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Abstract
This study aims to unveil the impact of high-pressure processing (HPP) on the structure and sensory properties of the mixture of
egg white and whey protein at acidified conditions. Under HPP treatment, we hypothesized that egg white protein can form gel
structures and encapsulate or crosslink with the whey protein, thus masking the interaction sites of whey protein with salivary
protein and reduce its astringency at pH 3.5. Various characterization techniques, including turbidity measurements, zeta size,
optical and scanning microscopy, native and sodium dodecyl sulfate polyacrylamide gel electrophoresis, and Fourier transform
infrared spectroscopy, were used to illustrate the structural changes of the proteins and the interactions between the egg white and
whey proteins. The results show that HPP treatment at 450 MPa and 600 MPa can induce significant changes to the egg white-
whey protein mixture in terms of size, microstructure, secondary structure, and crosslinking. We also confirmed by electropho-
resis that the egg white and whey protein form complexes through covalent bonding that feature a molecular weight of ~ 90 kDa
under HPP treatment at a pH value of 3.5. Although the egg white forms microgel and may partially encapsulate the whey
protein, sensory studies showed such complexation does not reduce the astringency of whey protein at acidified conditions
(control astringency score = 9.0). On the contrary, the HPP-treated samples showed a higher astringency (astringency
score = 11.1–11.3), possibly due to the exposure of more hydrophobic sites on the proteins.
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Introduction

Astringency is a drying sensation in the mouth that is typically
associated with beverages rich in polyphenols, such as tea and
wine (Russell et al. 2006; Llaudy et al. 2004; McRae and
Kennedy 2011; Carvalho et al. 2006). However, it is well
known that whey protein beverages, especially in acidified
conditions, also pose significant astringent taste (Beecher
et al. 2008; Sano et al. 2005; Ye et al. 2012; Whetstine et al.
2005; Zhang et al. 2014a). The astringency of whey protein
reduces consumer acceptance of acidified high-protein bever-
ages, which has become a barrier for the promotion of these

products by the food industry (Childs and Drake 2010;
Prindiville et al. 2000).

The astringent sensation of acidified whey protein bever-
ages is thought to be caused by the binding of positively
charged whey protein with negatively charged salivary protein
in acidic conditions, causing both proteins to precipitate on the
tongue surface (Childs and Drake 2010; Kelly et al. 2010;
Gibbins and Carpenter 2013; Ye et al. 2012; Vardhanabhuti
et al. 2011). Research has also shown that whey protein bev-
erages at around pH 3.5 are more astringent than those at other
pH conditions (Beecher et al. 2008; Sano et al. 2005). Various
methods have been used to reduce the astringency, such as
adding polysaccharides and high-intensity sweeteners or
changing the pH (Carvalho et al. 2006; Beecher et al. 2008;
Gruen 2014; Zhang et al. 2014b).

As the astringency is caused by the precipitation of the
salivary protein due to its complexation with whey protein
(Fig. 1), methods reducing such interactions may be helpful
to reduce its astringency. High-pressure processing (HPP) has
been reported to inactivate microbes and induce structural
changes of proteins (Galazka et al. 2000; Cadesky et al.
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2017; He et al. 2016; Yuan et al. 2013; Pega et al. 2018;
Rodríguez-Garayar et al. 2017; Laaksonen et al. 2014).
Therefore, we may be able to reduce the astringency of acid-
ified whey protein beverages by encapsulating the whey pro-
tein with egg white protein gels formed under ultra-high hy-
draulic conditions generated by the HPP equipment (Wang
et al. 2019). Egg white protein could potentially form a com-
plex with the whey protein or form gels to entrap it due to the
conformational change under HPP, thus potentially blocking
the sites of interaction between whey proteins and salivary
proteins (Fig. 2). Meanwhile, the egg white protein is a rela-
tively clean-tasting protein and does not pose any astringent
taste under acidified conditions. Theoretically, if the active site
of whey protein is blocked by the eggwhite, the astringency of
the whey protein may be reduced due to the decreased chance
of interaction with salivary protein.

