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Abstract: Most high-protein nutrition bars (HPNBs) would harden during storage, seriously affecting the acceptability of consumers. In
this work, soy protein isolate (SPI), extruded at 50, 75, 100, 125, and 150 ‘C, was formulated for HPNBs to investigate whether extrusion
protein could relieve hardening and improve quality characteristics of HPNBs during 45 days of storage at 37 ‘C. HPNBs prepared with
extruded SPI were notably softer. And they had higher sensory scores than HPNBs produced with unextruded SPI during storage (P <
0.05). But there were no significant differences in hardness and total color change with the increase of extrusion temperature after 45 days
of storage (P >0.05). According to the correlation analysis, HPNBs prepared by SPI extruded at 50 °C had the best physicochemical

properties. This study provides an effective way to relieve the hardening of HPNBs during shelf life or even longer.
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1 Introduction

More recently, there has been a significant growth of interest in
high-protein nutrition bars (HPNBs). HPNBs contain 15%-45%
protein, 10%-50% carbohydrates, and 10%-15% lipids which can
rapidly supply sufficient protein and energy for organism
requirements'’. Thus, they are extensively used for nutrition
supplements, muscle building and weight losing”. HPNBs are
usually formulated with dairy and soy proteins"”. Among them, soy
protein isolate (SPI) is derived from oil crops and the protein
content is more than 90%". Owing to its good nature and low cost,
SPI is an excellent alternative to dairy proteins such as casein and
whey protein isolate for HPNBs". Compared with dairy proteins,
HPNBs formulated by SPI probably have a good performance. SPI
may be conductive to reduce water activity in HPNBs system and
modify the textural parameters of HPNBs. And SPI-contained
HPNBs show higher brightness than those with others, such as
whey protein, rice protein, wheat protein, and so on"“. Moreover,
HPNBs have a unique cereal flavor when use SPI as the main
gradient”.

Despite these advantages, the texture and flavor of all HPNBs
probably change during long-term storage". Hardening is the most
influential one among these changes, which negatively affects the
shelf stability, food quality and customer acceptance of HPNBs".. At
present, the main mechanisms for the hardening of HPNBs are
sugar crystallization"’, water migration"’, protein self-aggregation”,
phase separation”” and Maillard reaction™. In fact, the hardening of
HPNB:s is the result of a combination of these mechanisms"”. The

hardening can be separated into two stages, i.e., the early stage and
the mid-late stage of storage. Water migration and protein self-
aggregation are important factors that lead to the hardening of
HPNBs with SPI during the earlier period of storage'”. Protein
aggregation, phase separation, and Maillard reaction are considered
as main factors affecting the hardening process during the later
period of storage'”. Currently, the varieties and contents of sugar
have been improved, so sugar crystallization is not the main
mechanism to increase the hardness of HPNBs.

Extrusion is a high-temperature short-time (HTST) process,
which is an effective way to modify food structures’. In the
extruding process, the structure and properties of SPI are changed
because of the high temperature and shear force™. On the one side,
after extrusion treatment, proteins are cross-linked by a disulfide
bond, which leads to the decrease of the free sulthydryl group of
SPI, and the internal aggregation of protein in HPNBs is reduced™”.
Additionally, protein particles are easy to hydrate after extrusion,
which helps part of the particles collapse and prevents the complete
particles from absorbing water from other components during
storage. Based on these changes, it is presumed that extrusion
pretreatment would be viable to improve the properties of HPNBs
with SPI during storage.

Full studies have been published on extrusion applied to HPNBs
with dairy proteins™. It has been pointed out that extrusion
changes the wettability of the dairy proteins and reduces the
content of the free sulthydryl group and free amino group, leading
to a lower protein reactivity in HPNBs system during storage”’.
HPNBs prepared with extruded dairy proteins are less prone to
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phase separations during storage”’. However, the quality
characteristics of SPI-extruded HPNBs during storage are rarely
reported. Thus, the changes in color, hardening, and sensory
properties of SPI-extruded HPNBs during storage were amply
investigated in this test. Meanwhile, the influences of extrusion
pretreatment on the internal structure of SPI in different
temperatures were also analyzed, to further understand the
principle of improving HPNBs hardening by extrusion. Moreover,
the physicochemical properties of HPNBs after long-term storage
were visualized in a heat map. This work potentially provides a new
approach to the production of anti-hardening HPNBs and
promotes the growth of plant-based foods.

2 Materials and methods

2.1 Materials and chemicals

SPI (protein 92.2%, fat 0.2%) and fructose syrup were purchased
from Henan Qianweiyuan Food Additives Co., Ltd. (Zhengzhou,
China). Glycerol was obtained from Tianjin Zhonghe Shengtai
Chemical Co., Ltd. (Tianjin, China). Tristhydroxymethyl)
aminomethane (Tris), ethylene diamine tetraacetic acid (EDTA)
and glycine (Gly) were obtained from Biotopped Boaotuoda
Technology Co., Ltd. (Beijing, China), and f3-mercaptoethanol was
obtained from Amresco Co. (Solon, America). 8-Anilino-1-
naphthalene sulfonic acid (ANS) was obtained from Sigma Co. (St.
Louis, MO, America). Urea was obtained from Tianjin Chemio
Chemical Reagent Co., Ltd. (Tianjin, China). Sodium dodecyl
sulfate (SDS), 5,5-dithiobis (DTNB), ophthaladehyde (OPA) were
obtained from Beijing Boaotuoda Technology Co., Ltd. (Beijing,
China). All chemicals used in this study were of analytical grade.

2.2 Preparation of extruded SPI

SPI with 40% moisture content was fed into a twin-screw extruder
(Process 11, Thermo Fisher Scientific, China) at a rate of 60 r/min.
Moreover, this extruder has 8 independent heating zones (7 built-in
heating zones, 1 external die heating zone)"". The first zone, the
second zone, the third zone, the seventh zone and the eighth zone
were remained at 25, 35, 45, 45, and 25 ‘C, respectively. The barrel
temperature of zones 4-6 was set to 50, 75, 100, 125, and 150 C,
respectively, to get the SPI at different extrusion temperatures. After
that, they were freeze-dried by a vacuum freeze dryer (Songyuan
Huaxing Technology Development Co., Ltd., Beijing, China) and
marked as SPE 50 ‘C, SPE 75 °C, SPE 100 ‘C, SPE 125 C and SPE
150 C.

