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1 | INTRODUCTION

With the trend of population aging, the elderly suffering
from chewing and swallowing problems are increasing
rapidly. The elderly often experience tooth loss, decreased
oral or tongue muscle strength, and weakness of other
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Abstract: Superfine grinding (SG), as an innovative technology, was conducted
to improve the physicochemical and structural properties of fruit pulps. Nec-
tarine, apple, and honey peach were selected as the materials. With the increase
in SG frequency, the soluble solids content, viscosity, D[4, 3], D[3, 2], G’ and
G” of fruit pulps were evidently decreased, whereas the turbidity was increased.
The smallest D[4, 3] (294.90 um) and D|[3, 2] (159.67 um) were observed in nec-
tarine pulp under SG at 50 Hz. The highest turbidity (266.33) was shown in honey
peach pulp under SG at 50 Hz. The active groups of the fruit pulps with SG were
exposed by Fourier transform infrared spectroscopy (FT-IR). Notably, the exces-
sive destruction in structure was confirmed in SG with 50 Hz. With soy protein
isolate (SPI) addition, D[4, 3] and D[3, 2] of complexes decreased, whereas G’ and
G” increased. The formation of new fruit pulp-SPI complexes was demonstrated
by FT-IR and LF-NMR analysis. The dense and uniform structure was found in
complexes prepared by SPI and fruit pulp with 30 Hz SG. Especially, apple-SPI
complex with 30 Hz SG showed the highest water-holding capacity (WHC) (0.75)
and adhesiveness (7973.00 g s). A significant correlation between fruit pulps and
the complexes was revealed. Taken together, the impact of SG modification on
fruit pulps would enhance WHC, rheology, and textural properties of the fruit
pulp-SPI complexes, especially for SG with 30 Hz.

KEYWORDS
electrostatic interaction, peach pulp, soy protein isolate, superfine grinding, texture

Practical Application: This research provided a comprehensive exploration of
the potential of SG technology to modify fruit pulps, solving the diversity of tex-
tural customization problems and offering valuable insights for the development
of semisolid food products.

physiological functions (Laguna et al., 2016). To cater to
the needs of the elderly with dysphagia, semisolid foods
with gel-like properties produced by proteins or polysac-
charides have been given more prominence. These foods
minimize the effort required for mastication and oral pro-
cessing (Godoi et al., 2017). For further improving the
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physicochemical properties of semisolids, polysaccharides
were extensively applied to the protein matrix, which
could enhance the water binding capacity, stabilize the
structure, produce stable foam, and promote uniformity
(Varela et al., 2014). This phenomenon might be attributed
to the gelling capacity of polysaccharides, which would
accelerate the cross-link action with proteins. Addition-
ally, the nonthermal processing, for example, ultrasound
and homogenization, could promote structure exposure
alongside the denaturation of protein, which might facil-
itate the aggregation behavior of protein (Li et al., 2023;
Wang et al., 2018). When subjected to the addition of Mes-
ona blumes polysaccharide (MBP), the electrostatic and
hydrophobic interactions between soy protein isolate (SPI)
and MBP were enhanced, which contributed to the for-
mation of three-dimensional structure and the improved
water-holding capacity (WHC) and gel strength of the
complex (Wang et al., 2020). Similarly, exposed amino acid
residue in whey protein isolate was associated with the
hydroxyl of x-carrageenan, resulting in the formation of a
dense network along with the high gel strength (fracture
stress) and firmness (Cakir & Foegeding, 2011). Consider-
ing the promotion effect of polysaccharides on complex
systems, it is reasonable to conclude that the dense struc-
ture and the functional properties may be owing to the
synergistic effect of polysaccharides on protein. Polysac-
charides play a crucial role in enhancing the properties of
these complex systems.

As the firm texture of fruits that are rich in dietary
polysaccharides can pose challenges for the elderly with
chewing or swallowing difficulties (Buggenhout et al.,
2015), various methods have been developed to alter the
natural texture characteristics of fruits to adapt to the
elderly needs. Pulping as a traditional alternative tex-
ture technology can make the fruit more friendly for the
elderly to consume sufficient amounts of fruit polysaccha-
rides. To obtain fruit pulp with excellent physicochemical
properties, high-pressure homogenization (HPH) technol-
ogy has been widely studied (Buggenhout et al., 2015),
which could significantly reduce the particle sizes of
the plant-based matrix to a micro-scale level. However,
HPH technology was limited in the food industry because
of the high cost. Alternative methods, including steam
explosion and supercritical CO, explosion, were used to
degrade the cellulose and hemicellulose in fruit pulp,
which could promote edibility for the elderly (Moelants
et al., 2012). Generally, steam explosion and supercritical
CO, as the energy-intensive technologies were conducted
under high temperature, which led to the significant degra-
dation of heat-sensitive components. Additionally, these
technologies usually required specialized equipment and
expertise, which limited their application in food indus-
try (Tan & Kerr, 2015). Superfine grinding (SG), known

for its powerful shearing and grinding capabilities, is
a promising technology for reducing particle size and
improving the physicochemical properties of fruit pulp
(Huang et al., 2018). When subjected to SG processing, the
polysaccharides in ginger powder unfolded to expose more
hydrophilic groups and captured the moisture through
the hydrogen bond, which reflected in a good WHC,
dispersibility, and solubility (Zhao et al., 2009). Further-
more, the small homogeneous particle size and the bright
color were observed in sugar beet powder after SG mod-
ification. It was speculated that SG would facilitate the
internal structure unfolding in cellulose and hemicellu-
lose to expose sufficient active sites to improve the quality
(Huang et al., 2018). However, limited research focused on
the modification of SG on fruit pulps and semisolids in
which fruit pulps were the main matrix.

This study aimed to investigate the effect of SG on
the physicochemical and structural properties of differ-
ent fruit pulps, which were used as the main matrix
of the semisolids. In detail, we evaluated the proper-
ties of fruit pulps, such as pH, soluble solids content
(SSC), water content, turbidity, particle size, rheological
behavior, microstructure, and Fourier transform infrared
spectroscopy (FT-IR). Then, SPI was added to fruit pulps
to prepare the fruit pulp-SPI complexes, respectively. The
physicochemical properties, microstructure, texture, and
sensory evaluation of fruit pulps-SPI complexes were
also investigated. At last, correlation analyses were used
to reveal potential relevance between fruit pulp pro-
cessed by SG and the semisolids consisting of fruit pulp
and SPI. In this study, the fruit pulp-SPI complex was
developed as semisolid food with appropriate texture
characteristics, which might provide a new solution for
improving and controlling textural quality for people with
dysphagia.

