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Abstract: The changes in texture and rheological characteristics, water holding capacity, and mi-
crostructure of pork myofibrillar protein with high-pressure homogenization-modified (0-150 MPa)
soy 11S globulin were studied. The cooking yield, whiteness values, texture properties, shear stress,
initial apparent viscosity, storage modulus (G’), and loss modulus (G”) of pork myofibrillar protein
with high-pressure homogenization-modified soy 11S globulin were significantly increased (p < 0.05)
compared with the sample of 0 MPa, and centrifugal yield was significantly decreased, except for the
sample of 150 MPa. Therein, the sample of 100 MPa had the largest values. Meanwhile, the water
and proteins bonded more tightly because the initial relaxation times of Ty, T and Tpy from pork
myofibrillar protein with high-pressure homogenization-modified soy 11S globulin were shorter
(p < 0.05). Overall, the water-holding capacity, gel texture and structure, and rheological properties of
pork myofibrillar protein could improve when adding soy 11S globulin treated with 100 MPa.

Keywords: soy 11S globulin; myofibrillar protein; texture; rheological property; microstructure

1. Introduction

Myofibrillar protein has excellent gelling ability and plays an important role in the
processing of meat products [1,2]. It forms a stable gel network structure through heat
denaturation, which gives meat products good texture, taste, and flavour. To reduce the
nutrient loss of meat products during the cooking process, soy protein isolate is added
as a binder to meat products to not only improve their quality and yield but also reduce
production costs [3,4]. Soy protein isolate is a plant protein that can enhance health
activity and is effective in preventing cardiovascular diseases [5,6]. Part of the functional
properties of soy protein isolate can simulate the role of fat in the processing of meat
products and can be used as a fat substitute to produce low-fat products, which meet
current people’s requirements for healthy food. Soy protein isolate usually needs to be
processed to better interact with myofibrillar protein and have a beneficial effect. However,
there is no interaction between natural soy protein and meat protein [7].

Soy proteins mainly comprise 7S and 11S globulins, which comprise over 70% of the
total soy protein content [8]. Soy 7S and 11S globulins will not expand until the heating
temperature reaches 77 °C and 92 °C, respectively, exposing the reaction group [9,10]. On
the other hand, the complete denaturation temperature of myosin (approximately 67 °C) is
lower than that of soy 7S and 11S globulins [11,12]. However, the conformation of myosin
changes from 30 °C to 50 °C, with pyrolyzing away from non-covalent bonds and exposing
the protein groups and then forming the aggregation of myosin heads [13]. Thus, itis a
difficult question to address how the interaction between soy 11S globulin and meat protein
can be improved.
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At present, the technology of high-pressure homogenization has been used in the food
industry to improve the quality and affect the enzyme activity and the conformation of the
protein, in addition to killing bacteria and other microorganisms using high-speed impact,
high-frequency vibration and cavitation, which are generated during the processing [14,15].
Previous studies have reported that high-pressure homogenization can directly affect
the secondary structure of soy protein to improve its functional properties [16,17]. Xu,
Mukherjee, and Chang [12] found that the use of high-pressure homogenization (70, 140,
and 210 MPa) can improve the functional properties of soy protein isolate, 7S globulin
and 11S globulin. Our previous studies have shown that high-pressure homogenization
(50-150 MPa) improves the physicochemical, foaming, and gel properties of 115 globulin
by increasing the magnitude of protein zeta potential, solubility, surface hydrophobicity,
and free sulfhydryl groups, but excessive pressure treatment at 150 MPa caused solubility,
surface hydrophobicity, exposure to free sulfhydryl, and elasticity index to decrease. Thus,
the pressure of 100 MPa but not 150 MPa mostly affects the properties of the soy 11S
globulin systems [18]. However, as far as we know, few studies have investigated the
use of high-pressure homogenization-modified soy 11S globulin to improve the gel and
rheological properties of pork myofibrillar protein. Therefore, the aim of this study was
to investigate the use of high-pressure homogenization-modified (50 MPa, 100 MPa, and
150 MPa) soy 11S globulin to improve the water holding capacity, color, texture properties,
rheology characteristics, and microstructure of pork myofibrillar protein.