2.3 Preparation of high-protein nutrition bars

The HPNBs were formulated to contained 45 g protein per 100 g.
Extruded or unextruded SPI, fructose syrup and glycerol were
mixed in a ratio of 9:8:3" and knead them into doughs. The
doughs were uniformly packed into molds and sealed with
parafilm, then equilibrated at 25 °C for 0.5 h, and kept in an
incubator at 37 ‘C. Samples were removed from incubator on 0, 3,
7,14, 21, 28, 45 days for testing,

24 Free sulfhydryl group content analysis

The content of free sulthydryl group of protein and HPNBs was
measured according to the modified method of Ellman™!. Disolved
15 mg of the samples in Tris-Gly buffer (0.086 mol/L Tris,
0.09 mol/L Gly and 0.04 mol/L EDTA in water to make 1 L at pH
8.0), 50 pL of 4 mg/mL Ellman reagent (50 mL Tris-Gly and 0.2 g
DTNB) was added at room temperature and the obtained mixture
was kept for 15 min in the dark. The absorbance was measured at
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412 nm by a spectrophotometer UV-Vis (TU-1800, General
Instrument, China). Samples and standard control were prepared
with the buffer instead of DTNB. The content of free sulthydryl
group was calculated using the following formula:

73.53%X A4 ym XD
Free sulfhydryl group content (umol/g) =——"——"""—

(1)

Where Ay, oy, is the UV absorbance at 412 nm, p is the mass
concentration (g/mL) of the sample, and D is the dilution factor.
73.53 = 10°/(1.36 x 10%), 10° is for conversions from the molar basis
to the pmol/L basis and from mg solids to g solids, 1.36 x 10* is the
molar absorptivity coefficient of DTNB (L/(mol-cm)).

25 Free amino group content analysis

The content of free amino group was measured following the OPA
method". Firstly, 40 mg of OPA, 12.5 mL of 20% SDS, 500 uL of
B-mercaptoethanol, and 25 mL of 0.1 mol/L sodium tetraborate
were added in 1 mL methanol, then making the volume to 250 mL.
Subsequently, the sample (100 uL) which contained 0.2 mg/mL
protein was blended into 3 mL OPA. After it was kept for 5 min in
the dark, the absorbance was measured at 340 nm by a
spectrophotometer  (TU-1 800, General Instruments LLC,
General Instrument, Beijing, China). L-Leucinestandard curve
(0.1-0.5 mg/mL) was applied in this experiment for calibration
curve: y = 1.362x - 0.009 4 (R* = 0.999 7), where x is L-leucine
concentration (mg/mL), y is the absorbance.

2.6 Determination of surface hydrophobicity (H,)

The surface hydrophobicity was measured by fluorescence
spectrophotometer (F-4500, Hitachi, Japan) according to ANS
fluorescence method™. Samples were diluted to 0.1, 0.05, 0.025, and
0.012 5 mg/mL, and then mixed with 20 pL. 8 mmol/L ANS. After
keeping in dark for 15 min, samples were measured at 390
(excitation) and 470 nm (emission). The surface hydrophobicity
was obtained by the slope of fluorescence intensity and the mass of
protein solution curve.

2.7 Color analysis

The color was measured by a colorimeter (WSC-S, Precision
Scientific Instrument Co., Ltd., Shanghai, China). The lightness
(L*), redness/greenness (a*) and yellowness/blueness (b*) values
were obtained. The total color difference (AE) between samples was
calculated using the following formula:

AE= /(L ~ L) + (a* — ) + (b — ")’ 2)

Where L*, a*,, and b*, are the values of SPI-contained HPNBs
and L*, a*, and b* are the values of SPI-extruded HPNB:s.

2.8 Hardening analysis

Samples were divided into 1 cm high cylinders with 1 cm diameter.
The hardening of samples was measured according to the texture
profile analysis (TPA) by a texture analyzer (TA.XT.plus, Stable
Micro System, Inc., Surrey GU7 1YL, UK) with 36 mm diameter
cylindrical probe P/36R. All experiments were performed in
triplicate.

2.9 Scanning electron microscopy test

The microstructure of the samples were analyzed by a scanning
electron microscopy (S-3400, Hitachi, Japan)™. Initially, each flake
sample (0.1 g) was fixed with 2.5% aqueous glutaraldehyde solution
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for24 h at 4 ‘C. The samples were shaken periodically in order to
prevent the sample from sticking on the bottom of the container.
After fixation, samples were rinsed in phosphate buffer 3 times for
15 minutes each time. Concentrations of ethanol solutions were
increased in turn: 30%, 50%, 70%, 80%, 90%, 100% and 100%. The
samples were dried for 1 h to remove the water and then observed
at 500 x magnification.

2.10 Sensory evaluation

Evaluators were randomly selected and trained to score the HPNBs
from four indicators (appearance, texture, flavor, and taste) using
1-10 points. The scores were categorized into 4 levels: excellent
(8-10 points), good (5-7 points), medium (34 points) and poor
(1-2 points)®. However, the traditional sensory evaluation
methods have a certain fuzziness due to the influence of some
factors such as the region, habits and hobby. Fuzzy mathematics
can eliminate these influences. Thus, fuzzy mathematics was
applied in this study.

211 Fuzzy mathematical modelling

The steps of fuzzy mathematics comprehensive evaluation are as
follows"": The evaluated factors of HPNBs were color (U), texture
(U,), flavor (Us), and taste (U,). So the evaluated factor set was
U={U, U, U;, U} = {appearance, texture, flavor, taste}. Moreover,
the comment set of HPNBs was V = {V,, V,, V;, V,} = {excellent,
good, medium, poor}. The 8-10 score was excellent, 6-8 score was
good, 4-6 score was medium, 2-4 score was poor. To make the
difference more obvious, intermediate value for each grade was
determined as the final value, i.e, V=1{9,7, 5, 3}.

Frequency statistics was adopted to confirm the weights, and the
weight set was X = {x,, x,, x3, x,} = {0.22, 0.31, 0.23, 0.24}.

The sensory scores were transformed into a fuzzy matrix R. The
fuzzy relationship evaluation set was ¥ = X x R. The final scores in
the fuzzy comprehensive evaluation were T=Y x V.

212 Statistical analysis

The results were showed as mean + standard deviation, and each
test was repeated three times (n = 3). SPSS 22.0 software (SPSS Inc.,
Chicago, IL, USA) was used for analysis of variance (ANOVA).
Duncan test was used to analyze the significant differences of the
average at P < 0.05. Origin 2017 (OriginLab, Northampton, MA,
USA) was used for plotting. Moreover, principal component
analysis (PCA) was used to downscale the data. Following the
principle of eigenvalues more than 1, several principal components
were selected and visualized to explore the relationships among
samples as well as between samples and variables.