2 | MATERIALS AND METHODS

2.1 | Material

SPI (content >90%, analytical grad) was purchased
from Shanghai Yuanye Bio-Technology Co., Ltd. Nec-
tarines (Zhongyoujinhui), apples (Fuji), and honey peaches
(Spring snow) were purchased from a local Hualian super-
market (Beijing, China) and selected in good condition
without deterioration.

2.2 | Preparation of fruit pulps

Nectarines (1.2 kg), apples (1.2 kg), and honey peaches
(1.2kg) were washed, sliced after removing the kernels, and
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ground for 2 min using a blender (Supor, Co. Ltd), respec-
tively. Fruit pulps (1 kg) obtained from the previous step
were ground by SG equipment (Qingdao UnisonEco Food
Technology Co. Ltd) for another 2 min at 30 or 50 Hz in a
vacuum condition, respectively. The control ones, namely,
nectarine pulp, apple pulp, and honey peach pulp, were
named N, A, and H, respectively. The nectarine, apple, and
honey peach pulps treated by SG processing at 30 Hz were
named 30N, 30A, and 30H, respectively. The nectarine,
apple, and honey peach pulps treated by SG at 50 Hz were
named 50N, 50A, and 50H, respectively.

2.3 | Preparation of nectarine-SP]I,
apple-SPI, and honey peach-SPI complexes

The complexes were first prepared by the addition of SPI
into fruit pulps, with a weight ratio of 1:9, respectively.
Briefly, the fruit pulp-SPI mixer was stirred using a homog-
enizer (RW 20 digital, IKA) with 560 rpm/min for 2 min
and then heated to 80°C in a water bath for 30 min, fol-
lowed by cooling at room temperature and refrigeration
at 4°C overnight to form the complexes. The complexes
with N, A, and H were marked as N-SPI, A-SPI, and H-SPI,
respectively. The complexes with 30N, 30A, and 30H were
marked as 30N-SPI, 30A-SPI, and 30H-SPI, respectively.
The complexes with 50N, 50A, and 50 Hz were marked as
50N-SPI, 50A-SPI, and 50H-SPI, respectively.

2.4 | pH soluble solids content (SSC),
water content, and turbidity of pulps and
complexes

The pH, SSC, and turbidity of pulps and complexes were
evaluated by a thermal gravimetric analyzer (TGA 4000,
PE Instruments Inc.), Abbe refractometer (MASTER-2q,
Hitachi), and turbidimeter (2100N, HACH), respectively.
The water content was measured by the direct drying
method (AOAC, 2005).

2.5 | Particle size

Particle size distribution was measured by a laser particle
size analyzer (S3500, Microtrac) with an aligned detector
and laser after calibrating the backgrounds. Before test-
ing, the samples were diluted 10 times with Milli-Q water.
Three measurements were conducted for each sample with
15 runs and each run lasted for 10 s. Particle size was dis-
played in terms of the volume mean diameter D[4, 3] and
DI[3,2].

2.6 | Rheological properties

Rheological measurements of complexes were performed
with a rheometer (TA Instruments) equipped with the
parallel plates geometry (40 mm diameter). The dynamic
testing was programmed in frequency sweep according
to Liu et al. (2017). Samples (5.0 = 0.1 g) were added
between two parallel plates, and experimental flow curves
of pulps and complexes were constructed through contin-
uous shear over a shear rate range of 0.01-100 S~! at 25°C.
The frequency-dependent storage modulus (G’) and loss
modulus (G”) were measured at a constant temperature of
25°C and a fixed strain of 1% followed by frequency sweep
tests.

2.7 | Microstructure

All samples were freeze-dried, fixed, and gold sputtering
treated and then observed by a scanning electron micro-
scope (SU8010, Hitachi Co.) to obtain their microstruc-
tures. The magnification was 250X at an acceleration
voltage of 10 kV.

2.8 | Fourier transform infrared
spectroscopy (FT-IR)

All samples were freeze-dried and mixed with KBr pow-
der (1:100, w/w) to prepare the pellet to obtain the FT-IR
spectra. An FT-IR spectrophotometer (Tensor 27, Bruker)
was used with a resolution of 4 cm™!, a cumulative scan
of 64, and a wavelength range of 4000-400 cm™! at room
temperature.

2.9 | Textural analysis

A texture analyzer (TA-XT2, Stable Micro System Co., Ltd.)
with a TA/BE probe and a 35 mm flat compression plate
was applied to measure the hardness and adhesiveness
of the samples. The compression strain was set to 70%.
The pretest, test, and posttest speeds were set to 5, 2, and
2 mm/s, respectively.

2.10 | Water-holding capacity (WHC)

WHC of the samples was determined using the centrifuga-
tion procedures according to Munialo et al. (2016). WHC
was defined as the percentage of gel weight after cen-
trifugation relative to the gel weight before centrifugation.
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Samples (5.0 + 0.1 g) were placed in the spin tubes and
centrifugated at 8000 r/min for 10 min at 4°C. WHC was
calculated in the following equation:

WHC = 22— 1

T ey

where W was the weight of the tube, g; W; was the initial

total weight of samples and tubes, g; and W, was the total
weight of tubes and samples after centrifugation, g.

2.11 | Water distribution

The transverse relaxation time (T,) analysis was performed
by an LF-NMR analyzer (MiniMR-60, Suzhou Niumag
Analytical Instrument Corporation) equipped with 0.5 T
permanent magnet corresponding to a proton resonance
frequency of 23.2 MHz at 25.00 + 0.02°C. Parameters for
T, relaxation time measurements were settled as follows:
time waiting = 2000 ms, time echo = 0.5 ms, number of
echoes = 12,000, and number of scans = 4. Logarithmic
coordinates of raw data were used to construct the T, dis-
tribution curves with a multi-exponential model under the
program of the MultiExp Inv Analysis (Suzhou Niumag
Analytical Instrument Corporation) (Wang et al., 2016).

2.12 | Sensory evaluation

The sensory evaluation was conducted by 30 trained food
science students (15 females and 15 males, aged varied from
20 to 30 years) in laboratory conditions. The color, flavor,
texture, and overall evaluation were selected to evaluate
the quality and attractiveness of the complex samples. The
sensory evaluation was conducted according to the Inter-
national Organization for Standardization (ISO) (2016).

