pore sizes. The compactness of gels
is known to influence the hardness because a compact structure could resist deformation. DFU and
TFU produced a more uniform homogenous gel network and dense particle cross-linking. It agreed
with the discussion on chemical forces above. This finding explained the hardness results. TFU and
DFU gave better results, with control samples yielding the softest gels. The increased compactness
after US treatment could be due to unfolded protein structure [36,44], increased hydrogen bonds, and
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hydrophobic interactions in gel formation (Figure 4B). The higher short-range forces could increase
intermolecular attraction by shortening the intermolecular distance, resulting in tiny pore
sizes.Moreover, the US-induced microstructure changes might have resulted from the type of
interactions involved in gel formation and different aggregation rates [47].

Figure 5. SEM images of whey protein gel prepared with different ultrasound pretreatment (control:
without ultrasound, MFU: mono-frequency ultrasound, DFU: dual-frequency, TFU: tri-frequency
ultrasound).

3.7. Digestion of GDL-Induced Whey Protein Gel

Our results showed that the US affected the microstructure of gels. Moreover, the structure of
food plays an essential role in digestion, according to Dupont et al. (2018) [34]. With this idea,
simulated digestion of WPG samples was carried out for oral and gastrointestinal phases.

3.7.1. Physical Digestion of W.P.G.

Physical digestion of WPG during oral and gastric phases was investigated by sieving and
estimated with a particle size distribution, as shown in Figure 6. After simulated mastication, US-
pretreated WPG samples produced more large fragments (> 2.0 mm) while fewer small fragments (<
0.425 mm) than the control (Figure 6A). It agrees with other research findings [48,49], where softer
gels produced larger fragments than more rigid gels.
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Figure 6. Particle size distributions in cumulative weight percentage of oral (A) and gastric (B) digesta
from whey protein gel pretreated with mono, dual, and triple frequency (MF, DF, TF) ultrasound.
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After 2 hours of gastric digestion in the presence of pepsin, the weight percentage of DFU and
TFU gastric fragments lower than 3.35 mm decreased by 48.1% and 52.5%, respectively, compared
with oral fragments. By contrast, the weight percentage of the control sample gastric fragments
higher than 3.35 mm decreased by 23.9%. It suggested that large boluses in the hard gel could resist
pepsin digestion. The reason might be the difference in gel microstructure. The softer control sample
had a loose structure in the gel network with a large pore size. Pepsin was easy to diffuse inside the
gel network and contact with whey the protein aggregates. It could degrade the large fragments in
the boluses by attacking the protein aggregate interior and hydrolyzing the whey protein,
fragmentizing the large boluses into small fragments.

On the contrary, the harder DFU and TFU WPG samples had a dense gel network with tiny pore
sizes. The low porosity of the gel network might disturb pepsin diffusing into the protein aggregate
interior, resulting in pepsin partitioning at the surface of protein aggregates [35]. It hindered the large
boluses from enzymatic degradation, remaining the oral digesta in large size. On the other hand, US
treatment could improve the digestion of whey protein [35,36], and fragments in small sizes
decreased fast in US samples. Since the gastric chyme not exceeding 1.4 mm was subjected to the
intestinal phase, little solid particles existed in the intestinal digesta. The existence of large fragments
in gastric chyme could delay gastric emptying. It might affect the digestion characteristic of whey
protein.

3.4.2. Chemical Digestion of WPG

SDS-PAGE was used to monitor the progress of WPG digestion at different times (Figure 7).
Bands corresponding to [3-lactoglobulin were persistent throughout the gastric digestion (2 h),
indicating the resistance of gel structure to gastric digestion for all treatments. By contrast, the band
of a-lactalbumin disappeared quickly when gastric digestion started. The bands of DFU and TFU
were fainter than MFU with the progression of gastric digestion. DFU and TFU samples displayed
light bands of B-lactoglobulin. It might be due to the resistance of gel structure and sensitive US-
treated whey protein to pepsin hydrolysis. Those were in agreement with the results for particle size
distribution. There were, however, no bands right from the onset of intestinal digestion, as shown in
all samples. This pattern concurs with the literature that whey protein is a ‘fast protein” hydrolyzed
faster in the intestine and resistant to gastric digestion [48]. Thus, the US affected gastric digestion by
its effect on gel structure but not intestinal digestion.

gastric intestinal gastric intestinal
Marker WPI 1 30 60 120 1 30 60 120 _WPI 1 30 60 120 Marker 1 30 60 120
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Figure 7. SDS-PAGE of liquid digesta extracted at different time (1, 30, 60, 120 min) of whey protein
gel prepared with different ultrasound pretreatment during gastric and intestinal digestion (control:
without ultrasound, MFU: mono-frequency ultrasound, DFU: dual-frequency ultrasound, TFU: tri-
frequency ultrasound).
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The hydrolysis of MFU and DFU released more amino groups than TFU throughout gastric
digestion, as shown in Figure 8A, with the available amino group content ranging from 27.0 mmol/L
(Control) to 19.4 mmol/L (TFU). This result indicated that the US influenced the degree of amino acid
bioavailability. Increasing the frequency delayed gastric release of the amino group. This could be
due to the inhomogeneous microstructure of the TFU gels, which minimizes pepsin diffusion in the
gel matrix. It is in line with Guo et al. (2017) [50], where gels with more rigid structures showed
limited protein hydrolysis and a lower amino group release from the gel matrix. The structure of
MFU best facilitated the release of amino groups compared to other treatments, including control
during the intestinal phase (Figure 8B). It might be due to its coarse microstructure. The results show
that MFU facilitated digestion with high amino group release compared to control, while TFU
delayed gastric digestion.
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Figure 8. Effect of mono, dual, and triple frequency (MF, DF, TF) ultrasound pretreatment on free
amino group content in the liquid extracted from WPG gastric (A) and intestinal (B) digesta.

4. Conclusions

This study showed that multi-frequency US could improve whey protein gels’ textural and
rheological properties and digestion. DFU and TFU gave better gel properties on hardness and
microstructure than MFU. Regarding digestion, the release of the amino group was higher in MFU-
treated WPG due to its softer texture and coarse microstructure. Findings from this study showed
that using the multi-frequency US as a food processing technique has implications for developing
innovative protein gel products for nutrient delivery. It is recommended that the digestion pattern
and kinetics of foods treated with US be investigated. As the static digestion model was used in this
study, the physical fragment of WPG solid during the gastric phase was not considered. The dynamic
digestion model will be used in further research to get more knowledge on the role of multi-frequency
us.
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