(A)
ra

b
-

Free sulthydryl group
content (umol/g)

S = N W R U NN
Free amino group
concentration (mmol/L)

3 Results and discussion

3.1 Free sulfhydryl group of SPI

Free sulthydryl group and disulfide bond are key to the protein
aggregation, which can cause hardening of HPNBs™. Figure 1A
shows the effects of extrusion temperature on the free sulthydryl
group in SPI. The free sulthydryl group of SPI notably declined
after extrusion (P < 0.05). Similarly, Alonso et al."” reported that
free sulthydryl group in pea and kidney bean was reduced after
extrusion pretreatment. It was also found that protein aggregation
occurred after high-intensity homogenization™. Hence, a possible
explanation was extrusion promoted the cross-linking between the
free sulthydryl group and resulted in a decrease in the free
sulthydryl group™. As the extrusion temperature raised, free
sulthydryl group of SPE significantly reduced (P < 0.05). The free
sulfhydryl group of SPE 150 ‘C was reduced by 74.12%. It probably
meant more disulfide bond formation and/or protein denaturation
at high extrusion temperature®".

3.2 Free amino group of SPI

Glycosylation reaction between reducing sugar and free amino
group generates insoluble aggregates during storage, resulting in the
degradation of food quality". Figure 1B shows the effects of
extrusion temperature on free amino group in SPI The free amino
group of SPE was significantly less than SPI (P < 0.05). The result
might be caused by high temperature, pressure, and shear force,
which would change the structure of SPI, thereby resulting in the
reduction of amino groups". Furthermore, the free amino group of
SPE significantly declined when the extrusion temperature
increased (P < 0.05). A previous study also showed that free amino
group of whey protein isolate had a downward trend when the
extrusion temperature raised through 50 to 130 ‘C™. The free
amino group in SPE 150 ‘C reduced by 22.38% in comparison with
SPI, due to the protein-to-protein interactions at high extrusion
temperature™. Compared with Figures 1B and 2B, the free amino
group of HPNBs prepared with extruded and unextruded SPI did
not change on day 0 of storage. With the increase in storage time,
the free amino group of HPNBs decreased.

3.3 Surface hydrophobicity of SPI

Surface hydrophobicity is a most extremely structure-related factor
which influence the functional properties of proteins in many
areas” . Figure 1C shows the effect of extrusion temperature on
surface hydrophobicity in SPL. At first, the surface hydrophobicity
of SPI is high because its solubility in water was very low. Moreover,
the surface hydrophobicity of SPE was notably less than SPI
(P < 0.05). The reduction could be attributed to protein aggregates
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Extrusion temperature ('C)

Extrusion temperature ('C)
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Figure1 Effects of extrusion temperature (50, 75, 100, 125, and 150 ‘C) on (A) free sulthydryl group, (B) free amino group, and (C) surface hydrophobicity of SPI.
Different lowercase letters (a—f) indicate significant differences in different extrusion temperatures (P < 0.05).
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and protein-protein interactions after extrusion, covering the most
hydrophobic sites inside the aggregate, which led to a decrease in
surface hydrophobicity of SPI“. As the extrusion temperature
increased, the surface hydrophobicity in SPE greatly reduced
(P < 0.05). The surface hydrophobicity of SPI was reduced by
50.32% after extrusion at 150 “C. A similar result was also obtained
by Ma et al®. Furthermore, more SPI congregated through
hydrophobic interactions after high-temperature extrusion, which
encapsulated more hydrophobic groups within the aggregates™.
Therefore, extruded SPI was less reactive in HPNBs during storage
and was less likely to self-aggregation by hydrophobic interactions,
thus alleviating hardening.

3.4 Free sulfhydryl group of HPNBs during storage

Figure 2A shows the content of free sulthydryl group of HPNBs
prepared with extruded and unextruded SPI during storage at 0, 3,
7, 14, 21, 28 and 45 days. With the extension of storage, the free
sulthydryl group of each HPNBs was reduced significantly
(P < 0.05). The same results were also found by Wang et al.”. It
could be attributed to protein self-aggregation through the
formation of disulfide bonds during storage in HPNBs, which led
to an obvious decline in free sulthydryl group"™. And the free
sulthydryl group of HPNBs prepared with SPI, SPE 50 C, SPE
75 ‘C,SPE 100 C,SPE 125 C and SPE 150 ‘C was reduced by
49.77%, 40.55%, 34.36%, 41.92%, 42.04% and 33.33% after 45 days
of storage, respectively. Clearly, the consumption of the free
sulthydryl group in SPI-extruded HPNBs was less than that in SPI-
contained HPNBs after 45 days of storage. It might be the reason
that the free sulthydryl group of SPI that participated in the self-
aggregation was reduced after extrusion (according to Figure 1A).
This followed that protein self-aggregation was reduced in
SPI-extruded HPNBs during storage, thus mitigating the hardening
of HPNBs.

3.5 Free amino group of HPNBs during storage

Figure 2B shows the free amino group of HPNBs prepared with
extruded and unextruded SPI during storage at 0, 3, 7, 14, 21, 28
and 45 days. Obviously, the free amino group of each HPNBs
significantly depressed during storage (P < 0.05). Previously,
Banach et al" also found the same trend. This finding might be
attributed to the Maillard reaction between the free amino group
and reducing sugar during storage in the HPNBs system, which led
to the decrease of free amino group™. Moreover, the free amino
group in HPNBs prepared with SPI, SPE 50 C,SPE 75 C, SPE
100 ‘C,SPE 125 ‘C and SPE 150 ‘C was decreased by 86.28%,

74.58%, 77.93%, 80.68%, 81.85% and 82.67% after 45 days of
storage, respectively. This indicated that the consumption of free
amino groups in SPI-extruded HPNBs was less than that in
SPI-contained HPNBs. This was probably owing to fewer free
amino groups in the extruded SPI participated in the Maillard
reaction (according to Figure 1B). Therefore, the Maillard reaction
between the free amino group and the reducing sugar was inhibited
after extrusion, which reduced the formation of insoluble
aggregates, thus alleviating hardening.

3.6 Hardness of HPNBs during storage

Hardness as a critical indicator effects the customer acceptance of
HPNBs™. Figure 2C shows the hardness of HPNBs prepared with
extruded and unextruded SPI during storage at 0, 3, 7, 14, 21, 28
and 45 days. The hardness of HPNBs increased in each group with
the extension of storage. There were no remarkable differences
between HPNBs on day 0. After 3 days of storage, the hardness of
HPNBs increased within a short time. As observed by
Tolstoguzov™, the results were mainly caused by the migration of
substances such as moisture and glycerol in the system. While
storedat 37 ‘C for 3-45 days, the hardness of HPNBs increased
and reached the maximum after a 45-day storage. However, the
significant differences were not found in each group (P > 0.05).