TABLE 1
pH

Nectarine pulp group N 4.02 + 0.02c
30N 4.04 + 0.02¢

50N 4.09 + 0.03¢

Apple pulp group A 4.14 + 0.01b
30A 4.14 + 0.01b

50A 4.14 + 0.01b

Honey peach pulp H 4.29 + 0.02a
group 30H 4.27 + 0.01a
50H 4.27 + 0.01a

The sensory analysis was divided into the following cat-
egories on a 0-10 hedonic scale. Color: Irregular dark or
brown (0), typical apple or peach color (10). Flavor: imper-
ceptible (0), intensive (10). Texture: mobile-like liquid (0),
coagulated-like gel (10). Overall evaluation of food qual-
ity: poor (0), excellent (10). The samples were coded with
two-digit random numbers and evaluated in random order.

2.13 | Statistical analysis

Data was analyzed using a one-way analysis of variance
followed by Duncan’s multiple range test (SPSS. 19.0 soft-
ware, IBM Crop.). Results were considered statistically
significant at p < 0.05. All experiments were performed
at least in triplicate, and the results were reported as
mean + standard deviation.

3 | RESULTS AND DISCUSSION

3.1 | Analysis of pH, SSC, water content,
and turbidity of fruit pulps and complexes

3.1.1 | Effect of SG on pH, SSC, water content,
and turbidity of fruit pulps

pH, SSC, water content, and turbidity of fruit pulps are
summarized in Table 1. Fruit pulp showed a low pH (4.02-
4.29) and high water content (86.1%-91.79%). Meanwhile,
the SSC and turbidity of fruit pulps varied from 6.97 to
11.63 and 174.00 to 244.33, respectively. Among all the fruit
pulps, both the lowest pH (4.02) and SSC (6.97) and the
highest water content (91.79%) were obtained in the N
group. A group with the highest SSC indicated a high sugar
and soluble polymer content. However, the highest turbid-
ity (244.33) was obtained in the H group, which might be

Analysis of pH, soluble solids content (SSC), water content, and turbidity of fruit pulps.

SSC Water content Turbidity

6.97 + 0.15ie 91.79 + 0.09%b 198.33 + 14.57cd
6.70 + 0.17f 92.41 + 0.12%a 182.00 + 3.00de
6.50 + 0.17f 92.20 + 0.22%ab 214.33 + 11.51c
11.63 + 0.15a 86.10 + 0.20%f 174.00 + 4.58e
11.17 + 0.15b 86.48 + 0.07%ef 177.67 + 3.21e
11.17 + 0.06b 86.58 + 0.28%¢ 198.67 + 6.11 cd
7.80 + 0.10c 90.28 + 0.28%d 244.33 + 5.86b
7.43 + 0.12d 90.85 + 0.13%c 266.33 + 5.13a
6.60 + 0.17f 90.71 + 0.21%cd 236.00 + 25.36b

Note: Values are averages =+ standard deviations. Different lowercase letters indicate significant differences among treatments (p < 0.05). N, nectarine pulp; 30N,
nectarine pulp with 30 Hz superfine grinding; 50N, nectarine pulp with 50 Hz superfine grinding; A, apple pulp; 30A, apple pulp with 30 Hz superfine grinding;
50A, apple pulp with 50 Hz superfine grinding; H, honey peach pulp; 30H, honey peach pulp with 30 Hz superfine grinding; 50H, honey peach pulp with 50 Hz

superfine grinding.
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TABLE 2 Analysis of pH, soluble solids content (SSC), water content, and turbidity of complexes.

SSC

11.63 + 0.35¢
10.77 + 0.50de
10.17 + 0.60ef

Water content
81.63 + 0.18%a
82.07 + 0.26%a
81.86 + 0.31%a

Turbidity
680.00 + 32.45¢
941.67 + 21.08c
1021.67 + 33.72b

pH

Nectarine-SPI N-SPI 5.45 + 0.02d
complex group 30N-SPI 5.48 + 0.03d
50N-SPI 5.50 + 0.05d

Apple-SPI complex A-SPI 5.86 + 0.04b
group 30A-SPI 6.03 + 0.02a
50A-SPI 5.89 + 0.02b

Honey peach-SPI H-SPI 5.69 + 0.02c
complex group 30H-SPI 5.69 + 0.03c
50H-SPI 5.71 + 0.02c

16.16 + 0.49a 76.49 + 0.30%d 657.67 + 21.39%¢
15.50 + 0.10a 77.26 + 0.11%c 986.33 + 16.01bc
14.70 + 0.61b 71.51 = 0.14%c 1011.67 + 39.31b
10.97 + 0.15cd 79.64 + 0.18%b 769.33 + 14.50d
9.83 + 0.23fg 79.78 + 0.21%b 1131.00 + 7.55a
9.30 + 0.36g 80.06 + 0.06%b 1148.00 + 31.76a

Note: Values are averages =+ standard deviations. Different lowercase letters indicate significant differences among treatments (p < 0.05). N-SPI, nectarine pulp-soy
protein isolate complex; 30N-SPI, nectarine pulp with 30 Hz superfine grinding-soy protein isolate complex; SON-SPI, nectarine pulp with 50 Hz superfine grinding-
soy protein isolate complex; A-SPI, apple pulp-soy protein isolate complex; 30A-SPIL, apple pulp with 30 Hz superfine grinding-soy protein isolate complex; 50A-SPI,
apple pulp with 50 Hz superfine grinding; H-SPI, honey peach pulp-soy protein isolate complex; 30H-SPI, honey peach pulp with 30 Hz superfine grinding-soy
protein isolate complex; S0H-SPI, honey peach pulp with 50 Hz superfine grinding-soy protein isolate complex.

attributed to the high content of the insoluble components.
When subjected to the SG processing, SSC in all the fruit
pulp groups was significantly decreased, which could be
ascribed to the polysaccharide degradation. The turbidity
was remarkably increased in the nectarine pulp group and
apple pulp group alongside the SG treatment, which might
be attributed to the cell breakage and cell wall polysaccha-
rides dissolution (Huang et al., 2018). Interestingly, except
for turbidity, with the increase in SG frequency, pH, SSC,
and water content in fruit pulps did not show significant
differences.

