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Model high-protein nutrition bars (HPNBs) were formulated by incorporating whey protein isolate (WPI) and
casein (CN) at various extrusion temperatures (50, 75, 100, 125, and 150 °C) with a protein content of 45 g per
100 g. The free sulfhydryl groups, amino groups, hardness, and microstructures of HPNBs were analyzed peri-
odically at 37 °C over a storage period of 45 days. Specifically, sulfhydryl group, amino group and surface
hydrophobicity of extruded whey protein isolate (WPE) and extruded casein (CE) were significantly reduced (P

< 0.05) compared to those of unextruded protein. HPNBs formulated with WPE (HWPE) and CE (HWCE)
exhibited a slower hardening rate compared to those formulated with unmodified protein. Moreover, the color
difference, hardness and sensory score of HPNBs after 45 days of storage were used as indicators, and the results
of the TOPSIS multiple index analysis indicated that HPNB formulated with WPI extruded at 150 °C possessed the

best quality characteristics.

1. Introduction

Casein (CN) is the main component of milk protein, accounting for
approximately 80%~82%, and is a phosphorous acid protein (Madende
& Osthoff, 2019). Whey protein isolate (WPI) is a compact globular
protein with high biological activity and antibacterial properties (Jan-
jarasskul et al., 2017, Huang et al., 2023). CN and WPI are the main
ingredients in high protein nutrition bars (HPNBs). As a new type of
health food with high protein, the protein content of HPNBs is 20-50%
(Meng et al., 2019). Commercial HPNBs are usually medium moisture
foods with a moisture content of 10-30%, and their shelf life is 6-12
months at room temperature (Li et al., 2008). However, prolonged
storage can result in a decline in the flavor and texture of HPNBs,
accompanied by a noticeable increase in hardness. This greatly limits
their shelf life and consumer acceptance (Sherwin & Labuza, 2010). The
hardening of HPNBs can be attributed to various factors, including the
crystallization of sugars, migration of water, self-aggregation of pro-
teins, phase separation, and glycosylation (Rao et al., 2013). Similarly,
in the casein-based HPNB system, protein molecules hydrate and
enlarge, forming a network structure through non-covalent interactions
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and accelerating hardening. Furthermore, protein aggregation caused
by the Maillard reaction in high protein products usually occurs after
storage for several months (Ismarti et al., 2020).

Numerous studies have explored the anti-hardening properties of
HPNBs. Researchers have fabricated soft HPNBs by mixing a whey
protein with two milk protein concentrates (Imtiaz et al., 2012). In
addition, Li et al. (2017) found that the addition of polysaccharide
molecules could effectively compete with protein molecules for water
molecules, reducing protein molecular hydration and delaying the
hardening of HPNBs. Moreover, the addition of hydrolyzed protein
produces HPNBs with a soft texture (Pathania et al., 2019). Protein
hydrolysates contain peptides and amino acids, which makes HPNBs
bitter and not easily accepted.

Extrusion is a mechanical process that integrates the operations of
mixing, heating, and pressurization and has been widely applied in the
transformation of protein, starch, and cellulose. Extrusion is superior to
other processing approaches due to its versatile attributes, high pro-
ductivity, short processing duration, low cost and energy savings (Kim
et al., 2017). Thomas Fischer (2004) concluded that intermolecular
cross-linking by disulfide bonding through extrusion cooking occurred
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in wheat protein. Chaiyakul et al. (2009) found that extruded milk
protein concentrates (MPCs) could lessen the hardening of HPNBs and
extend their textural shelf-life. However, a comparison and investigation
of the anti-hardening effects of extruded casein and whey protein in
HPNBs has not been examined in depth.

Therefore, in our work, WPI and CN were modified by extrusion
technology, and the extruded WPI and CN were made into high protein
nutrition bars. The aim of this study was to compare and investigate the
effects of extruded CN and WPI on the hardening, color, and sensory
quality of HPNBs during storage. Additionally, the sensory quality of
HPNBs was calculated comprehensively by the fuzzy mathematical
method, and the optimum extrusion temperature of WPI and CN was
determined through normalized Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS) analysis. This work potentially
provides an effective anti-hardening method for HPNBs.