2. Materials and Methods
2.1. Raw Materials and Ingredients

Chilled pork longissimus lumborum (pH, 5.75 £ 0.01) was supplied from 16 pigs
(100 £ 5 kg, Xinxiang Gaojin Food Co. LTD., Xinxiang, China). Soybean (Shangdou-
6; protein, 43.02 & 0.31%; lipid, 19.42 £ 0.21%) was purchased from Shangqiu Academy of
Agricultural Sciences, China. All the chemical reagents, such as HCI, Tris-HCl, K;HPOy,
and KH, POy, were of analytical-grade purity.

2.2. Extraction of Pork Myofibrillar Protein

According to the method of Li, Zhang, Lu, and Kang [19], the myofibrillar protein
was extracted from the pork longissimus lumborum. After removing the visible-fat and
connective tissue, the meat was cut into small pieces and homogenized in four volumes
of buffer (100 mmol/L Tris, 10 mmol/L EDTA, pH 8.3) by a homogenizer (T25, IKA,
Staufen, Germany). The homogenates were centrifuged (4 °C) at 1000x g for 20 min
(Sorvall LYNX4000, Thermo Fisher Scientific, Langenselbold, Germany). After decanting
the supernatant, the precipitate was dispersed in four volumes of buffer (100 mmol/L KClI,
20 mmol/L K;HPO4/KH;POy4, 2 mmol/L MgCl,, 1 mmol/L EGTA, 1 mmol/L NaNj3, pH
7.0) and centrifuged at 1000x g for 10 min under the same conditions described above
for another two times. After that, the pellet was resuspended in four volumes of buffer
(100 mmol/L KCl, 20 mmol/L KoHPO4/KH,POy4, 2 mmol/L MgCl,, 1 mmol/L EGTA,
1 mmol/L NaNj3, 1% Triton X-100, pH 7.0) and then centrifuged (1500 g for 10 min) under
the same conditions described above once more. After decanting the supernatant, pellets
were resuspended in four volumes of a 0.1 mol/L KCl solution and centrifuged at 1500 g
for 10 min under the same conditions mentioned above one more time. After that, the pellet
was resuspended in four volumes of 0.1 mol/L NaCl solution, centrifuged at 1500 g for
10 min under the same conditions described above, and repeated once again. Finally, the
purified myofibrillar protein solution was obtained, stored at 4 °C, and used within 24 h.

2.3. Extraction of Soy 11S Globulin and HPH Treatment

According to the method of our previous study [18], soy 11S globulin was extracted
from soybean. Briefly, soy was powdered and oil-removed to obtain defatted soy powder.
Then, the powder was mixed with 15-fold (w/v) of 0.03 M Tris-HCl buffer (pH, 8.50) by
dipping it at 45 °C for 1 h, followed by centrifugation at 8000 x g for 30 min to remove
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the precipitation, and the pH of the supernatant was adjusted to 6.4 with 2 M HCI. After
overnight storage at 4 °C, the precipitate was collected by centrifugation (6000x g, 20 min,
4 °C) and frozen using a vacuum freeze dryer (Alpha 1-2 LD plus, Christ, Osterode,
Germany) at —60 °C for 24 h. The protein content of the soy 115 globulin solution was
determined by the micro-Kjeldahl method. After that, approximately 10 g of soy 115
globulin and 90 g of deionized water (10 °C) were mixed in uniformity using a glass rod, and
the solution was homogenized twice (0, 50, 100, and 150 MPa) using a high-pressure nano-
homogenizer (FGP 12805, Stansted Fluid Power Ltd., Gloucestershire, UK), respectively.

2.4. Preparation of Pork Myofibrillar Protein and Soy 11S Globulin Mixture Solution

The myofibrillar protein was adjusted to 60 mg/mL with a phosphate buffer solution
of 50 mmol /L (K,HPO4/KHPO4, pH 6.0). After that, 80 g myofibrillar protein solution,
20 g soy 11S globulin solution, and 2 g NaCl were mixed uniformly using a homogenizer
(T25, IKA, Germany) at 3000 rpm for 50 s in an ice bath. The solution was then centrifuged
at 500 g (4 °C, 3 min) to remove any air bubbles, then 10 g mixed solution was poured
into a beaker and heated in an 80 °C water bath for 20 min.