3.1.2 | Analysis of pH, SSC, water content,
and turbidity of complexes

After SPI addition, pH, SSC, and turbidity of the complexes
group were considerably increased (Table 2), compared
with the fruit pulps group, whereas water content was
decreased. Especially, with the increase in SG frequency,
SSC in all the complex groups was remarkably declined.
This phenomenon could be explained by the exposure
of polysaccharides with the increased negative charge
induced by SG with high frequency, which could enhance
the formation of fruit pulp-SPI insoluble complexes. On
another point, the pH of the fruit pulps was near the PI
of SPI, which would accelerate the self-aggregation result-
ing in a high SSC (Jones & McClements, 2011). However,
the increased behavior with the increase in SG frequency
was found in turbidity. Fruit pulps with a loose and flexible
structure induced by SG processing could easily be con-
jugated with SPI, facilitating the formation of biopolymer
particles (de Souza et al., 2009).

In detail, among all the fruit-SPI groups, with the
increase in SG frequency, the highest increase rate in tur-

bidity (35%) and water content (1.3%) was observed in
the apple-SPI complex group. This might be because the
apple polysaccharides unfolded to expose more hydropho-
bic groups after SG treatment than nectarine and honey
peach and therefore aggregated with SPI more easily.
The honey peach-SPI complex group showed the high-
est reduction ratio in SSC (18%). It was speculated that
the interaction between SPI and honey peach polysaccha-
rides could enhance the formation of insoluble complexes.
Our findings were consistent with the results of Souza and
Garcia-Rojas (2015).

3.2 | Analysis of particle size of fruit
pulps and complexes

The particle size distributions of fruit pulps and complexes
treated by SG are shown in Figure 1. D[4, 3], as the volume-
based mean diameter, was mainly affected by the large
particles in systems, whereas D[3, 2], as the area-based
mean diameter, was mainly affected by the small ones in
systems (Augusto et al., 2012).

3.2.1 | Effect of SG on the particle size of fruit
pulps

With the increase in SG frequency, D[3, 2] and D[4, 3]
were remarkably decreased, resulting from the strong
shear stress and high pressure of SG. The most significant
declines in D[3, 2] and D[4, 3] were all found in the nec-
tarine pulp group. Furthermore, as a consequence of SG
with powerful shear stress, the cell wall polymers might be
depolymerized into molecules with a small weight (Huang
etal., 2018). Only during the SG with 50 Hz processing, D[3,
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FIGURE 1 Changes in particle size of fruit pulp and complexes: D[4,3] of fruit pulps (a); D[3,2] of fruit pulps (b); D[4,3] of complexes
(c); and D[3,2] of complexes (d). Note: Different lowercase letters indicate significant differences among treatments (p < 0.05). N, nectarine
pulp; 30N, nectarine pulp with 30 Hz superfine grinding; 50N, nectarine pulp with 50 Hz superfine grinding; A, apple pulp; 30A, apple pulp

with 30 Hz superfine grinding; 50A, apple pulp with 50 Hz superfine grinding; H, honey peach pulp; 30H, honey peach pulp with 30 Hz

superfine grinding; 50H, honey peach pulp with 50 Hz superfine grinding; N-SPI, N-soy protein isolate complex; 30N-SPI, 30N-soy protein

isolate complex; 50N-SPI, 50N-soy protein isolate complex; A-SPI, A-soy protein isolate complex; 30A-SPI, 30A-soy protein isolate complex;
50A-SPI, 50A-soy protein isolate complex; H-SPI, H-soy protein isolate complex; 30H-SPI, 30H-soy protein isolate complex; S0H-SPI, 50H-soy

protein isolate complex.

2] and D[4, 3] in the apple pulp group showed a significant
decrease. Similar behavior of D[3, 2] and D[4, 3] was also
found in the honey peach pulp group. Under the low SG
frequency (30 Hz), the inhibitory effect of apple pulp with
high SSC content on the decline in particle size should be
considered. Meanwhile, when subjected to SG with high
frequency (50 Hz), D[3, 2] and D[4, 3] in apple pulp were
significantly decreased, owing to the high shear force.

3.2.2 | Analysis of particle size of complexes

Compared with the fruit pulp group, following SPI addi-
tion, the D[3, 2] and D[4, 3] of complexes were obvi-
ously decreased, implying that the pulp particles intensely
coated with SPI molecules and formed smaller complexes

attributed to the electrostatic interaction. Our observation
aligned with the result of Yi et al. (2021), who reported
a reduction in the particle size of pea protein follow-
ing the incorporation of pectin. For the complexes, based
on the properties of fruit pulp treated under SG pro-
cessing with different frequencies, the lowest D[3, 2] and
D[4, 3] were presented in the complexes consisting of
the fruit pulp treated with SG at 50 Hz. High-intensity
shear stress caused by SG resulted in the degradation
of polysaccharides, increasing electronegativity and free
carboxylic functional groups (Villay et al., 2012), thereby
enhancing electrostatic interactions and tight aggregation
between SPI and polysaccharides. The presence of elec-
trostatic interaction of polysaccharides-protein was also
described by He et al. (2021). The highest reduction ratio in
particle size was also observed in the nectarine-SPI group.
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The flow curve of shear rate-apparent viscosity of fruit pulps (a); the flow curve of shear rate-apparent viscosity of complexes

(b); the evolution of the G" and G” of fruit pulps (c); and the evolution of the G’ and G” of complexes (d). G’, the storage modulus; G”, loss
modulus. N, nectarine pulp; 30N, nectarine pulp with 30 Hz superfine grinding; 50N, nectarine pulp with 50 Hz superfine grinding; A, apple

pulp; 30A, apple pulp with 30 Hz superfine grinding; 50A, apple pulp with 50 Hz superfine grinding; H, honey peach pulp; 30H, honey peach

pulp with 30 Hz superfine grinding; 50H, honey peach pulp with 50 Hz superfine grinding; N-SPI, N-soy protein isolate complex; 30N-SPI,
30N-soy protein isolate complex; 50N-SPI, 50N-soy protein isolate complex; A-SPI, A-soy protein isolate complex; 30A-SPI, 30A-soy protein
isolate complex; 50A-SPI, 50A-soy protein isolate complex; H-SPI, H-soy protein isolate complex; 30H-SPI, 30H-soy protein isolate complex;

50H-SPI, 50H-soy protein isolate complex.

Especially, the apple-SPI complexes group showed the low-
est reduction ratio in particle size, ascribing to the high
homogalacturonan content in apple pectin against the
shear rate (Mendez et al., 2023).