2. Materials and method
2.1. Materials and reagents

WPI (protein 91.3%, fat 1.31%), CN (protein 92.6%, fat 1.75%), and
fructose syrup were obtained from Henan Qian Weiyuan Food Additive
Co. LTD. Glycerin purchased from Tianjin Zhonghe Shengtai Chemical
Co., LTD. Trimethylol aminomethane (Tris), ethylenediamine tetra-
acetic acid (EDTA), phthalaldehyde (OPA), 2-nitrobenzoic acid (DTNB),
sodium dodecyl sulfate (SDS) and glycine were purchased from Beijing
Boaotuo Technology Co., LTD. p-mercaptoethanol and 8-aniline
naphthalene-sulfol-ate (ANS) were obtained from the Sigma company.
Phosphate, glutaraldehyde, ethanol, methanol, boric acid and sodium
chloride (NaCl) were purchased from Tianjin Fuyu Fine Chemicals Co.,
LTD.

2.2. Preparation of extruded proteins

Extruded casein (CE) and whey protein isolate (WPE) were prepared
by a twin-screw extruder (Process 11, Thermo Fisher Scientific Inc.,
Germany). The screw extruder was an inter-meshing corotating device
with a screw diameter of 29 mm and an L/D ratio of 40:1, which
comprised the feeding, extruding, and temperature controlling systems.
During the extrusion, the feed moisture was 40% and the feed rate was
60 r/min. It had eight heating zones. The temperature from the fourth
zone to the sixth zone was changed, and the corresponding extrusion
temperature was set at 50, 75, 100, 125 and 150 °C. The temperatures in
other heating zones were kept constant (the first zone: 25 °C, the second
zone: 35 °C, the third zone: 45 °C, the seventh zone: 45 °C, and the
eighth zone: 25 °C).

2.3. Model HPNBs manufacture

Model HPNBs were formulated to contain 45 g of protein per 100 g.
Extruded or unextruded proteins, glycerol and fructose syrup were
mixed in a ratio of 9:3:8, and then the obtained mixture was blended
with water. A dough of HPNBs was uniformly packed into cylindrical
molds, covered with a lid, and then sealed with parafilm. Samples were
sealed into separate plastic bags and were left at room temperature for 1
h. After storage for 0, 3, 7, 14, 21, 28 or 45 days at 37 °C, the samples
were removed for the corresponding analysis. HPNBs prepared with
extruded CE and WPE were labeled HPCE and HWPE, respectively.
HPNBs obtained with unextruded CN and WPI were marked as HPCN
and HWPI, respectively.

2.4. Free sulfhydryl measurement
The free sulthydryl content of each protein ingredient and HPNB was

determined by Ellman’s assay with modifications (Jiang et al., 2023).
Fifteen milligrams of protein ingredient or HPNBs was dissolved in Tris-
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Gly buffer solution (0.086 mol/L Tris, 0.09 mol/L Gly and 0.04 mol/L
EDTA, pH 8.0). Sample supernatants (0.5 mL) were vortexed with 50 pL
of 10 mmol DTNB/L, which was held at room temperature for 15 min
and the absorbance was read at 412 nm. Sample and standard blanks
were prepared by substituting DTNB with buffer, and then calculated
according to Formula (1).

73.53 X Ag1oam X D

Free sulfhydryl/(umol/g) = — '€))

where A412 nm is the absorbance at 412 nm, p is the sample mass
concentration mg/mL, and D is the dilution factor.

2.5. Free amine measurement

The free amine content was determined by the OPA method (Frister
et al., 1988). OPA (40 mg) was dissolved in 1 mL methanol. Then, 12.5
mL of 20% SDS solution, 25 mL of 0.1 mol/L borax and 500 pL p-mer-
captoethanol were added, and the volume was brought to 250 mL with
distilled water. The 100 pL solution sample (0.2 mg/mL) was mixed with
3 mL OPA reagent, reacted in the dark for 5 min, and then determined at
340 nm. The standard curves were obtained using 1-leucine (0.1-0.5
mg/mL) as the standard: Y = 1.362-0.0094, R? = 0.9997.