The HPNBs with extrusion were remarkably softer than
SPI-contained HPNBs even after a long-term (45 days) storage
(P < 0.05). It might be due to the decrease of free sulthydryl group
and amino group of SPI in HPNBs after extrusion (shown in
Figures 1A and 1B). Additionally, after the extrusion pretreatment,
the hardening caused by self-aggregation was relieved because there
was a decrease in the free sulthydryl group content. Meanwhile, the
reduction of free amino group after extrusion slowed down the
glycosylation in HPNBs, mitigating the hardening of HPNBs
during storage®. Moreover, the surface hydrophobicity of SPI was
reduced by extrusion (shown in Figure 1C), which was beneficial to
slow the phase separation in the HPNBs system during storage. The
hardness of HPNBs was also decreased.

3.7 Color of HPNBs during storage

Color change can also be another important factor for the quality
decline of HPNBs except hardening™”. AE of HPNBs during storage
was presented in Table 1. The AE of HPNBs significantly raised
when the extrusion temperature increased to 125 and 150 C. It was
attributed to high temperature promoted Maillard reaction between
the free amino group and reducing sugar in HPNBs system, which
could generate melanoidins and change the color of HPNBs".

3 SPI 3 SPE 50 ‘C Pl 3 SPE 50 ‘C ISPl [ SPE 50 C
EASPE75°C 1 SPE 100 C A SPE75°C [ISPE100 C EASPE75°C [ISPE100 C
S (A) @ SPE 125 °C B SPE 150 C . (B) mm SPE 125 °C &= SPE 150 C - 000 (©) @m SPE 125 °C B3 SPE 150 C
[Aa 3 Aa [ Aa r
aby a
| - o . 60001 N
25 23 12} if .
52 4| g E 5 5000 shape [t st | e
T E BE 10F 2 4000
55 Q& 2
2 3t SE st g
23 g2 S 3000
EE-Er)t SE 6r 5
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g o = g
B S a2l 1000
oL oL 1 0 1 1 ELEEL L H
0 3 7 14 21 28 45 0 3 7 14 21 28 45

Storage time (d)

Storage time (d)

Storage time (d)

Figure2 Effects of extrusion on (A) free sulthydryl group, (B) free amino group, and (C) hardness during storage in HPNBs. Different capital letters (A-E) indicate
significant differences in different extrusion temperatures (P < 0.05), and different lowercase letters (a—g) indicate significant differences in different storage days (P < 0.05).
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Table1 The AE change of HPNBs prepared with extruded and unextruded SPIon 0, 3, 7, 14, 21, 28 and 45 days.

Extrusion temperature (C) od 3d 14d 21d 28d 45d
50 0.70 + 0.60* 0.85 £ 0.39* 1.93 £0.58° 1.95+£0.61° 1.89 £ 0.63* 1.39 £ 0.31* 2.04 £0.25*
75 1.36 £ 0.75" 1.10 £ 0.18* 1.45+0.30" 1.60 + 0.80® 1.85+0.03" 1.17+£0.18" 1.97 £0.37¢
100 1.70 + 0.80" 1.19 £ 0.14* 1.11 £ 0.47® 1.89+0.11™ 1.24 £ 0.09¢ 1.08 + 0.06" 2.09 £0.21*
125 2.59 £ 0.48* 1.88 £ 0.29* 0.83 +0.21° 1.35+£0.38¢ 1.11 £ 0.14¢ 1.06 + 0.60° 2.04 £0.13*
150 2.32 £1.03* 1.83 £ 0.30* 0.80 + 0.50° 1.13 £ 0.25¢ 1.11 £ 0.09¢ 1.03+£0.17° 1.99 £ 0.09*

Note: Different letters indicate significant differences in different extrusion temperatures (P < 0.05).

Nevertheless, there were no significant differences in AE of HPNBs
between changes of extrusion temperature after 45 days of storage
(P> 0.05).

3.8 Microstructure of HPNBs during storage

Scanning electron microscope (SEM) has been widely used for
studying the structure and distribution of materiel in many
areas”™. Figure 3 shows the morphological structure of HPNBs
prepared with SPI and SPE 150 “C through the storage of 3, 21, 45
days. At early stage of storage (3 and 21 days), the microstructure
between HPNBs prepared with SPI and SPE 150 C was different
due to extrusion pretreatment. Noticeably, there were more circular
pores on the surface of HPNBs prepared with SPI (shown in
Figures 3A and 3B). For HPNBs prepared with SPE 150 ‘C (shown
in Figures 3a and 3b), the surfaces were rough and showed a large
blocky structure. However, there were no significant differences in
microstructure between HPNBs prepared with SPI and SPE 150 C
after stored for 45 days (P > 0.05). The structure of HPNBs was
relatively tight after storage of 45 d (shown in Figures 3C and 3c).
The physicochemical properties of proteins were tightly related to
protein-small molecule interactions™. Protein in the HPNBs system
gradually absorbed water, swelled from the liquid continuous phase,
blended to form a cross-linked network structure, and finally made
the structure tight™.

3400 5.00 KV 12.1 mmx500 SE $3400 5.00 kV 11.7 mmx500

53400 5.00 kV 10.6 mmx500 SE

$3400 5.00 KV 11.4 mmx500 § 100 um §3400500kV 1L0mmxs00SE "' ! fodm T !

Figure3 Effects of extrusion on morphological structure in HPNBs with SPI
(A, B, C) and SPE 150 °C (a, b, ¢) during storage for 3, 21, and 45 days.
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3.9 Sensory evaluation of HPNBs during storage

Sensory evaluation is a key process in control of food quality™”.
Table 2 shows the sensory scores of HPNBs prepared with extruded
and unextruded SPI. Obviously, the sensory scores of HPNBs
prepared with SPE 50 ‘C, SPE 75 ‘C and SPE 100 C were higher
than SPI-added HPNBs on day 0 of storage. It indicated that low
temperature extrusion could improve the sensory properties of
HPNBs. Onyeoziri et al™ also reported that extrusion could
enhance the sensory characteristics of instant porridge. However,
the sensory scores of HPNBs prepared with SPE 125 C and SPE
150 ‘C were lower than HPNBs prepared with SPI on day 0 of
storage. It might be due to the Maillard reaction and some relative
interactions at high temperature and pressures, resulting in poor
sensory properties of HPNBs"™. Moreover, the sensory scores of SPI-
extruded HPNBs are higher than SPI-contained HPNBs after
stored 45 days. Besides HPNBs prepared with SPE 50 C had the
highest sensory score after a long-term storage (45 days).