2.5. Cooking Yield

After being stored overnight at 2 + 2 °C, the cooked protein solution was taken out of
the beaker and weighed. The cooking yield was calculated using the following formula:

Cooking yield (%) = Weight of proteins solution after cooking/Weight of proteins solution before cooking x 100%. 1)

2.6. Centrifugal Yield

Approximately 10 g cooked protein solution was transferred to a centrifuge tube and
centrifuged at 5000x g for 10 min at 4 °C using a centrifuge (LYNX4000, Thermo Fisher
Scientific, Pittsburgh, PA, USA), then the water from the centrifuge was weighed. The
calculation formula was as follows:

Centrifugal loss (%) = 1 — Weight of the water from the centrifuge/Weight of proteins solution after cooking x 100% 2)

2.7. Color

The L*, a*, and b* values of the cooked protein solution were measured by a colorimeter
(CR-400, Minolta, Tokyo, Japan) with an aperture of 8 mm, a 10° observer angle, and a
D65 illuminant and calibrated against a white plate (L* = 94.56, a* = —0.18, b* = 1.62). The
whiteness value calculation formula was as follows [20]:

Whiteness value = 100 — [(100 — L*)? + a** + b*2]1/2 3)

2.8. Texture Profile Analysis

The texture properties were determined according to the method of Zhu et al. [21]
using a texture analyzer (TA-XT.plus, Stable Micro System Ltd., Godalming, UK) fitted with
a cylinder probe (P/36R). The cooked protein solution was cut into a cylinder (diameter,
10 mm; height, 15 mm). Test parameters were as follows: pre-text speed 2.0 mm/s; text
speed 2.0 mm/s; post-text speed 5.0 mm/s; strain 50%, time 5.0 s; trigger type, auto; and
trigger force 5 g for TPA measurement. The samples were cut in two to obtain 20 mm depth
and 25 mm diameter strips. Finally, hardness, springiness, cohesiveness, and resilience
were obtained.

2.9. Rheological Properties Measurement

Shear stress and apparent viscosity of the protein solution were measured with a dy-
namic rheometer (HAAKE MARS, Thermo Fisher Scientific, Pittsburgh, PA, USA) equipped
with the P60 probe with a gap of 1 mm, and the protein solution was evenly applied to the
plate and preserved for 5 min before assays. The parameters were set as follows: the shear
rate, temperature, and time were 10 s 1~400s71,25°C, and 330 s, respectively.
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The dynamic rheological properties of proteins solution were measured using a dy-
namic rheometer (HAAKE MARS, Thermo Fisher Scientific, Pittsburgh, USA) according
to the method of Kang et al. [22]. A 50 mm parallel steel plate geometry with a 0.5 mm
gap was used. The raw protein solution was placed between the flat parallel plates with
its perimeter coated with a thin layer of silicone oil to prevent dehydration. The sample
was heated at a rate of 2 °C/min and continuously sheared in an oscillatory mode at a
fixed frequency of 0.1 Hz. The storage modulus (G’) and loss modulus(G”) were recorded
continuously from 20 °C to 80 °C.

2.10. Low Field Nuclear Magnetic Resonance (LF-NMR)

According to the method of Li, Kang, Sukmanov, and Ma [11], approximately 2 g of
the cooked protein solution was placed in a 15 mm glass tube and inserted in the NMR
probe of a Pulsed NMR analyzer (NMI20-040 V-1, Niumag Electric Corporation, Shanghai,
China) operated at a resonance frequency of 22 MHz at 32 °C. The parameters used were
as follows: n~value (the time between 90° pulse and 180° pulse) was 200 ps; 32 repeated
scans with a time interval of 110 ms; and 12,000 echoes.

2.11. Scanning Electron Microscopy

The microstructure of the cooked protein solution was determined using scanning
electron microscopy (Hitachi-S-3000N, Hitachi High Technologies Corp., Toyoko, Japan)
according to the procedure reported by Haga and Ohashi [23]. Briefly, cubic samples
(3 x 3 x 3 mm?) obtained from cooked protein solution were fixed for 24 h at 4 °C in 0.1 M
phosphate buffer (pH 7.0) containing 2.5% glutaraldehyde and washed in 0.1 M phosphate
buffer (pH 7.0) for 10 min. Then, the samples were post-fixed for 5 h in the same buffer
with 1% osmium tetroxide. The post-fixed samples were washed three times with 0.1 M
phosphate buffer (pH 7.0) for 10 min and dehydrated in incremental concentrations of
ethanol (50, 60, 70, 80, 90, and 95%, and three times with 100%) for 10 min for each solution.