This study aims to understand if the whey protein and egg
white protein will interact with each other at pH 3.5 under
high-pressure conditions and if there are any structural chang-
es for both proteins (Kuropatwa et al. 2009). We also intend to
use sensory evaluation techniques to determine the astringen-
cy and perceived acidity of the HPP-treated egg white-whey
protein mixture and, specifically, whether the structural
change of these materials can increase or decrease the astrin-
gency of whey protein as pH 3.5.

Materials and Methods

Materials and Chemicals

Whey protein (Thermax 690) was obtained from Glanbia
Nutritionals, Inc. (Chicago, IL, USA). Pasteurized liquid egg
white was purchased from a local Wegmans Food Market.
Sodium hydroxide, sodium phosphate dibasic, sodium phos-
phate monobasic, phosphoric acid, methanol, and acetic acid
were purchased from Sigma-Aldrich (St. Louis, MO, USA)
and used without further purification. The chemicals for elec-
trophoresis were obtained from Bio-Rad Laboratories
(Hercules, CA, USA). Food-grade phosphoric acid (LD
Carlson, USA) and citric acid (Milliard, USA) were purchased
from Amazon.com. Deionized water (18.2 MΩ/cm) was used
and prepared from a Milli-Q water purification system.

Preparation of Whey and Egg White Protein Mixtures
at pH 3.5 and Different Concentration Ratios

The stock solution of whey protein (10%, w/w) was prepared
by dissolving 100 g of whey protein isolate into 900 g of
deionized water and blending by a high-shear mixer at a speed
of 12,000 rpm for 5 min. Liquid egg white and deionized
water were added into the whey protein solution to achieve a
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Fig. 2 Schematic illustration of the interaction of whey protein, salivary
protein, and egg white protein. aWhey protein and salivary protein bind
together at pH 3.5 and precipitate on the tongue surface. bWhey protein,

which formed a complex with egg white protein under HPP, may not
interact with salivary protein
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Fig. 1 Schematic illustration of
the astringency and the interaction
of whey protein and salivary
protein at the tongue surface
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whey protein concentration of 5% and various concentrations
of egg white protein (0–5%). The concentration of whey pro-
tein in all the mixtures was 5%. The pH of the mixtures was
adjusted to 3.5 using citric acid (~ 20%, w/v).

Treatment of the Whey and Egg White Protein
Mixture by High-Pressure Processing

The mixtures of whey and egg white protein were treated
using a 55-L HPP machine from Hiperbaric USA
(Hiperbaric 55, Burgos, Spain). The mixtures of egg white-
whey protein were first filled in flexible polyethylene tere-
phthalate bottles (8 oz), which were then sealed in plastic bags
before being placed into the HPP chamber. The samples were
treated at a pressure of 450 MPa or 600 MPa with a holding
time of 3.5 min (Fig. S1) and a temperature of 5–10 °C, con-
ditions used in the food industry for HPP (Rastogi et al. 2007;
Rojo et al. 2019; Chien et al. 2019; Carreño-Olejua et al.
2010).

Turbidity Measurement of the Protein Mixture

The turbidity of the mixtures was measured by a plate reader
at a wavelength of 610 nm (Zhang et al. 2012). The protein
mixtures were first mixed well and diluted 15 times into citrate
buffer (pH 3.5). For each sample, 0.1 mL of the mixture was
transferred into the wells on the 96-well plate andmeasured by
the plate reader. The protein mixtures that formed solid gels
were not measured for turbidity.

Measurement of the Average Size of the Protein
Complex in the Mixtures

The average size of the protein complex in the mixtures was
measured using a Malvern zeta sizer (Nano ZS; Malvern
Panalytical Ltd., UK). For each sample, 1.0 mL of the mixture
was placed into the cuvette for measurement of the average
particle size. The samples in the cuvettes were equilibrated at
25.0 °C for 60 s and subjected to 12–16 runs for three times.
The average sizes were calculated based on the scattering
intensities generated from the diffraction of the protein parti-
cles. The protein mixtures that formed solid gels were not
measured.