3.3 | Analysis of rheological properties of
fruit pulps and complexes

3.3.1 | Effect of SG on rheological properties
of fruit pulps

All the fruit pulp exhibited the shear thinning behavior,
with a significant decrease in viscosity within the shear
rate varied from 0.1 to 10 S~%, suggesting excellent flowabil-
ity. With the increase in SG frequency, the viscosity in all

the fruit pulp groups was decreased (Figure 2a), which was
explained by the reduction in particle size caused by SG
with a high shearing rate. Under the high shear stress cir-
cumstance, the depolymerization or disruption in cell wall
polymers has been confirmed (Huang et al., 2018), which
referred to the decline in viscosity of fruit pulp. Further,
the highest viscosity was shown in the A group, followed
by the H and the N groups, which might be ascribed to high
SSC and high pectin content (Villay et al., 2012).

To identify the viscoelastic behavior of the fruit pulp
with SG treatment, a frequency-sweep measurement was
applied, and the results are shown in Figure 2c. It could be
found that in all the fruit groups, the storage modulus (G")
and loss modulus (G”) were quasi-parallel. Meanwhile, the
value of G’ was much higher than that of G”, indicating
that the fruit pulps should be identified as the formation of
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gels. Both the G’ and G” increased with frequency, illustrat-
ing that the fruit pulp exhibited a predominant solid-like
behavior. In addition, the values of G’ and G” declined
with the increased SG frequency, suggesting that the tex-
ture strength of the fruit pulp was weakened by the SG
processing. This corroborated well with the result of the
changes in particle size. The changes in the structure prop-
erties of polysaccharides resulting from SG treatment with
high shear stress and pressure might alter the rheological
properties of fruit pulps (Zhao et al., 2009).

3.3.2 | Analysis of rheological properties of
complexes

The addition of SPI increased the initial viscosity of the
complexes (Figure 2b), which was 10 times higher than
that of fruit pulps. It can be explained that SPI, as a binding
agent, could cross-link with the components (e.g., polysac-
charides) in fruit pulp by the non-covalent bond, which
would enhance the gelation capacity and apparent viscos-
ity of the complexes. The observation was also described
by Jiang et al. (2020). Moreover, the viscosity of all fruit
pulp-SPI complexes reduced with an increased frequency
of SG. The strongest reduction was observed in the com-
plexes prepared by fruit pulp treated with SG at 50 Hz,
especially for the S0N-SPI group. Nectarine with low SSC
was more susceptible to shear force than apple pulp.

The values of G’ and G” of fruit pulp-SPI complexes were
increased compared to fruit pulps (Figure 2d), illustrating
the enhanced shape retention stability and the mechanical
strength of the complexes under the SPT-treated strategy.
It was suggested that the cell wall polysaccharides might
be partially depolymerized when SG was treated, accom-
panied by the exposure of optimal amounts of -OH groups.
Thus, the friction and entanglement between the cell wall
polysaccharides and the SPI through covalent disulfide
bond and ionic bond were enhanced, as well as the values
of G’ and G” (Phuhongsung et al., 2020). In all the fruit
pulp-SPI complexes, G’ was much higher than G” within
the range of 0.1-10 Hz, indicating the fruit pulp-SPI com-
plexes exhibited a typical gel-like behavior (Huang et al.,
2020).

With the increase in frequency, G’ and G” were gradually
increased. Specially, within the low frequency (0.1-1 Hz),
G” values increased slowly. However, G” values showed
a sharp increase within the high frequency (1-10 Hz),
suggesting that gels had an excellent response to the fre-
quency. When SPI was applied to fruit pulp treated with
different SG frequencies, both the values of G’ and G” were
decreased, which was attributed to SPI integrating with
more flexible components in pulps. As expected, the apple-
SPI complexes group exhibited the largest values of G’

and G”, followed by honey peach-SPI complex group and
nectarine-SPI complexes group, indicating more junction
regions in apple-SPI complexes.

3.4 | Analysis of the microstructure of
fruit pulps and complexes

3.4.1 | Effect of SG on the microstructure of
fruit pulps

The effect of SG processing with different frequencies on
the microstructure of fruit pulps was studied and shown in
Figure 3a. The honeycomb-like microstructure with uni-
form big pores was observed in the N group. With the
increase in SG frequency, the loose cross-linking network
and less ordered structures were obtained in the nectarine
pulp, illustrating the damaged cell structure during SG pro-
cess. A group had a uniform and dense microstructure with
small pores, which could capture water molecules easily
(Wang et al., 2020). The nonuniform and rough layer struc-
ture with the discontinuous agglomerate accumulations
were monitored in apple pulp with SG treatment. The obvi-
ously sheetlike structure with large pores was found in
the H group. However, the sheetlike structure conversed
into some aggregates when subjected to SG treatment with
30 Hz. Under high SG frequency (50 Hz), the disordered
sheetlike structure was formed, which might be attributed
to high shear force and high pressure.

3.42 | Analysis of the microstructure of
complexes

With the exposure of the globular protein structure of SPI
(Figure SI) resulted from heating processing, the N-SPI, A-
SPI, and H-SPI complexes showed the three-dimensional
gel microstructure, in which the denatured SPI particles
were observed. SPI embedded into the network of fruit
pulp might interact with the cell wall polysaccharides
or other substances with small molecules, which would
affect the changes in microstructures of fruit pulps. For
the fruit pulp-SPI complexes, the SPI aggregated and fil-
aments coexisted together. Furthermore, the presence of
polysaccharides in fruit pulps might lead to the forma-
tion of porous gel structures based on the electrostatic
interaction, which was also described by He et al. (2021).
The modification of structure in fruit pulps induced
by the SG treatment at 30 Hz might increase the actual
number of active sites (e.g., hydrophobic sites) in cell wall
polysaccharides, which could be recognized by SPI. There-
fore, stable, uniform, and dense microstructures were
observed. However, when SPI was applied to the fruit pulps
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FIGURE 3

SOHZSPI

The scanning electron microscope (SEM) images: fruit pulps (a) and complexes (b). SEM, scanning electron microscope; N,

nectarine pulp; 30N, nectarine pulp with 30 Hz superfine grinding; 50N, nectarine pulp with 50 Hz superfine grinding; A, apple pulp; 30A,
apple pulp with 30 Hz superfine grinding; 50A, apple pulp with 50 Hz superfine grinding; H, honey peach pulp; 30H, honey peach pulp with
30 Hz superfine grinding; 50H, honey peach pulp with 50 Hz superfine grinding; N-SPI, N-soy protein isolate complex; 30N-SPI, 30N-soy
protein isolate complex; 50N-SPI, S50N-soy protein isolate complex; A-SPI, A-soy protein isolate complex; 30A-SPI, 30A-soy protein isolate
complex; 50A-SPI, 50A-soy protein isolate complex; H-SPI, H-soy protein isolate complex; 30H-SPI, 30H-soy protein isolate complex;