Table2 Comprehensive score of fuzzy evaluation of HPNBs on 0, 3, 7, 14, 21,

28 and 45 days.

temi:;;‘:flﬁn( ) 04 3d 7d 14d 2d 28d asd
Control 712 846 841 819 746 697 593

50 726 867 869 858 831 752 648

75 719 861 8.63 846 777 737 634

100 715 851 857 852 7.83 732 629

125 702 852 852 862 794 738 629

150 702 857 857 84l 772 747 629

3.10 Correlation analysis

With the PCA, factors of HPNBs during storage were transformed
and downscaled. As shown in Figure 4A, the contribution rates of
PC1 and PC2 were 74.4% and 24.8%, respectively. PC1 and PC2
reflected 99.2% of the total amount of information provided by the
original data. For PCI, hardness, AE and sensory scores were the
characteristic indexes. For PC2, the free amino group and the free
sulthydryl group were the characteristic indexes. The hardness was
more closely related to PC1 and the free amino group was more
closely related to PC2. Compared with the free amino group, the
free sulthydryl group of HPNBs had more influence on the
hardness of HPNBs. The sample points of the HPNBs before and
after extrusion were distributed on both sides of the vertical axis,
indicating significant differences (P < 0.05) in these factors between
HPNBs prepared with extruded and unextruded SPI.

For a more visual observation of the distribution of experimental
data, a heat map was used to transform data into chroma. Row
standardization was also adopted to make the differences between
data more significant. Figure 4B indicated that sensory scores of
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Figure4 (A)PCA and (B) heatmap of HPNBs with extruded or unextruded SPI after storage for 45 days.

HPNBs prepared with SPE 50 ‘C were higher than other HPNBs
after stored for 45 days. Besides, after 45 days of storage, the
hardness of HPNBs made with SPE 50 ‘C was lower than that of
other HPNBs. In summary, HPNBs prepared with SPE 50 C had
better quality characteristics even after a long-term storage
(45 days).

4 Conclusion

In conclusion, SPI was less reactive in HPNBs and then relieved the
hardening of HPNBs during storage due to lower free sulthydryl
group, free amino group, and surface hydrophobicity after
extrusion. Thus, the SPI-extruded HPNBs were softer than SPI-
contained HPNBs even after 45 days of storage. Additionally,
SPl-extruded HPNBs had better sensory properties than
SPI-contained HPNBs. Moreover, the HPNBs prepared with SPE
50 C showed the best quality characteristics among SPI-extruded
HPNB:s after a long-term storage (45 days). This work has revealed
that anti-hardening HPNBs can be produced by the application of
extrusion pretreatment. In further research, the effects of extrusion
on other characteristics (such as nutritional value, flavor, and so on)
of HPNBs would be required to develop high-quality HPNBs.

Contflict of interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

This study was supported by project for Natural Science
Foundation of China (No. 32172164), Natural Key Science
Foundation of Heilongjiang Province of China (No. ZD2021C007)
and Cooperative Innovation Project of Heilongjiang Province
Education Department (LJGXCG2022-029).

References
[1]

N. Lu, P. Zhou, Chapter 13: whey protein-based nutrition bars, in
whey proteins, in: H. C. Deeth, N. Bansal (Eds.), Whey proteins
from milk to medicine, Academic Press, 2019, pp. 495-517.
https://doi.org/10.1016/B978-0-12-812124-5.00014-X.

D. Zhu, T. P. Labuza, Effect of cysteine on lowering protein
aggregation and subsequent hardening of whey protein isolate
(WPI) protein bars in WPI/buffer model systems, J. Agri. and Food

Chem. 58 (2010) 7970-7979. https://doi.org/10.1021/j£100743z.

(2]

https://doi.org/10.26599/FSAP.2023.9240036

[3]

[4]

[3]

[6]

(7

[8]

9]

[10]

[11]

[12]

[13]

[14]

D. J. McMabhon, S. Adams, W. McManus, Hardening of high-
protein nutrition bars and sugar/polyol-protein phase separation, J.
Food Sci. 74 (2009) E312-E321. https://doi.org/10.1111/j.1750-
3841.2009.01225 x.

M. Thrane, P. Paulsen, M. Orcutt, et al., Soy protein: impacts,
production, and applications, in: Sustainable protein sources, 2017,
Elsevier. pp. 23—-45. https://doi.org/10.1016/B978-0-12-802778-3.
00002-0.

Y. T. Xu, L. L. Liu, Structural and functional properties of soy
protein isolates modified by soy soluble polysaccharides, J. Agric.
Food Chem. 64 (2016) 7275-7284. https://doi.org/10.1021/acs.jafc.
6b02737.

J. Matecki, I. Tomasevic, 1. Djekic, et al., The effect of protein
source on the physicochemical, nutritional properties and
microstructure of high-protein bars intended for physically active
people, Foods 9 (2020) 1467. https://doi.org/10.3390/
foods9101467.

T. Russell, M. Drake, P. Gerard, Sensory properties of whey and
soy proteins, J. Food Sci. 71 (2006) S447-S455. https://doi.org/10.
1111/5.1750-3841.2006.00055.x.

C. P. Sherwin, T. P. Labuza, Role of moisture in Maillard
browning reaction rate in intermediate moisture foods: comparing
solvent phase and matrix properties, J. Food Sci. 68 (2003)
588-593. https://doi.org/10.1111/1.1365-2621.2003.tb05715 x.

M. J. Cho, Soy protein functionality and food bar texture, in: K. R.
Cadwallader, S. K. C. Chang (Eds.), Chemistry, texture, and flavor
of soy, ACS Symp. Ser. 2010, pp. 293-319. https://doi.org/10.1021
/bk-2010-1059.ch019.

R. W. Hartel, A. V. Shastry, Sugar crystallization in food products,
Crit. Rev. Food Sci. Nutr. 30 (1991) 49-112. https://doi.org/10.
1080/10408399109527541.

S. M. Loveday, J. P. Hindmarsh, L. K. Creamer, et al.,
Physicochemical changes in intermediate-moisture protein bars
made with whey protein or calcium caseinate, Food Res. Int. 43
(2010) 1321-1328. https://doi.org/10.1016/j.foodres.2010.03.013.
E. M. Mulcahy, M. Fargier-Lagrange, D. M. Mulvihill, et al.,
Characterisation of heat-induced protein aggregation in whey
protein isolate and the influence of aggregation on the availability
of amino groups as measured by the ortho-phthaldialdehyde (OPA)
and trinitrobenzenesulfonic acid (TNBS) methods, Food Chem.
229 (2017) 66-74. https://doi.org/10.1016/j.foodchem.2017.01.155.
B. M. Khan, K. L. Cheong, Y. Liu, ATPS: “aqueous two-phase
system” as the “answer to protein separation” for protein-
processing food industry, Crit. Rev. Food Sci. Nutr. 59 (2019)
3165-3178. https://doi.org/10.1080/10408398.2018.1486283.