Scanning Electron Microscopy Measurements

The egg white-whey protein samples were diluted 10 times by
deionized water and deposited on the surface of the conduc-
tive carbon tape on the scanning electron microscopy (SEM)
stub. The SEM stubs were air-dried at ambient temperature for
48 h. Then, a thin layer of gold was sputter-coated on the
surface of the samples under vacuum. The gold-coated sam-
ples on SEM stub were placed into the chamber of Zeiss LEO

1550 FESEM (Germany). The SEM images of the egg white-
whey protein samples were acquired under vacuum and with a
distance of 5 mm and a voltage of 3 kV.

Electrophoresis of the Protein Mixtures

The protein mixtures were also analyzed using native and
sodium dodecyl sulfate (SDS) polyacrylamide gel electropho-
resis (PAGE) (Mulcahy et al. 2017). The gels were prepared
from a premixed TGX FastCast Acrylamide starter kit, with a
concentration of 12% (no. 1610175; Bio-Rad). The native
PAGE buffer consists of 2.5 mM Tris and 19.2 mM glycine.
For native PAGE, samples were diluted with native sample
buffer (62.5 mM Tris HCl of pH 6.8, 40% (w/v) glycerol, and
0.01% (w/v) bromophenol blue). After that, 20 μL of the
sample was loaded into the PAGE gels. The SDS-PAGE buff-
er was composed of 2.5 mM Tris and 19.2 mM glycine with
0.1% SDS. Similar to native PAGE, the SDS-PAGE samples
were diluted 20-fold with SDS sample buffer (62.5 mM Tris
HCl of pH 6.8, 2%SDS, 25% (w/v) glycerol, and 0.01% (w/v)
bromophenol blue) and were loaded onto the PAGE gels. The
electrophoresis was performed under 200 V for ~ 45 min.
After electrophoresis, staining solution (50% methanol, 10%
acetic acid, 0.15% Coomassie Brilliant R-250) was used to
stain the gels for 30 min, and then the gel was placed into
the de-staining solution (20% methanol, 10% acetic acid) to
de-stain overnight.

Fourier Transform Infrared Spectroscopic Analysis
of the Protein Mixtures

The mixtures of whey and egg white protein treated with/
without HPP were freeze-dried for the Fourier transform in-
frared (FT-IR) (IRAffinity-1S; Shimadzu) measurements. The
freeze-dried samples were placed in the diamond sample hold-
er and pressed tightly by the metal pin. The FT-IR spectra
were collected with a resolution of 2 cm−1, at 64 runs. Three
replicates were performed for each sample. The secondary
derivatives and the average of the spectra were calculated
using Delight software (DSquared Development, OR, USA)
(Zhang et al. 2015).

Sensory Evaluation of the Protein Mixtures

The samples selected for the sensory studies contained 3.5%
of egg white protein and 5.0% of whey protein, as this com-
bination forms gels that can be suspended in solution after
HPP treatment. The sensory test was approved by the
Institutional Review Board of Cornell University. The astrin-
gency of the protein samples was evaluated by an untrained
panel with 17 panelists on a scale of 1–18. The egg white-
whey protein sample without any HPP treatment was used as a
control with a pre-set astringency and acidity score of 9.0. The
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samples treated at 450 MPa and 600 MPa were evaluated and
compared to the control by the panelists. The significance of
the differences was calculated using analysis of variance
(ANOVA) (SPSS software; IBM, USA) with post hoc
Duncan corrections (P < 0.05).