2.12. Statistical Analysis

The experiment was repeated four times on different occasions (n = 4) using different
samples and recorded as mean values and standard deviation (mean £ SD). The data were
analyzed through the general linear model (GLM) procedure using the statistical software
package SPSS v.18.0, considering the treatments (different homogenization pressure levels)
as a fixed effect and the replicates as a random effect. Significant differences between means
were identified by the LSD procedure. The difference between means was considered
significant at p < 0.05.

3. Result and Discussion
3.1. Cooking Yield

The changes in the cooking yield of pork myofibrillar protein solution with high-
pressure homogenization-modified soy 11S globulin (PH11S) are shown in Table 1. Com-
pared with the sample of 0 MPa, the cooking yield of PH11S was increased significantly
(p < 0.05), and the highest cooking yield was observed at 100 MPa; meanwhile, the 50 MPa
and 150 MPa were not significantly different (p > 0.05). The possible reason is that the
structures of soy 11S globulin were broken during the homogenization treatment. For
example, the particle size and turbidity were decreased, which led to the emulsification
properties and a decrease in water-holding capacity [18]. In addition, the soy 11S globulin
solution treated by high-pressure homogenization could combine with the myofibrillar
protein and then form a stable gel network during heating; therefore, the gel binds more
water and improves water retention [24]. On the other hand, due to the excessive expansion
of soy 11S globulin and the re-polymerization of the subunit structure dissociated under
150 MPa, its capacity of holding water was decreased, thus the cooking yield of myofibrillar
protein gel was decreased [25,26].
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Table 1. The cooking yield (%), centrifugal yield (%), and color (L*, a* and b*, whiteness values) of

pork myofibrillar protein with high-pressure homogenization-modified soy 11S globulin.

Homogenization Cooking Yield Ce.ntrifugal L* Value 2* Value b* Value Whiteness
Pressure (%) Yield (%)
0 MPa 6293 +121¢ 64.97 + 053 ¢ 84.34 + 0.65P —1.62 £0.03 450 +0.10°¢ 83.62 £ 0.61P
50 MPa 64.37 + 0.61° 70.65 + 1.11 P 85.28 +1.14 " —1.56 +£0.032 551 +0.72b 84.20 +1.19°
100 MPa 67.38 4+ 0.54 2 7437 + 1452 87.40 +1.422 —1.54+0.052 6.07 £0262> 8591 +1.242
150 MPa 64.28 +0.85b 70.31 +1.01P 87.62 + 0.63 2 —1.52 +0.032 6.28 +£0.322 86.02 + 0.47 2

Note: Each value represents the mean + SD, n = 4. ** Different parameter superscripts indicate significant
differences (p < 0.05).

3.2. Centrifugal Yield

The protein gel forms a dense network structure that can confine water. The more
stable the gel structure, the stronger the water confinement ability. Water-holding capacity
represents the ability of a protein to bind water and is an important property of meat
product quality assessment [27]. Table 1 shows the effect of high-pressure homogenization-
modified soy 115 globulin on the centrifugal yield of cooked myofibrillar protein solution.
Compared with the sample of 0 MPa, the centrifugal yield of PH11S was increased signifi-
cantly (p < 0.05), and the highest centrifugal yield was observed at 100 MPa; meanwhile, the
50 MPa and 150 MPa were not significantly different (p > 0.05). The result was in agreement
with the result of the cooking yield (Table 1). It is possible that high-pressure homogeniza-
tion treatment increased the surface hydrophobicity and free sulfhydryl groups of soy 115
globulin, leading to improved surface tension, initial apparent viscosity, and shear stress
and enhancing the water-holding capacity [18]. On the other hand, due to more soy 11S
globulins being dissolved and more surface hydrophobicity and free sulthydryl groups
being exposed after high-pressure homogenization treatment, the interaction between soy
11S globulin and meat protein can play a certain role in modification [28]. Therein, excessive
pressures over-swell the protein and expose part of the hydrophobic residues, enhancing
the hydrophobic effect of the protein, and thereby reducing the ability to bind water [18].