2.6. Surface hydrophobicity (HO) measurement

The surface hydrophobicity of the samples was measured by ANS (Li
et al., 2022). The diluted 0.1, 0.05, 0.025 and 0.0125 mg/mL samples
were added to 20 pL ANS (8 mmol/L, dissolved in 0.01 mol/L phosphate
buffer, pH 7.0), mixed well, and then tested after 15 min in the dark. The
excitation wavelength and emission wavelength were 390 nm and 470
nm, respectively. The surface hydrophobicity index was the slope of the
regression curve between fluorescence intensity and protein solution
quality.

2.7. Color

Color values for the HPNBs were acquired with a WSC-S colorimeter
(Shanghai Precision Scientific Instrument Inc., China). Total color
change (DE) was calculated with the Formula (2) for each HPNB prep-
aration with the reference color values (i.e., a0*, b0*, and LO*) set to the
values of HPNB at 0 d.

AE = [(a* _ ag)z + (b"f _ b;)z n (l* B 18)2] 12 N

2.8. Hardness

The HPNB sample was placed into a cylinder with a diameter of 1 cm
and a height of 1 cm. A cylindrical probe with a diameter of 36 mm (P/
36R) was selected to measure the hardness of the sample by using
texture profile analysis (TPA) mode. The determination was repeated at
least 3 times for each sample.

2.9. Microstructure analysis

The microstructure was observed by the glutaraldehyde fixation
method. The HPNBs were prepared in sheets and fixed in 2.5% glutar-
aldehyde fixative. The microstructure of the samples was observed by
scanning electron microscopy (Model JSM-5310LV; JEOL Ltd., Tokyo,
Japan; Ma et al., 2023). The SEM micrographs of the surface and interior
samples were obtained at 500 x magnification.

2.10. Sensory evaluation method

Ten qualified evaluators were selected as members of the sensory
panel. Members randomly evaluated HPNB samples simultaneously and



K. Wang et al.

individually, and transitioned from ‘very good’ (value = 10) to ‘poor’
(value = 0) (Supplementary Material) depending on the performance of
HPNBs.

Specifically, fuzzy mathematics evaluation was superior to the
average system (Liu et al,, 2012), and it was required to select the
evaluation domain = (color, flavor, fragrance, hardness), comment
domain= (9, 7, 5, 3), fuzzy weight vector = (0.22, 0.31, 0.23, 0.24), and
sensory evaluation indices (See Table 1). In this study, we adopted fuzzy
mathematics comprehensive evaluation in three steps: (i) the results of
each evaluation domain were calculated, and the evaluation matrix was
acquired; (ii) the comprehensive grading vector, and the specific oper-
ations of (i) and (ii) were carried out according to the literature (Gao &
Fu, 2011; Liu et al., 2014); and (iii) the comprehensive evaluation score
of each sample was calculated, which was applied to rank competition of
HPNBs.

2.11. TOPSIS multi-index comprehensive evaluation

TOPSIS was applied to thoroughly assess each index of HPNBs under
unconventional conditions. Its principle was to determine the best so-
lution by calculating the ideal alternative and negative ideal alternative
of each solution (Hwang & Yoon, 1981).

The TOPSIS program consists of the following steps:

(1) Development of the ranking decision matrix
X = (x;)

mxn

(2) Index normalized deformation

X
Ilij =

=i=1,2,mj=1,2-n

(3) Calculation of weighted normalized decision matrix

vi=winii=12--mj=172,--n

(4) Determining positive and negative ideal solutions

+
AT = {Vmaxl 5 Vmax2y *** vma\xn}

A = {vminl > Vmin2, ***» Vminu}

(5) Calculating the distance between different evaluation objects and
positive and negative ideal solutions

(6) Computing solutions that are relatively close to ideal, comparing
Ci values and ranking alternatives
D
C=—1—
D} + Dy