Results and Discussion

Appearance and Turbidity of the Protein Mixtures
Treated With/Without HPP

Figure 3 shows optical images of the egg white-whey protein
solutions (pH 3.5) treated without HPP treatment, with HPP at
450 MPa and 600 MPa for 3.5 min. The whey protein we
selected for this study is a thermally denatured protein
(Thermax 690), which displays a very strong astringent taste
at acidified conditions. This whey protein forms a turbid so-
lution (sample 1) after the pHwas adjusted to 3.5 by citric acid
before HPP treatment, possibly indicating the assembly of the
whey protein molecules into small particles. The whey protein
stays suspended in the solution when 1.5% and 2.0% of egg
white protein is added into the mixture (pH 3.5, samples 2 and
3). However, the egg white-whey protein solutions start to
precipitate when the concentration of egg white reaches
2.5% (samples 4–8). The isoelectric point (pI) for whey pro-
tein is between 4.2 and 5.3 (Pelegrine and Gasparetto 2005;
Bouaouina et al. 2006). The egg white protein pI is between

4.6 (ovalbumin) and 10.7 (lysozyme) (Awadé and Efstathiou
1999; Hegg 1979). Therefore, both proteins should be posi-
tively charged at pH 3.5. The precipitation might be induced
by the hydrophobic interactions between the egg white and
whey protein. The worst phase separation was observed when
the concentration of whey protein and egg white protein was
5.0% and 2.5%, respectively, which agrees with previous re-
ports that 10:5 whey/egg albumen showed strong protein-
protein interactions (Ngarize et al. 2004).

After HPP treatment at 450 MPa and 600 MPa for 3.5 min,
sample 1 (whey protein only) did not show significant change
in color. However, samples 2–6 (with different concentrations
of egg white protein added, ranging from 1.5 to 3.5%) turned
into a creamy white color. Samples 7 and 8 formed solid gels
after the HPP treatments at 450MPa and 600MPa. It has been
previously reported that 10% of whey protein isolate solution
is needed to form gels at a pressure of 600 MPa (Kanno et al.
1998). Therefore, the creamy appearance was due to the for-
mation of egg white protein microgels under HPP treatments.

We measured the turbidity of the protein samples using a
UV-vis plate reader, as indicated by their absorbance at
610 nm (Fig. 4). The turbidity of a protein sample is usually
correlated with the protein particle size, which can be used to
predict the formation or dissolution of protein gels. As shown
in Fig. 4, the turbidity of the samples without HPP treatment
slightly increases with an increasing concentration of egg
white protein (samples 1–8, 0–5%, absorbance = 0.123–
0.303). After treatment at 450 MPa, the turbidity of the

Fig. 3 Optical images of the
mixtures of whey protein (WPI)
and egg white protein (EW)
treated with/without HPP at dif-
ferent pressure conditions.
(0.1 MPa, standard atmosphere
pressure)
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samples drastically and linearly increases with the concentra-
tion of egg white protein (samples 1–6, 450 MPa, absor-
bance = 0.119–0.728). This trend was also observed for the
samples treated at 600 MPa (samples 1–6, 600 MPa, absor-
bance = 0.120–0.752). Samples 7 and 8 treated at 450 MPa
and 600 MPa were not tested due to the formation of solid
gels. In addition, the samples (2–6) treated at 600 MPa
showed slightly higher turbidity than those treated at
450 MPa. The samples (3–6) treated by HPP showed much
higher turbidity than all the samples without HPP treatment.
The turbidity of sample 1 (whey protein only) did not change
after HPP treatment at both pressures, which indicates that 5%
whey protein at pH 3.5 cannot form gels under HPP treatment
at 600 MPa for 3.5 min.

Average Size of the Egg White-Whey Protein Samples

Figure 5 shows the average sizes of the egg white-whey pro-
tein samples without/with HPP treatments. Samples 1–3 dem-
onstrated a very small particle size of less than 1000 nm with-
out the HPP treatment (Fig. 5a). However, the average size of
samples 4–8 increased significantly due to the higher concen-
tration of egg white protein in the samples (> 2.5%) and the
coacervation caused by the interactions between the egg white
and whey proteins, which generated large and unpacked par-
ticles in the solution.