T. Castro Aguilar-Tablada, M. Navarro-Alarcon, J. Quesada
Granados, et al., Ulcerative colitis and Crohn’s disease are
associated with decreased serum selenium concentrations and
increased cardiovascular risk, Nutrients 8 (2016) 780. https://doi.
org/10.3390/nu8120780.

https:/Awww.sciopen.com/joumal/2958-4124 | SCi.pen


https://doi.org/10.1016/B978-0-12-812124-5.00014-X
https://doi.org/10.1021/jf100743z
https://doi.org/10.1111/j.1750-3841.2009.01225.x
https://doi.org/10.1111/j.1750-3841.2009.01225.x
https://doi.org/10.1016/B978-0-12-802778-3.00002-0
https://doi.org/10.1016/B978-0-12-802778-3.00002-0
https://doi.org/10.1021/acs.jafc.6b02737
https://doi.org/10.1021/acs.jafc.6b02737
https://doi.org/10.3390/foods9101467
https://doi.org/10.3390/foods9101467
https://doi.org/10.1111/j.1750-3841.2006.00055.x
https://doi.org/10.1111/j.1750-3841.2006.00055.x
https://doi.org/10.1111/j.1365-2621.2003.tb05715.x
https://doi.org/10.1021/bk-2010-1059.ch019
https://doi.org/10.1021/bk-2010-1059.ch019
https://doi.org/10.1080/10408399109527541
https://doi.org/10.1080/10408399109527541
https://doi.org/10.1016/j.foodres.2010.03.013
https://doi.org/10.1016/j.foodchem.2017.01.155%3Clinebreak/%3E
https://doi.org/10.1080/10408398.2018.1486283
https://doi.org/10.3390/nu8120780
https://doi.org/10.3390/nu8120780

Food Sci. Anim. Prod. 1 (2023) 9240036

Xu et al.

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

(23]

[26]

[27]

[28]

[29]

[30]

[31]

S. A. Hogan, V. Chaurin, B. T. O’Kennedy, et al., Influence of
dairy proteins on textural changes in high-protein bars, Int. Dairy J.
26 (2012) 58-65. https://doi.org/10.1016/j.idairyj.2012.02.006.

N. Lu, L. Zhang, X. Zhang, et al., Molecular migration in high-
protein intermediate-moisture foods during the early stage of
storage: variations between dairy and soy proteins and effects on
texture, Food Res. Int. 82 (2016) 34-43. https://doi.org/10.1016/j.
foodres.2016.01.026.

Z. Jiang, K. Wang, X. Zhao, et al., High-protein nutrition bars:
hardening mechanisms and anti-hardening methods during storage,
Food Control 127 (2021) 108127. https://doi.org/10.1016/].
foodcont.2021.108127.

M. Alam, J. Kaur, H. Khaira, et al., Extrusion and extruded
products: changes in quality attributes as affected by extrusion
process parameters: a review, Crit. Rev. Food Sci. Nutr. 56 (2016)
445-473. https://doi.org/10.1080/10408398.2013.779568.

F. L. Chen, Y. M. Wei, B. Zhang, Chemical cross-linking and
molecular aggregation of soybean protein during extrusion cooking
at low and high moisture content, LWT-Food Sci. Technol. 44
(2011) 957-962. https://doi.org/10.1016/5.1wt.2010.12.008.

T. Fischer, Effect of extrusion cooking on protein modification in
wheat flour, Eur. Food Res. Technol. 218 (2004) 128-132. https:/
doi.org/10.1007/s00217-003-0810-4.

J. C. Banach, S. Clark, B. P. Lamsal, Extrusion modifies some
physicochemical properties of milk protein concentrate for
improved performance in high-protein nutrition bars, J. Sci. Food
Agric. 98 (2018) 391-399. https://doi.org/10.1002/jsfa.8632.

J. C. Banach, Modified milk protein concentrates in high-protein
nutrition bars, lowa State University, 2016. http://doi.org/10.31274/
ETD-180810-4739.

J. C. Banach, S. Clark, B. P. Lamsal, Microstructural changes in
high-protein nutrition bars formulated with extruded or toasted
milk protein concentrate, J. Food Sci. 81 (2016) C332-C340.
https://doi.org/10.1111/1750-3841.13198.

J. Li, L. Li, Effect of extrusion temperature on the structure and
emulsifying properties of soy protein isolate-oat S-glucan
conjugates formed during high moisture extrusion, Food Chem.
429 (2023) 136787. https://doi.org/10.1016/j.foodchem.2023.
136787.

S. K. Hassan, Quantitative and qualitative effects of proteins and
natural sugars on hardening and color of high-protein nutrition bars
during storage, Eurasian J. Biosci. 14 (2020) 915-932.

M. N. Afizah, S. S. Rizvi, Functional properties of whey protein
concentrate texturized at acidic pH: effect of extrusion temperature,
LWT-Food Sci. Technol. 57 (2014) 290-298. https://doi.org/10.
1016/j.1wt.2014.01.019.

Z. Jiang, L. Wang, W. Wu, et al., Biological activities and
physicochemical properties of Maillard reaction products in sugar-
bovine casein peptide model systems, Food Chem. 141 (2013)
3837-3845. https://doi.org/10.1016/j.foodchem.2013.06.041.

J. Li, Y. Huang, X. Peng, et al., Physical treatment synergized with
natural surfactant for improving gas-water interfacial behavior and
foam characteristics of a-lactalbumin, Ultrason. Sonochem. 95
(2023) 106369. https://doi.org/10.1016/j.ultsonch.2023.106369.

J. Ma, T. Li, Q. Wang, et al., Enhanced viability of probiotics
encapsulated within synthetic/natural biopolymers by the addition
of gum arabic via electrohydrodynamic processing, Food Chem.
413 (2023) 135680. https://doi.org/10.1016/j.foodchem.2023.
135680.

Y. Liu, Z. Qiao, Z. Zhao, et al., Comprehensive evaluation of
Luzhou-flavor liquor quality based on fuzzy mathematics and
principal component analysis, Food Sci. Nutr. 10 (2022)
1780-1788. https://doi.org/10.1002/fsn3.2796.

H. Gao, S. F. Fu, Evaluation of jujube beverage prescriptions with
fuzzy mathematics, Adv. Mater. Res. 271/273 (2011) 573-576.
https://doi.org/10.4028/www.scientific.net/ AMR.271-273.573.

SCi.pen | https:/Amwww.sciopen.com/journal/2958-4124

[32]

[33]

[34]

[33]

[36]

371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

R. W. Visschers, H. H. de Jongh, Disulphide bond formation in
food protein aggregation and gelation, Biotechnol. Adv. 23 (2005)
75-80. https://doi.org/10.1016/j.biotechadv.2004.09.005.

R. Alonso, E. Orue, M. J. Zabalza, et al., Effect of extrusion
cooking on structure and functional properties of pea and kidney
bean proteins, J. Sci. Food Agric. 80 (2000) 397—-403. https://doi.
org/10.1002/1097-0010(200002)80:3<397::AID-JSFA542>3.0.
CO;2-3.