2.12. Statistical analyses
SPSS 16.0 was used for one-way analysis of variance and Duncan’s

multiple comparisons. P < 0.05 was considered that the difference was
significant.
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3. Results and discussion
3.1. Surface hydrophobicity of extruded proteins

Fig. 1 shows the change in the surface hydrophobicity of CN and WPI
with extrusion temperature (50-150 °C, interval 25 °C). WPI is a water-
soluble protein with the lowest hydrophobicity index. CN exposed a
more hydrophobic region than WPI. The surface hydrophobicity of the
two proteins was significantly different (P < 0.05). The hydrophobicity
of CE and WPE (extrusion at 150 °C) decreased by 30.99% and 59.65%,
respectively. These results indicated that extrusion treatment caused a
decrease in HO for protein, as also reported by Jung et al. (2010). The
possible reason for this may be that the amount of cysteine in the protein
decreases after extrusion. Cysteine residues in proteins are moderately
hydrophobic amino acid residues, and their reduction will reduce pro-
tein surface hydrophobicity (Yu et al., 2010).

3.2. Free sulfhydryl content of extruded proteins and HPNBs

The free sulfhydryl content of extruded CN and WPI with extrusion
temperature (50-150 °C, interval 25 °C) is depicted in Fig. 2(A). The
sulfhydryl content in CN and WPI decreased with increasing extrusion
temperature. There was a significant difference in the content of sulf-
hydryl between CE (150 °C) and CN (P < 0.05). The content of sulfhy-
dryl in the WPE group was significantly decreased (P < 0.05), and there
was a significant difference in the content of sulfhydryl between WPE
and WPI (P < 0.05). The sulfhydryl content of CE (150 °C) and WPE
(150 °C) was reduced by 42.37% and 79.81%, respectively. The me-
chanical shearing caused by extrusion exposes more sulfhydryl groups of
protein molecules, leading to oxidation reactions and promoting the
formation of disulfide bonds (Qi & Onwulata, 2011). Moreover, with
increasing temperature, the mercapto-disulfide bond exchange reaction
became more intense, and the content of mercapto decreased, forming
new small molecular aggregates (Su et al., 2021).

Fig. 2(B) and (C) shows the free sulfhydryl in HPCE or HWPE (37 °C,
0, 3, 7, 14, 21, 28 and 45 d). HPNBs prepared with untreated protein
were used as blank samples. On the 45th day, the content of free sulf-
hydryl groups in HPCN and HPCE (50-150 °C, interval 25 °C) decreased
more significantly than that in HWPI and HWPE (50-150 °C, interval
25 °C). The free sulfhydryl group in HPNBs decreased during storage. It
was speculated that during storage, protein self-aggregation occurs, and
the thiol-disulfide bond exchange reaction causes protein aggregation in
the system, leading to a continuous decrease in thiol content (Faria et al.,
2018). The content of free sulfhydryl groups lost the most in the WPE
(150 °C) extrusion process, and when it was added to the protein bar
system, there were fewer free sulfhydryl groups that could participate in
the thiol-disulfide reaction.

3.3. Free amino of extruded protein and HPNBs

The free amino content of extruded CN and WPI with extrusion
temperature (50-150 °C, interval 25 °C) is depicted in Fig. 3(A). The
amino content in CN and WPI decreased with increasing extrusion
temperature. Compared to CN and WPI, the amino content of CE
(150 °C) and WPE (150 °C) was reduced by 24.4% and 42.35%,
respectively.

Fig. 3(B) and (C) shows the free amino content of HPNBs prepared
based on CE or WPE (37 °C, 0, 3, 7, 14, 21, 28 and 45 days). The amino
content decreased with the extension of storage time. On the third day,
the amino content of HPCN decreased to 55.58%. On Day 45, there was
no significant difference in free amino content among all groups (P >
0.05). Likewise, on the 3rd day, the amino content of HWPI decreased to
87.9%. The free amino contents of HWPE (50 °C, 75 °C, 100 °C, 125 °C
and 150 °C) were 87.67%, 89.86%, 90.06%, 92.16% and 95.94%,
respectively. On Day 45 of the experiment, the loss of amino content in
the HWPE (150 °C) was the lowest.
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Fig.1. Influence of extrusion temperature on surface hydrophobicity of CN and WPI.