After HPP treatment at 450 MPa for 3.5 min, we noticed that
the size of the protein samples (samples 1–6) increased gradually
with the concentration of egg white protein (Fig. 5b, 328 nm to
5994 nm). This trend correlates well with the turbidity of the
samples (Fig. 4) and indicates that the egg white protein is re-
sponsible for the size changes during HPP treatment. The egg
white protein, even at very low concentrations such as 1%, can

form microgels under 450 MPa of HPP treatment, as indicated
by the increased sizes (Fig. 5b). The size of the samples treated at
a pressure of 600MPa also showed the same trend (samples 1–6,
330 nm to 5917 nm, Fig. 5c). However, the size of sample 1 did
not change significantly before and after HPP treatment (352 nm,
328 nm, 330 nm). The size data, in addition to the turbidity
results, indicate that 450 MPa and 600 MPa of pressure both
can turn the egg white protein into gel, but not the whey protein.

Fig. 4 Turbidity of the mixture of whey protein and egg white protein
with/without HPP treatment as measured by a UV-vis spectrophotometer.
(Sample 1, 5.0% WPI + 0% EW; samples 2, 5.0% WPI + 1.0% EW;
sample 3, 5.0% WPI + 2.0% EW; sample 4, 5.0% WPI + 2.5% EW;
sample 5, 5.0% WPI + 3.0% EW; sample 6, 5.0% WPI + 3.5% EW;
sample 7, 5.0% WPI + 4.0% EW; sample 8, 5.0% WPI + 5.0% EW)
(0.1 MPa, standard atmosphere pressure)

Fig. 5 Size of the mixture of whey protein and egg white protein treated
with/without HPP. a Control without HPP treatment. b HPP treatment,
450 MPa, 3.5 min. c HPP treatment, 600 MPa, 3.5 min. (Sample 1, 5.0%
WPI + 0% EW; sample 2, 5.0%WPI + 1.0% EW; sample 3, 5.0%WPI +
2.0% EW; sample 4, 5.0%WPI + 2.5% EW; sample 5, 5.0%WPI + 3.0%
EW; sample 6, 5.0%WPI + 3.5% EW; sample 7, 5.0%WPI + 4.0% EW;
sample 8, 5.0% WPI + 5.0% EW)
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Optical and Scanning Electron Microscopy Images
of the Protein Samples

Figure 6 shows the optical microscopy images of the egg
white-whey protein samples without/with the HPP treatment.
As shown in Fig. 6a, sample 1 at pH 3.5 (whey protein only)
forms small spherical particles, most of which are less than
1.0 μm in size. The average size of those spherical particles is
about 330 nm, as tested by the zeta sizer. The whey proteins
used in this study have self-assembled into particles due to the
crosslinking initiated by the citric acid. Previous reports have
shown that citric acid, due to its three carboxyl groups, acts as
spacer arms to modulate the hydrophilicity of the whey pro-
teins and interact with whey protein through hydrogen bond-
ing (Farjami et al. 2015; Zand-Rajabi and Madadlou 2016;
Hashemi et al. 2017). Such crosslinking was also used to
enhance the strength of whey protein microgels (Farjami
et al. 2015). Samples 2 and 3 also show similar size particles,
but with irregular shapes. Samples 4–8 coacervated and thus
present much larger particle sizes, which correlate with the
average size measured by the zeta sizer in Fig. 5.

After HPP treatment at 450 MPa and 600 MPa, the same
trends can be observed. Samples 1–3 feature smaller particles,
while samples 4–8 demonstrate much larger particle sizes
(Fig. 6b, c). However, the particles in samples 4–8 are much
more compact compared to those in the untreated samples, as
evidenced by the higher contrast in the images. The particles
in Fig. 6a and b/c feature different densities and are formed
due to different mechanisms.

We also took SEM images of samples 1 and 6 before and
after HPP treatment (Fig. 7). The samples were first diluted
into citrate buffer (pH 3.5) and transferred onto a conductive
tape on top of the SEM stub. Once the samples were dried,
they formed a film on the conductive tape. The samples were
coated with a layer of gold for SEM. As shown in Fig. 7a, c,
and e, sample 1 (whey protein only) forms a relatively smooth
film, which indicated that the whey protein does not form any
gel even after 600 MPa of HPP treatment. However, when
mixed with egg white protein, the whey protein (sample 6)
coacervates with the egg white and forms rough structures, as
evidenced in Fig. 7b. Furthermore, sample 6 forms gels after
HPP treatments at 450 MPa and 600 MPa (Fig. 7d, f). The
SEM images also indicated that the gel structures, similar to
heat-set gels, were supported by various small gels of microm-
eter size (Handa et al. 1998; Woodward and Cotterill 1985).