M. A. Gantumur, M. Hussain, J. Li, et al., Modification of
fermented whey protein concentrates: impact of sequential
ultrasound and TGase cross-linking, Food Res. Int. 163 (2023)
112158. https://doi.org/10.1016/j.foodres.2022.112158.

J. Li, J. Fu, Y. Ma, et al., Low temperature extrusion promotes
transglutaminase cross-linking of whey protein isolate and
enhances its emulsifying properties and water holding capacity,
Food Hydrocoll. 125 (2022) 107410. https://doi.org/10.1016/].
foodhyd.2021.107410.

Y. Zhou, F. Xie, X. Zhou, et al., Effects of Maillard reaction on
flavor and safety of Chinese traditional food: roast duck, J. Sci.
Food Agric. 96 (2016) 1915-1922. https://doi.org/10.1002/jsfa.
7297.

S. M. Beck, K. Knoerzer, J. Arcot, Effect of low moisture extrusion
on a pea protein isolate’s expansion, solubility, molecular weight
distribution and secondary structure as determined by Fourier
transform infrared spectroscopy (FTIR), J. Food Eng. 214 (2017)
166—174. https://doi.org/10.1016/j.jfoodeng.2017.06.037.

J. A. Aréas, Extrusion of food proteins, Crit. Rev. Food Sci. Nutr.
32 (1992) 365-392. https://doi.org/10.1080/10408399209527604.
Z. Wang, Y. Li, L. Jiang, et al., Relationship between secondary
structure and surface hydrophobicity of soybean protein isolate
subjected to heat treatment, J. Chem. 2014 (2014) 475389. https://
doi.org/10.1155/2014/475389.

Z. Jiang, Y. Meng, C. Hou, Extrusion for reducing
malondialdehyde-induced whey protein isolate oxidation in
relation with its physicochemical, functional and intro digestive
properties, Food Hydrocoll. 142 (2023) 108730. https://doi.org/10.
1016/j.foodhyd.2023.108730.

M. Li, H. Li, Q. Jiang, et al., Insight into oil-water interfacial
behaviors of whey protein isolate and sterol towards stabilizing
high internal phase Pickering emulsion gels, Food Hydrocoll. 144
(2023) 108968. https://doi.org/10.1016/j.foodhyd.2023.108968.

R. Mozafarpour, A. Koocheki, E. Milani, et al., Extruded soy
protein as a novel emulsifier: structure, interfacial activity and
emulsifying property, Food Hydrocoll. 93 (2019) 361-373. https://
doi.org/10.1016/j.foodhyd.2019.02.036.

W. Ma, B. Qi, R. Sami, et al., Conformational and functional
properties of soybean proteins produced by extrusion-hydrolysis
approach, Int. J. Anal. Chem. 2018 (2018) 9182508. https://doi.org/
10.1155/2018/9182508.

H. Zhu, X. X. Zhang, R. Zhang, et al., Anti-hardening effect and
mechanism of silkworm sericin peptide in high protein nutrition
bars during early storage, Food Chem. 407 (2023) 135168. https://
doi.org/10.1016/j.foodchem.2022.135168.

K. Wang, X. Zhao, M. A. Gantumur, et al., Extrusion of casein and
whey protein isolate enhances anti-hardening and performance in
high-protein nutrition bars, Food Chem. X 18 (2023) 100719.
https://doi.org/10.1016/j.fochx.2023.100719.

N. Yu, J. Xu, B. Huang, et al., Partial substitution of whey protein
concentrate by zein in high-protein nutrition bars: an effective
method to reduce hardening during storage, J. Food Sci. 88 (2023)
1420-1429. https://doi.org/10.1111/1750-3841.16515.

J. Banach, S. Clark, B. Lamsal, Texture and other changes during
storage in model high-protein nutrition bars formulated with
modified milk protein concentrates, LWT-Food Sci. Technol. 56
(2014) 77-86. https://doi.org/10.1016/j.1wt.2013.11.008.

https://doi.org/10.26599/FSAP.2023.9240036


https://doi.org/10.1016/j.idairyj.2012.02.006
https://doi.org/10.1016/j.foodres.2016.01.026
https://doi.org/10.1016/j.foodres.2016.01.026
https://doi.org/10.1016/j.foodcont.2021.108127
https://doi.org/10.1016/j.foodcont.2021.108127
https://doi.org/10.1080/10408398.2013.779568
https://doi.org/10.1016/j.lwt.2010.12.008
https://doi.org/10.1007/s00217-003-0810-4
https://doi.org/10.1002/jsfa.8632
http://doi.org/10.31274/ETD-180810-4739
http://doi.org/10.31274/ETD-180810-4739
https://doi.org/10.1111/1750-3841.13198
https://doi.org/10.1016/j.foodchem.2023.136787
https://doi.org/10.1016/j.foodchem.2023.136787
https://doi.org/10.1016/j.lwt.2014.01.019
https://doi.org/10.1016/j.lwt.2014.01.019
https://doi.org/10.1016/j.foodchem.2013.06.041
https://doi.org/10.1016/j.ultsonch.2023.106369
https://doi.org/10.1016/j.foodchem.2023.135680
https://doi.org/10.1016/j.foodchem.2023.135680
https://doi.org/10.1002/fsn3.2796
https://doi.org/10.4028/www.scientific.net/AMR.271-273.573
https://doi.org/10.1016/j.biotechadv.2004.09.005
https://doi.org/10.1002/1097-0010(200002)80:3%3C397::AID-JSFA542%3E3.0.CO;2-3
https://doi.org/10.1002/1097-0010(200002)80:3%3C397::AID-JSFA542%3E3.0.CO;2-3
https://doi.org/10.1002/1097-0010(200002)80:3%3C397::AID-JSFA542%3E3.0.CO;2-3
https://doi.org/10.1016/j.foodres.2022.112158
https://doi.org/10.1016/j.foodhyd.2021.107410
https://doi.org/10.1016/j.foodhyd.2021.107410
https://doi.org/10.1002/jsfa.7297
https://doi.org/10.1002/jsfa.7297
https://doi.org/10.1016/j.jfoodeng.2017.06.037
https://doi.org/10.1080/10408399209527604
https://doi.org/10.1155/2014/475389
https://doi.org/10.1016/j.foodhyd.2023.108730
https://doi.org/10.1016/j.foodhyd.2023.108730
https://doi.org/10.1016/j.foodhyd.2023.108968
https://doi.org/10.1016/j.foodhyd.2019.02.036
https://doi.org/%3Clinebreak/%3E10.1155/2018/9182508
https://doi.org/%3Clinebreak/%3E10.1155/2018/9182508
https://doi.org/10.1016/j.foodchem.2022.135168
https://doi.org/10.1016/j.fochx.2023.100719
https://doi.org/10.1111/1750-3841.16515
https://doi.org/10.1016/j.lwt.2013.11.008