50H-SPI, 50H-soy protein isolate complex.

with SG treatment at 50 Hz, a disordered and discontin-
uous structure with large pores was obtained, consistent
with the microstructure of fruit pulps treated with SG pro-
cessing at 50 Hz. Noticeably, the spheroidal SPI particle
almost disappeared in complexes in which fruit pulps were
treated by SG with 50 Hz. It was reasonable to conclude
that SG with high sheer stress could enable the SPI-
cell wall polysaccharides interactions and inflect on the
weakened textural properties of the complexes gel (Zhao
et al., 2009). In particular, the apple-SPI complexes group
showed a dense structure corresponding with the high G’
and G”. In this regard, modified apple pulp preferentially
exposed their hydrophobic group from polysaccharides to
SPI, promoting the interaction between polysaccharides
and SPI.

3.5 | Analysis of FT-IR spectrum of fruit
pulps and complexes

Figure 4 illustrates the FT-IR spectrum of all samples. The
broad and intense absorption peak around 3375-3383 cm™!
has been reported to signify the O-H stretching vibration
and N-H stretching vibration with hydrogen-bonded. The
absorption peak around 2920-2940 cm~' was identified
to characterize the C-H stretching vibration. In addi-
tion, the peaks observed around 1650-1750, 1600-1500, and
1250 cm™! were related to the amides I-III, respectively,

which resulted from C = O stretching, C-N stretching/in-
plane N-H bending, and the C-N stretching/N-H bending,
respectively (Ran & Yang, 2022). Peaks around 1540-1180
and 1180-953 cm~! were characterized by the spectrum for
the carbohydrate and pectin, respectively (Gu et al., 2010).

351 |
pulps

Analysis of FT-IR spectrum of fruit

With the increase in SG frequency, the peak of hydro-
gen bonding (3375-3383 cm™!) showed a significant right
shift, indicating the enhanced hydrogen bonding inten-
sity. The right-shifted changes in 1629 cm™' indicating
the considerable exposure of carboxylic groups (COO™)
from the polysaccharide could accelerate the electrostatic
interactions, which was beneficial for gel forming. Com-
pared with apple pulp and honey peach pulp without
SG processing, the nectarine pulp had a broader peak
at 3375 cm~! and right shifted significantly, suggesting a
stronger hydrogen bonding. The peak around 1740 cm™
was clearly displayed in the nectarine and honey peach
pulp, which has been reported to signify the C = O stretch-
ing (Wang et al., 2023). However, no obvious peak around
1740 cm™! in the apple pulp was observed. Meanwhile, a
broad peak around 1630 cm™! in apple pulp was ascrib-
ing ascribed to COO~. The strong band around 846 cm™!
was observed in the apple group, which was considered the
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Fourier transform infrared (FT-IR) spectra; nectarine pulps and nectarine-SPI complexes (a); apple pulps and apple-SPI

complexes (b); and honey peach pulps and honey peach-SPI complexes (c). N, nectarine pulp; 30N, nectarine pulp with 30 Hz superfine
grinding; 50N, nectarine pulp with 50 Hz superfine grinding; A, apple pulp; 30A, apple pulp with 30 Hz superfine grinding; 50A, apple pulp
with 50 Hz superfine grinding; H, honey peach pulp; 30H, honey peach pulp with 30 Hz superfine grinding; 50H, honey peach pulp with
50 Hz superfine grinding; N-SPI, N-soy protein isolate complex; 30N-SPI, 30N-soy protein isolate complex; 50N-SPI, 50N-soy protein isolate

complex; A-SPI, A-soy protein isolate complex; 30A-SPI, 30A-soy protein isolate complex; 50A-SPI, 50A-soy protein isolate complex; H-SPI,

H-soy protein isolate complex; 30H-SPI, 30H-soy protein isolate complex; SOH-SPI, 50H-soy protein isolate complex.

characteristic band for the D-galactose-4-sulfate (Mao
et al., 2023). Moreover, the nectarine and honey peach
groups showed a strong intensity peak around 927 cm~!,
which was the characteristic band for 3,6-anhydro-D-

galactose.

3.5.2 | Analysis of FT-IR spectrum of
complexes

Compared to nectarine pulps, the peaks in nectarine-SPI
complexes around 1730 and 1640 cm~! disappeared. The
peak around 1535 cm™! was observed in the nectarine-SPI
complexes, related to the N-H bending of amide II (Zhang
etal., 2021). As for the apple-SPI complexes, the absorption
peaks around 2920 cm~! were attributed to C-H stretching
bands of the polysaccharides. Moreover, the N-H bend-
ing corresponding to amide II of apple-SPI complexes was
shifted to 1540 cm™!. An absorption peak at 1645 cm™!
indicated the free carboxyl groups in honey peach-SPI
complexes, whereas the absorption peaks at 1530 cm™!
corresponded to N-H bending of amide II, which could
be ascribed to the formation of new complexes compared
with honey peach pulps (Jiang et al., 2020). For all fruit
pulp-SPI complexes, when subjected to SPI addition, there
was a considerable right shift of the broad absorption
bands of the O-H stretching and C-H stretching vibra-
tions, indicating the enhanced interactions between SPI
and polysaccharides from fruit pulps through intermolec-
ular hydrogen bond (Ran et al., 2022). Compared with the
fruit pulps, the carboxyl absorptions with broader peaks
(1700-1560 cm™!) were observed in fruit pulp-SPI com-
plexes, highlighting the stronger electrostatic interaction

between SPI and COO™ a group of fruit pulps. The new
peak at 1540 cm~! was observed in all complexes, which
illustrated the C-N stretching vibration, as well as the
formation of the new substance (Boostani et al., 2017).