SDS-PAGE and Native PAGE of the Protein Samples

To further illustrate what type of interactions occurred be-
tween the egg white and whey proteins before and after HPP
treatment, we used SDS-PAGE and native PAGE to analyze
the protein samples (Fig. 8). Both the SDS-PAGE and native
PAGE show that HPP does not induce any changes to the

whey protein-only sample (sample 1). However, HPP can in-
duce structural changes in the egg white protein and also trig-
ger crosslinking of the egg white and whey proteins. Both
samples 5 and 8, without HPP treatment, showed nothing at
the ~ 90 kDa region in the SDS-PAGE image (Fig. 8a). In
comparison, a band with a molecular weight of ~ 88–92 kDa
was formed for the HPP-treated samples (450 MPa,
600 MPa). The formation of this new band in the SDS-
PAGE gel provides evidence that the egg white-whey proteins
crosslinked, likely through the formation of disulfide bonds.

Considering the molecular weight of this new band (~
96 kDa), we suspect that it might be either a conjugate of
conalbumin (76 kDa) from egg white and lactalbumin
(14 kDa) or lactoglobulin (18 kDa) from whey protein.
Previous reports state that β-lactoglobulin (2 disulfide bonds,
1 free sulfhydryl group) and ovalbumin (1 disulfide bond, 4
free sulfhydryl groups) might interact with each other through
a sulfhydryl/disulfide reaction (Kuropatwa et al. 2009;
Stadelman et al. 2017). The conalbumin contains 15 disulfide
bonds but no free sulfhydryl group while the lactalbumin also
contains 4 disulfide bonds but no free sulfhydryl group
(Hirose et al. 1988; Iyer and Klee 1973). It is highly possible
that the conjugated, new protein consists of conalbumin and
β-lactoglobulin. The HPP treatment opens the protein and
exposes the disulfide bond and sulfhydryl group, leading to
the interaction and conjugation by the sulfhydryl/disulfide re-
action (Patel et al. 2006; Funtenberger et al. 1997). The whey
protein was not only entrapped in the egg white protein gels
but also crosslinked with the egg white through covalent
bonds. This structure, theoretically, should reduce the chance
of interaction between the whey protein and salivary protein in
the mouth, which may help mitigate the astringent taste of
whey proteins at pH 3.5.

The native PAGE image also showed that HPP does not
induce any significant structural changes for the whey protein
only sample (sample 1; Fig. 8b). In contrast, the egg white-
whey protein mixture can form a strong and large complex
after the HPP treatment as evidenced by that fact that the
marked bands of the control sample (no HPP treatment) dis-
appeared after the HPP treatment at both 450 MPa and
600 MPa conditions. The large complex, possibly egg
white-whey protein or egg white-egg white complex, is too
big to enter the native PAGE gel.

FT-IR Analysis of the Protein Mixtures Treated by HPP

FT-IR spectroscopy was used to further illustrate the HPP-
induced structural changes and understand the formation of
the egg white-whey protein complex/capsules (Zhu et al.
2018). The secondary derivatives of the spectrum were calcu-
lated by the Delight software to enhance the resolution be-
tween peaks. The region between 1600 and 1700 cm−1 is of
particular interest to us as this region shows the secondary
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structure of the proteins (e.g., α-helix and β-sheet) (Kong and
Yu 2007; Surewicz et al. 1993). The band at 1654 cm−1 is
indicative of the α-helix structure of the protein samples

(Wilder et al. 1992). As shown in Fig. 9a, α-helix is the dom-
inant secondary structure of the whey protein-only sample
(sample 1) and the egg white-whey protein samples (samples