The free amino groups in the HPNBs of the two systems show a
decreasing trend during storage. It is speculated that the addition of the
reducing sugar syrup is responsible for the glycosylation reaction be-
tween the active carbonyl group in the reducing sugar and the amino
group in the protein when stored at 37 °C, resulting in a continuous
decrease in the amino content (Stadler et al., 2002). WPE (150 °C)
extrusion process loss of free amino content. When it was added to the
protein bar system, fewer amino groups could participate in the reac-
tion, so the glycosylation reaction was effectively inhibited.

3.4. Color of HPNBs

Table 2 is shows the /\E of HPNBs of two different systems (37 °C, 0,
3, 7, 14, 21, 28 and 45 days). There was no significant difference be-
tween treatment groups in the HPCN and HPCE when stored for 0-28
days (P > 0.05). Moreover, when stored for 45 days, the color of HWPE
(150 °C) was the lightest. Fructose syrup consists primarily of glucose
and fructose, which are both reducing sugars. During storage, the
Maillard reaction occurs in the bars, which produces Maillard browning
substances (Mottram et al., 2002). However, the free amino content of
WPE decreased during the extrusion process, and the amino content
decreased significantly at 150 °C. Therefore, in the later storage process,
the glycosylation reaction of HWPE (150 °C) was the slowest, with a
good sensory coloration.

3.5. Hardness of HPNBs

Fig. 4(A) and (B) show the hardness of HWPE, HPCE, HWPI and
HPCN during storage for 45 days at 37 °C. The hardness of the four
HPNBs showed an increasing trend during storage. On the 45th day of
storage, their hardness reached a maximum. At the initial Day 0, there
was no significant difference between the HPCE and HPCN groups (P >
0.05). However, the hardness of HWPE and HPCE increased less than

that of HWPI and HPCN. In all the groups, the hardness of HWPE
(150 °C) was the lowest (P < 0.05).

The hardness changes of bars could be divided into two stages. In the
first stage (0-3 days), the hardness of the HPNBs increased significantly,
which was caused by the migration of water and glycerol in the system
(Savitree et al., 2015). WPI has strong hydrophilicity and can be
completely hydrated with water, but CN has a strong hydrophobic ca-
pacity, and only dissolves proteins on the surface of particles. The
spherical structure of proteins still exists, and the system has a large
viscosity, forming a gelatinous structure and producing a large hardness
(Fishman et al., 2015). After extrusion, the content of hydrophobic
residues on the protein surface decreased, which was beneficial for
slowing phase separation during the initial storage (0-3 days).

In the second stage (3-45 days), the hardness of each system of bars
increased with the extension of storage time at 37 °C. This was mainly
caused by disulfide cross-linking and glycosylation reactions. The
glycosylation reaction could lead to the formation of some protein ag-
gregates, among which WPI is more prone to glycosylation reactions,
and its hardness changes are the most obvious (Xi et al., 2020). Due to
the decrease in sulfhydryl group content after extrusion treatment, the
self-aggregation of protein through the sulfhydryl disulfide bond ex-
change reaction could be reduced to cause protein bar hardening. In
addition, due to the reduction in amino content in the extrusion process,
the glycosylation reaction of HPCE and HWPE was slowed down and the
hardening of the storage period was reduced.

3.6. Microstructures of HPNBs

The effect of extrusion treatment on the microstructure of the HPNB
system is pictured in Fig. 5. Fig. 5(A) shows that during the storage
process of HPCN, protein particles absorbed water and swelled, forming
a cross-linked network structure. Until fully crosslinked, it is difficult to
observe distinct individual protein particles. At this point, Fig. 5(B)
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depicts that protein particles have formed aggregates. HWPI was evenly
distributed and fused with bubbles to form a smooth and continuous
internal structure. Compared with HWPE and HPCE, there were larger
but fewer pores observed on the surface of HPCN and HWPI, which
facilitated the interaction in the protein-glycerol-water ternary system.
The morphology in the interior of the untreated HWPI and HPCN