3.6 | Analysis of texture properties of
complexes

Gel strength was defined as the maximum force dur-
ing the sustained compression (Zhuang et al., 2019). The
highest gel strength was observed in the A-SPI group
(648.18 g), followed by H-SPI and N-SPI groups (Figure 5a).
When subjected to SG processing, the gel strengths in
the nectarine-SPI complexes group and apple-SPI com-
plexes group were significantly decreased, attributing to
the flexible and loose structure (Huang et al., 2020). How-
ever, no significant differences were observed in the honey
peach-SPI complexes group, in which honey peach pulps
were prepared under different SG treatments, corrobo-
rating well with the results on the viscosity. Moreover,
the smallest reduction was found in honey peach pulp
under the distinct SG processing compared to the apple-
SPI complexes group and nectarine-SPI complexes group.
Adhesiveness referred to the required energy to maintain
the network structure (Huang et al., 2020). The highest
adhesiveness was performed in the apple-SPI complexes
group varied from 7974 to 6204 g s (Figure 5b). The
impact of SG modification on apple pulps induced the
increase in adhesiveness of apple-SPI complexes, although
no significant differences were performed in the 30A-
SPI group and 50A-SPI group. It could be explained that
the SG improved the exposure of hydrophobic groups in
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Analysis of texture properties of complexes: the gel strength of complexes (a) and the adhesiveness of complexes (b). Note:

Different lowercase letters indicate significant differences among treatments (p < 0.05). N-SPI, nectarine pulp-soy protein isolate complex;
30N-SPI, nectarine pulp with 30 Hz superfine grinding-soy protein isolate complex; SON-SPI, nectarine pulp with 50 Hz superfine

grinding-soy protein isolate complex; A-SPI, apple pulp-soy protein isolate complex; 30A-SPI, apple pulp with 30 Hz superfine grinding-soy
protein isolate complex; 50A-SPI, apple pulp with 50 Hz superfine grinding; H-SPI, honey peach pulp-soy protein isolate complex; 30H-SPI,
honey peach pulp with 30 Hz superfine grinding-soy protein isolate complex; 50H-SPI, honey peach pulp with 50 Hz superfine grinding-soy

protein isolate complex.

polysaccharides and reinforced the intermolecular force
between SPI and substances in apple pulp, resulting in
a compact network structure (Jiang et al., 2020). Con-
versely, with the increased SG frequency, the adhesiveness
of the nectarine-SPI complexes group was decreased, cor-
responding to the low viscosity of 50N. Meanwhile, no
apparent alterations were observed in the adhesiveness of
the honey peach-SPI complex group with SG processing.

3.7 | Analysis of WHC of complexes

WHC highly depended on the gel microstructure, which
could wrap the moisture. As shown in Figure 6, the high-
est WHC was illustrated in the apple-SPI group, followed
by the honey peach-SPI and nectarine-SPI groups. There
might be two reasonable explanations: First, the high
apparent viscosity and uniform structure with small pore
size in apple-SPI complexes could attract moisture tightly
(Ma et al., 2020). Additionally, the polysaccharides (e.g.,
pectin) in apple pulp with high content and high molec-
ular weight were preferred to enhance the formation of
dense networks as well as the rheological properties. When
SPI was applied to apple fruit pulp treated by SG with
50 Hz, WHC was significantly decreased, whereas SG did
not show a remarkable effect on nectarine-SPI and honey
peach-SPI complexes. It was reasonable to conclude that
the different effects of SG processing on WHC might be
owed to the higher branching degree of peach pectin and
degree of esterification, which had a greater resistance to
shear stress than apple (Xia et al., 2019).

3.8 | Analysis of water distribution of
complexes

The water distribution and water mobility of the fruit pulp-
SPI complexes were analyzed by IF-NMR. Relaxation time
(T,) was used to describe the binding force and the degree
of freedom of hydrogen protons in samples. As shown in
Figure 7, three distinct regions were separated based on
the T, within 0.01-10,000 ms. The region I corresponded
to the hydration monolayer, which was bound to the sam-
ple by strong hydrogen bonding. Therefore, T»; was related
to the water captured in the cell wall, which occurred due
to the chemical exchange effects related to rapid proton
exchange between water and hydroxyl protons on rigid
cell wall polysaccharides (pectin, cellulose, and hemicel-
lulose). Region II, including T, and T,3, was attributed to
immobilized water that existed in the cytoplasm, which
was strongly bonded to the monolayer water molecules.
T,, and T,; were related to the chemical exchange between
water and proteins of the cytoskeleton and enzymes, as
well as the high viscosity of cell membranes. T,,, labeled
in region III, represented free water, weakly bound to
food (Luo et al., 2020). T,; was the main water in com-
plexes, whereas only a few T,; and T,, were represented in
the complexes, especially the T,,. This might be ascribed
to the swelling of SPI, which could wrap the free water
and inhibit the mobility of moisture (Peters et al., 2017).
Additionally, the conversion between free water (T,4) and
immobilized water (T,3) in complexes was observed with
the increased SG frequency, suggesting a decrease in the
number and freedom of hydrogen protons (Han et al.,
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FIGURE 7 Analysis of distributed water relaxation times (T,) of complexes. N-SPI, nectarine pulp-soy protein isolate complex; 30N-SPI,
nectarine pulp with 30 Hz superfine grinding-soy protein isolate complex; SON-SPI, nectarine pulp with 50 Hz superfine grinding-soy protein
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complex.
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TABLE 3 Sensory evaluation of complexes.
Color Flavor
N-SPI 6.73 £ 0.82a 5.33 + 0.49ab
30N-SPI 6.57 + 0.68a 5.27 + 0.70abc
50N-SPI 6.53 + 0.69a 4.97 + 0.69bcd
A-SPI 5.97 + 0.77bc 5.60 + 0.66a
30A-SPI 6.40 + 0.69ab 5.37 + 0.92ab
50A-SPI 6.40 + 0.67ab 4.83 + 0.59bcd
H-SPI 5.77 + 0.62c 4.77 + 0.65cd
30H-SPI 5.93 + 0.65bc 4.83 + 0.62bcd
50H-SPI 5.77 £ 0.72c 4.59 + 0.54d

Texture Overall evaluation
7.13 + 0.67ab 7.80 + 0.62abc

7.13 + 0.67ab 7.87 + 0.79ab

6.03 + 0.52e 7.70 + 0.56bc

7.57 + 0.96a 8.33 + 0.67a

7.60 + 0.69a 7.90 + 0.66ab

6.87 + 1.02bc 7.33 + 0.82bcd

6.57 + 0.68bcd 7.47 + 0.58bc

6.47 + 0.81de 7.27 + 0.84cd

6.13 + 0.71e 6.86 + 0.71d
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Note: Values are averages + standard deviations. Different lowercase letters indicate significant differences among treatments (p < 0.05). N-SPI, nectarine pulp-soy
protein isolate complex; 30N-SPI, nectarine pulp with 30 Hz superfine grinding-soy protein isolate complex; SON-SPI, nectarine pulp with 50 Hz superfine grinding-
soy protein isolate complex; A-SPI, apple pulp-soy protein isolate complex; 30A-SPIL, apple pulp with 30 Hz superfine grinding-soy protein isolate complex; 50A-SPI,
apple pulp with 50 Hz superfine grinding; H-SPI, honey peach pulp-soy protein isolate complex; 30H-SPI, honey peach pulp with 30 Hz superfine grinding-soy
protein isolate complex; 50H-SPI, honey peach pulp with 50 Hz superfine grinding-soy protein isolate complex.