Fig. 6 Microscopic image of the egg white-whey protein mixture treated
with/without HPP. a Control without HPP treatment. b HPP treatment,
450 MPa, 3.5 min. c HPP treatment, 600 MPa, 3.5 min. (Sample 1, 5.0%
WPI + 0% EW; sample 2, 5.0%WPI + 1.0% EW; sample 3, 5.0%WPI +

2.0% EW; sample 4, 5.0%WPI + 2.5% EW; sample 5, 5.0%WPI + 3.0%
EW; sample 6, 5.0%WPI + 3.5% EW; sample 7, 5.0%WPI + 4.0% EW;
sample 8, 5.0% WPI + 5.0% EW)
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2–8). After HPP treatment at 450MPa and 600MPa, the band
intensity at 1654 cm−1 for all the samples (samples 1–8) sig-
nificantly increased. This shows that even the whey protein-
only sample (sample 1) did not form a gel after the HPP
treatment, the secondary structures were altered under the
pressure of 450 MPa and 600 MPa. The HPP treatments of
samples 2–8 might unfold the proteins and expose more α-

helix structures on the protein surface, as shown by the in-
creased intensities at 1654 cm−1 (Considine et al. 2007,
2008), and β-sheet signals typically appear at 1625–
1640 cm−1, giving confidence that the signal at 1636 cm−1

indicates the β-sheet of whey protein and egg white proteins.
In addition, we also observed that HPP generated a new β-
structure at 1618 cm−1 for samples 1–8 when compared to the

(a) Sample 1, Control (b) Sample 6, Control

(c) Sample 1, 450 MPa
(d) Sample 6, 450 MPa

(e) Sample 1, 600 MPa (f) Sample 6, 600 MPa

Fig. 7 SEM images of the egg
white-whey protein mixture sam-
ples before and after HPP treat-
ment. a, b Samples 1 and 6, con-
trol. c, d Samples 1 and 6, treated
at 450 MPa, for 3.5 min. e, f
Samples 1 and 6, treated at
600 MPa, for 3.5 min

Fig. 8 Native-PAGE and SDS-
PAGE analysis of the whey
protein-egg white protein mix-
tures treated by HPP. a SDS-
PAGE for samples 1, 5, and 8. b
Native PAGE for samples 1, 5,
and 8. (Sample 1, 5.0% WPI +
0% EW; sample 5, 5.0% WPI +
3.0% EW; sample 8, 5.0%WPI +
5.0% EW) (BSA 66.5 kDa, β-
lactoglobulin 18 kDa, α-
lactalbumin 14 kDa; Conalbumin,
76 kDa, Ovalbumin, 44.5 kDa,
Lysozyme 14.4 kDa)
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untreated materials (Fig. 9). We suspect this β-structure, at
1618 cm−1, is the aggregated strand induced by the HPP treat-
ment (Wilder et al. 1992).

Sensory Evaluations of the Astringency of the Protein
Mixtures Treated by HPP

Sample 6 formed microgels under HPP treatment and was
selected for sensory evaluation to determine whether the in-
teractions of the egg white (gel) and whey protein can reduce
the astringency of the whey protein. The acidity attribute was
introduced in the sensory test to help panelists differentiate
from the astringency. As shown in Table 1, the precepted
acidity for the control and HPP-treated samples (450 MPa

and 600 MPa) showed no statistical differences (P > 0.05).
This is reasonable since HPP does not change the structure
for small molecules, e.g., citric acid. The results also indicated
that citric acid might not participate in the crosslinking of
proteins. However, the protein samples treated by HPP
(450MPa, 600MPa) showed a much higher astringency score
compared to the control sample without HPP treatment
(P < 0.05). The astringency of the protein mixtures increased
from 9.0 to 11.3 and 11.1 after the HPP treatment at 450 MPa
and 600 MPa. Moreover, the astringency score of the samples
treated at 450 MPa and 600 MPa showed no statistical
difference.