Xu et al. Food Sci. Anim. Prod. 1 (2023) 9240036
[48] Y. J Chen, L. Liang, X. M. Liu, et al., Effect of fructose and [54] Y. Liu, X. Yin, X. Xia, et al., 3D printed lactic acid bacteria
glucose on glycation of f-lactoglobulin in an intermediate-moisture hydrogel: cell release kinetics and stability, Food Sci. Human
food model system: analysis by liquid chromatography-mass Wellness 12 (2023) 477-487. https://doi.org/10.1016/j.fshw.2022.
spectrometry (LC-MS) and data-independent acquisition LC-MS 07.049.
(LC-MSE), I. Agric. Food Chem. 60 (2012) 10674—10682. https:// [55]  X. Ye, L. Chen, Z. Su, et al., Process optimization, texture and
doi.org/10.1021/j£3027765. microstructure of novel kc_:lp tofu, Food Sci. Human Wellness 12
[49] A. M. Paula, A. C. Conti-Silva, Texture profile and correlation (2023) 111-118. https:/’do.wrg 10.101G/J..fshw.2022,07.()29. 4
between sensory and instrumental analyses on extruded snacks, J. [56] ~W. Wang, H. Shang, J. Li, et al., Four different structural dietary
Food Eng. 121 (2014) 9-14. hitps://doi.org/10.1016/j jfoodeng. polyphenols, especially dihydromyricetin, possess superior
2013.08.007. protective effect on ethanol-induced ICE-6 and AML-12
[5S0] V. Tolstoguzov, Some thermodynamic considerations in food cytqtoxlcﬁy: t}?e role of CYP2E] and Keapl-‘NZf; pe}thways, J.
formulation, Food Hydrocoll. 17 (2003) 1-23. hitps://doi.org/10. Agr,“’%}?o&%gm' 71(2023) 1518-1530. hitps://doi.org/10.1021/
. acs.jafc.2c .
1016/S0268-005X(01)00111-4. . . . .
[51] J. C. Banach, S. Clark, B. P. Lamsal, Instrumental and sensory (571 P.Yu, M. Y. Low, W. Zhou, Design of experiments and regression
texture attributes of high-protein nutrition bars formulated with modelhng in food flavour and sensory analy51s/: a .reV1e/w, Trend/_s
extruded milk protein concentrate, J. Food Sci. 81 (2016) $1254— Food Sci. Technol. 71 (2018) 202-215. https://doi.org/10.1016/j.
. > ) tifs.2017.11.013.
S1262. https://doi.org/10.1111/1750-3841.13270. .. .
[52] H. Xiang, S. Sun, H. Huang, et al., Proteomics study of [58] I. O. Onyeoziri, P. Torres-Aguilar, B. R. Hamaker, et al.,
. L T N X Descriptive sensory analysis of instant porridge from stored
:Ll;z(:};o;lirisl E tr;)rtzn;s ;r(l)(t)l(iag Laerrzd;(l)lg?z?)rzlg)ﬂ;:z;gec}:t?ll-jz:((:ir wholegrain and decorticated pearl millet flour cooked, stabilized
) & g e ’ - ps: ’ and improved by using a low-cost extruder, J. Food Sci. 86 (2021)
- o ]130'101((’J‘Z’Ogl?cf“'?oiz“;“%l; ol Maillard sesc 3824-3838. hitps://doi.org/10.1111/1750-3841.15862.
[ - Terusko, . nimt, A. Simovie, et al., Marllard reaction [59] S. S. Sobowale, Y. O. Kewuyemi, A. T. Olayanju, Process

products formation and antioxidative power of spray dried camel
milk powders increases with the inlet temperature of drying, LWT-
Food Sci. Technol. 143 (2021) 111091. https://doi.org/10.1016/j.
Iwt.2021.111091.

https://doi.org/10.26599/FSAP.2023.9240036

optimization of extrusion variables and effects on some quality and
sensory characteristics of extruded snacks from whole pearl millet-
based flour, SN Appl. Sci. 3 (2021) 824. https://doi.org/10.1007/
542452-021-04808-w.

https:/Awww.sciopen.com/joumal/2958-4124 | SCi.pen


https://doi.org/10.1021/jf3027765
https://doi.org/10.1016/j.jfoodeng.2013.08.007
https://doi.org/10.1016/j.jfoodeng.2013.08.007
https://doi.org/10.1016/S0268-005X(01)00111-4
https://doi.org/10.1016/S0268-005X(01)00111-4
https://doi.org/10.1111/1750-3841.13270
https://doi.org/10.1016/j.foodchem.2022.134061
https://doi.org/10.1016/j.foodchem.2022.134061
https://doi.org/10.1016/j.lwt.2021.111091
https://doi.org/10.1016/j.lwt.2021.111091
https://doi.org/10.1016/j.fshw.2022.07.049
https://doi.org/10.1016/j.fshw.2022.07.049
https://doi.org/10.1016/j.fshw.2022.07.029
https://doi.org/10.1021/acs.jafc.2c06478
https://doi.org/10.1021/acs.jafc.2c06478
https://doi.org/10.1016/j.tifs.2017.11.013
https://doi.org/10.1016/j.tifs.2017.11.013
https://doi.org/10.1111/1750-3841.15862
https://doi.org/10.1007/s42452-021-04808-w
https://doi.org/10.1007/s42452-021-04808-w

	1 Introduction
	2 Materials and methods
	2.1 Materials and chemicals
	2.2 Preparation of extruded SPI
	2.3 Preparation of high-protein nutrition bars
	2.4 Free sulfhydryl group content analysis
	2.5 Free amino group content analysis
	2.6 Determination of surface hydrophobicity (H0)
	2.7 Color analysis
	2.8 Hardening analysis
	2.9 Scanning electron microscopy test
	2.10 Sensory evaluation
	2.11 Fuzzy mathematical modelling
	2.12 Statistical analysis

	3 Results and discussion
	3.1 Free sulfhydryl group of SPI
	3.2 Free amino group of SPI
	3.3 Surface hydrophobicity of SPI
	3.4 Free sulfhydryl group of HPNBs during storage
	3.5 Free amino group of HPNBs during storage
	3.6 Hardness of HPNBs during storage
	3.7 Color of HPNBs during storage
	3.8 Microstructure of HPNBs during storage
	3.9 Sensory evaluation of HPNBs during storage
	3.10 Correlation analysis

	4 Conclusion
	Conflict of interest
	Acknowledgements
	References