2008). Compared with the N-SPI group, T,; in 30N-SPI
group was left-shifted, suggesting decreased fluidity of
immobilized water. This moisture would bind more tightly
to cell wall material. As SG frequency increased, the bond-
ing capacity toward moisture was enhanced because of
the exposure of -OH after SG processing. As for apple-
SPI complexes group, no significant change of T,; in
30A-SPI group was observed with SG treatment. How-
ever, T,, and T, of 50A-SPI group showed a significant
right shift, contributing to the degradation of polysaccha-
rides and the destruction of cells with SG. Meanwhile,
the area value of T, in 50A-SPI group showed a remark-
able decrease, attributing to the reduction of bound water.
In the case of honey peach-SPI complexes group, T,3 of
50H-SPI group experienced a right shift, illustrating the
increase in the fluidity of this immobilized water, which
could be explained by the excessively damaged cell wall
material in honey peach by SG processing with 50 Hz.
However, T, in 30H-SPI group was left shifted, attributing
to the exposure of ~-OH during SG processing. The shortest
T, was demonstrated in apple-SPI complexes group, indi-
cating the strongest water binding capacity, which was also
reflected in the results of WHC.

3.9 | Sensory evaluation

Sensory outcomes are grouped in Table 3. The color scores
were ranged from 6.73 (N-SPI) to 5.77 (H-SPI and 50H-SPI).
No significant differences were found in color within the
same fruit sample group, which suggested that SG with
different frequencies did not remarkably affect the color.
Notably, the color scores of nectarine-SPI samples were
significantly higher than that of honey peach-SPI sam-
ples, illustrating that honey peach pulp was more prone

to oxidation and discoloration. As for the flavor evalua-
tion, the statistical significance was only obtained among
50A-SPI, A-SPI, and 30A-SPI. However, the flavor scores
did not show the statistical significance among the peach
groups. For texture evaluation, samples with SG at high
frequency (50 Hz) obtained the lowest scores, indicating
the destructed texture. Finally, in terms of the overall eval-
uation, the highest score was achieved in A-SPI sample,
followed by 30A-SPI, 30N-SPI, and N-SPI samples. The
result was also supported by the results of gel strength
and WHC results. Taken together, the semisolids with
gel networks for the elderly prepared by fruit pulp and
SPI could be acceptable, which could be modified by SG
technology.

3.10 | Correlation analysis

To illustrate the connection between the complexes and
fruit pulps, a correlation analysis was performed (Figure 8).
G’ of complexes was positively correlated with SSC, D[4,
3], and G’ of pulps, whereas it was negatively correlated
with turbidity and water content of the pulp. WHC of com-
plexes was positively correlated with SSC, D[4, 3], D[3,
2], and G’ of pulp, whereas it was negatively correlated
with the water content of the pulp. The hardness of the
complexes showed a positive correlation with SSC, D[4,
3], D[3, 2], and G’ of pulp, but a negative correlation with
the water content of pulp. The adhesiveness of complexes
was positively correlated with the SSC of pulps, whereas
negatively correlated with water content and turbidity of
pulps. The viscosity of complexes was positively correlated
with D[4, 3], D[3, 2], and G’ of pulp. However, the turbid-
ity of complexes was negatively correlated with D[4, 3],
D[3, 2], viscosity, and G’ of pulp. There was no significant
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FIGURE 8
modulus; SSC, soluble solids content; WHC, water-holding capacity.

correlation between the textural properties of the com-
plex and the viscosity of the pulp. This result reflected a
strong correlation between fruit pulp and the complexes,
representing flexible aggregates with unique properties.
Under SG circumstances, the macromolecules in fruit
pulp unfolded to provide considerable active sites for
SPI, corresponding to the dense structure in the complex
system.

4 | CONCLUSION

In this study, SG as the grinding technology was applied
for fruit pulps modification. The results confirmed that
the characteristics of fruit pulp complexes were signifi-
cantly affected by the changes in particle size, viscosity,
SSC, and rheology properties of fruit pulps. The SG-treated
strategy was applied to modify the properties and struc-
ture of fruit pulps. As expected, fruit pulps with different
molecular bases showed evident differences in the tex-
tural and physiochemical properties, which significantly
affected the interaction between fruit pulps and SPI. SG
with high shear pressure reduced the decline in the particle
size accompanied by the exposure of the active site, which
would be preferred for interaction with SPI. Especially,
moderate changes were shown in fruit pulps under SG
with 30 Hz, which was corresponding to the small particle

Correlation coefficients (heatmap) of various indicators of fruit pulps and the complexes. G”, loss modulus; G’, the storage

size, high flowability, and great gelation capacity. However,
SG with 50 Hz induced excessive destruction in cell struc-
ture, resulting in a reduction of viscosity, WHC, textual
properties, and stability of the fruit pulps. In this regard,
SG with the moderated shear frequency was capable of
improving the textural and rheological properties of the
fruit pulps as a result of their unique structures. Following
SPI addition, the viscoelastic properties of the complexes
were pronounced increased, which reflected on gel prop-
erties at macro level. In addition, when subjected to SPI,
the uniform and dense texture, the enhanced gelation
capacities were monitored in fruit pulp-SPI complexes, in
which fruit pulp was prepared by SG with 30 Hz. Fur-
thermore, macromolecular substances in fruit pulp with
opened structure resulted by SG processing were bene-
fit for the dense structure formation of the fruit pulp-SPI
complexes. Sensory evaluation analysis also confirmed the
acceptable color, flavor, and texture qualities of the com-
plex gels. Taken together, these findings may expand the
application of SG and provide new information on the
semisolids with gel networks, which are beneficial for the
elderly.
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