The astringency of whey protein at pH 3.5 is caused by the
electrostatic interaction between the negatively charged sali-
vary protein and positively charged whey protein or by
the hydrophobic interaction between the two proteins, regard-
less of the viscosity of the matrix (Gibbins and Carpenter
2013; Sano et al. 2005; Beecher et al. 2008). The sensory
result indicated that even when egg white microgels were
formed and whey protein was crosslinked/encapsulated with
the egg white protein, the astringency of the whey protein was
not improved. The HPP treatment exposed more secondary
structures and promoted the formation of new secondary
structures as evidenced by the FT-IR spectra in Fig. 9. The
exposure of more secondary structures possibly makes the
hydrophobic patches more accessible to the salivary proteins

7 Control

7 450 MPa 

7 600 MPa

8 Control

8 450 MPa 

8 600 MPa

3 Control

3 450 MPa 

3 600 MPa

4 Control

4 450 MPa 

4 600 MPa

5 Control

5 450 MPa 

5 600 MPa

6 Control

6 450 MPa 

6 600 MPa

1 Control

1 450 MPa 

1 600 MPa

2 Control

2 450 MPa 

2 600 MPa

(a)

(c)

(b)

(d)

( se
vita

vire
d 

yra
d

n
oce

S
a.

u
.)

( se
vita

vire
d 

yra
d

n
oce

S
a.

u
.)

S
ec

o
n

d
ar

y
 d

er
iv

at
iv

es
 (

a.
u

.)
S

ec
o

n
d

ar
y
 d

er
iv

at
iv

es
 (

a.
u

.)

Wavelength (cm-1)
Wavelength (cm-1)

Wavelength (cm-1) Wavelength (cm-1)

Fig. 9 Second derivatives of the FT-IR spectrum of the whey protein-egg
white protein mixtures treated by HPP. a Samples 1 and 2. b Samples 3
and 4. c Samples 5 and 6. d Samples 7 and 8. (Sample 1, 5.0%WPI + 0%
EW; sample 2, 5.0%WPI + 1.0% EW; sample 3, 5.0%WPI + 2.0% EW;

sample 4, 5.0% WPI + 2.5% EW; sample 5, 5.0% WPI + 3.0% EW;
sample 6, 5.0% WPI + 3.5% EW; sample 7, 5.0% WPI + 4.0% EW;
sample 8, 5.0% WPI + 5.0% EW)

Table 1 Sensory evaluation of the mixtures of whey protein and egg
white protein treated by HPP at 450 MPa and 600 MPa for 3.5 min
(samples with same letter indicate no significant difference; samples
with different letters indicate significant difference)

Sample 6 Acidity score Astringency score

No HPP treatment 9.0 a* 9.0 a*

450 MPa, 3.5 min 8.2 ± 3.5 a 11.3 ± 2.9 b

600 MPa, 3.5 min 8.6 ± 4.4 a 11.1 ± 3.4 b

*The control samples were pre-set to have the acidity and astringency
score of 9.0
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and lead to a more severe astringent taste. Similar to thermal
treatment, the astringency increased with the heating time of
whey protein, revealing that the denaturation of whey protein
is a contributing factor for astringency (Bull et al. 2017). From
the results, we can reasonably conclude that the astringent
taste of whey protein at pH 3.5 is aggravated by the denatur-
ation of whey protein under HPP treatments (Lopez-Fandino
et al. 1996) and the egg white complexation does not compen-
sate for the aggravated astringency.

Conclusion

This study investigated the impact of HPP on the structure and
sensory properties of the mixture of egg white and whey pro-
tein at pH 3.5.We hypothesized that if egg white proteins form
gels, they can encapsulate the whey protein and reduce its
astringency at pH 3.5. However, the sensory results show that
the astringency of the protein mixtures increased after the HPP
treatments. The increased astringency may be caused by the
exposure of the hydrophobic regions of the proteins, which
would significantly increase the chances of interactions be-
tween the whey and salivary proteins. Interestingly, it was also
found that the egg white and whey protein form complexes
with a molecular weight of ~ 90.0 kDa through covalent bond-
ing under HPP treatment.

Acknowledgments We would like to thank John J. Churey at the HPP
Validation Center in Geneva, NY, for his help in HPP treatment.
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