samples was relatively dense, partly due to the increasing hardness. The
results indicated the physicochemical properties of proteins were closely
related to the interaction between proteins and small molecules (Wang
et al, 2023). Similar SEM morphology was reported previously after
conjugation of polyhydroxy compounds with peanut protein (Fengchao
et al., 2019).
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The extruded HWPE and HPCE samples showed the most plenty of Compared with HPCN and HWPI, extruded HWPE and HPCE had an
pores on the surface and uniform honeycomb networks in the interior, irregular surface with a few small cavities, while the organizational
which had almost no collapsed structure during the 21st day of storage. structure revealed multiple channels and large irregularities. It also
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Fig. 5. Effect of extrusion treatment on microstructure of HPCE and HWPE system.

provided a good way for the infiltration of water, thus increasing the
solubility of proteins. After 45 days of storage, the Maillard reaction
occurred in each group of HPNBs, which made the protein and water
fuse and the whole system more uniform and compact. After 45 days of
storage, there was no difference in microstructure among the HPNB
samples.

3.7. Sensory properties of HPNBs

Traditional sensory evaluation is based on a single sensory evalua-
tion index, without considering personal preference, personal experi-
ence, psychological factors and other direct effects on sensory
evaluation. Fuzzy mathematics employs grading scales to assess samples
(Zhang, 2015). In this evaluation process, the sensory team must scru-
tinize the elements that affect the performance of HPNBs, and determine
the score of HPNBs by combining the weight of each factor and the
membership degree. Fuzzy mathematics is immune to subjective factors
and improves the accuracy of results. Therefore, the fuzzy mathematics
comprehensive evaluation method was used for the sensory evaluation
of HPNBs.

Table 3 indicates the sensory scores of HPNBs (37 °C, 3, 7, 14, 21, 28,
and 45 days). The sensory scores of HWPE and HPCE decreased with
storage time, flavor deteriorated, and hardness increased. Specifically,
at Day 0, the samples were mushy and unconverted to solid, with low
sensory scores. After short-term storage (0-3 days), the samples gradu-
ally formed solids and had good sensory scores. After 45 days of storage,
HPCE (100 °C) had the highest sensory score of 6.09, and HWPE
(150 °C) obtained the highest sensory score of 6.85. Moreover, the

sensory scores of the HPCE and HWPE were higher than those of HPCN
and HWP], indicating that the extrusion-modified protein could improve
the sensory characteristics of the HPNBs.

3.8. Selecting the optimum extrusion temperature of CN and WPI in
HPNBs by TOPSIS

Table 4 shows the Ci ranking order of the six opportunities based on
the color difference, hardness, and sensory score of HPNBs after 45 days
of storage. Comparing HPCN and HWPI, the Ci values of all HPCE and
HWPE samples were higher than those of HPCN and HWPI. Moreover, a
larger Ci indicated that the alternative was relatively better. The largest
Ci value was 0.9863. This indicated that WPE (150 °C) was the best
ingredient for enhancing the anti-hardening and performance of HPNBs
after taking all factors into consideration.

4. Conclusion

In this work, the anti-hardening and performance of HPNBs formu-
lated with CE and WPE were evaluated for the first time, and it was
found that extrusion pretreatment could significantly enhance the
hardness of HPCE and HWPE during storage. In particular, after 45 days
of storage, the hardness of the HPCE and HWPE was significantly lower
than that of the HPCN and HWPI. Moreover, the color difference,
hardness, and sensory score of HPNBs after 45 days of storage were used
as indicators, and the results of the TOPSIS multiple index analysis
indicated that HPNB formulated with WPI extruded at 150 °C possessed
the best quality characteristics. Therefore, the HPNBs formulated with
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Fig. 5. (continued).

WPE (150 °C) exhibited the best anti-hardening and sensory charac-
teristics. In conclusion, extrusion pretreatment of food protein is a
highly effective approach to enhance the anti-hardening, sensory
properties, and extend the shelf life of HPNBs.
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