3.3. Color

The color of the gel can also be used as an important indicator of its quality. The
effect of high-pressure homogenization-modified soy 11S globulin on the color of cooked
myofibrillar protein solution is shown in Table 1. Compared with the sample of 0 MPa, the
L*, a*, b*, and whiteness values of cooked PH11S were significantly increased (p < 0.05),
except for the sample of 50 MPa. The reason is that the cooked PH11S had higher water
content than the sample of 0 MPa (Table 1), causing the increase in the L*, a* b*, and
whiteness values. Meanwhile, after high-pressure homogenization treatment, the whiteness
value of the cooked pork myofibrillar protein solution was increased, indicating that
protein denaturation or pigment oxidation occurred during the gel formation process [29].
Hwang et al. [30] also showed that the color difference of tilapia muscle protein gel is
related to the degree of protein denaturation.

3.4. Texture Properties

The effect of high-pressure homogenization-modified soy 11S globulin on the texture
properties of cooked myofibrillar protein solution is shown in Table 2. Compared with
the sample of 0 MPa, the hardness, springiness, cohesiveness, and resilience of cooked
myofibrillar protein solution with high-pressure homogenization-modified soy 11S globulin
were significantly increased (p < 0.05), and the sample of 100 MPa has the highest hardness,
cohesiveness, and resilience, except springiness. Natural soy 115 globulin is difficult
to cross-link with myofibrillar protein and cannot enhance the stability of the protein
gel, but it reduces the gel strength of the protein [10,31]. Therein, because the solubility
and Zeta potential of soy 11S globulin were significantly increased after high-pressure
homogenization treatment, leading to more surface hydrophobicity and free sulfhydryl
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groups being exposed, caused more binding sites of soy 11S globulin being formed, which
resulted in more interactions between soy 11S globulin and myofibrillar protein during
heating [18,32].

Table 2. The hardness, springiness, cohesiveness, and resilience of pork myofibrillar protein with
high-pressure homogenization-modified soy 11S globulin.

Homogenization Hardness (g) Springiness Cohesiveness Resilience
Pressure
0 MPa 22531 +£1291°¢ 0.879 £ 0.036 ¢ 0.491 + 0.037 ° 0.206 + 0.024 °
50 MPa 308.14 + 26.39 P 0.917 + 0.027 P 0.576 +0.051 2 0.265 £ 0.040 2
100 MPa 34495+ 13472 0.933 4 0.028 2P 0.605 £ 0.027 @ 0.294 +£0.031 2
150 MPa 298.27 + 15.86 ° 0.951 £ 0.006 # 0.577 £0.029 2 0.285+0.016 2

Note: Each value represents the mean + SD, n = 4. * Different parameter superscripts indicate significant
differences (p < 0.05).

3.5. Rheological Analysis
3.5.1. Shear Stress and Apparent Viscosity

The rheological properties can describe the speed and resistance of the protein solution
under the action of external force [33,34]. Figure 1 shows the changes in the shear stress
and apparent viscosity of pork myofibrillar protein with high-pressure homogenization-
modified soy 11S globulin. It can be seen from Figure 1A that the shear stress of pork
myofibrillar protein solution was significantly increased with the increase in shear rate.
Meanwhile, compared with the sample of 0 MPa, the shear stress was significantly increased
with the increase in homogenization pressures, and the sample of 100 MPa has the highest
shear stress at the same shear rate.

The apparent viscosity of pork myofibrillar protein with high-pressure homogenization-
modified soy 11S globulin is shown in Figure 1B. Due to the apparent viscosity showing
a downward trend with the increase in shear rate, the myofibrillar protein solution was
a pseudoplastic fluid [35]. Compared with the sample of 0 MPa (0.69 Paes), the initial
viscosity of the myofibrillar protein solution with high-pressure homogenization-modified
soy 11S globulin significantly increased, and the sample of 100 MPa has the highest initial
viscosity (1.18 Paes). This was possibly due to the changes in the physical and chemical
properties of soy 11S globulin after the high pressure homogenization treatment. Some
hydrophobic and free sulthydryl groups inside the molecule were exposed due to the loose
structure [18], which enhanced the combination between soy 11S globulin and myofibrillar
protein and led to the increase in the asymmetry of the molecule; therefore, the viscosity
increased, and the diffusion coefficient decreased.

352.G' and G”

The effect of high-pressure homogenization-modified soy 115 globulin on the G’ and
G” of myofibrillar protein solution is shown in Figure 2. The G’ represents the energy
stored by the protein gel due to elastic deformation during the deformation process and
can reflect the strength of the gel, while the G” explains the viscous behavior of the liquid-
like components [21,36]. It can be seen from Figure 2A that all the samples had similar
changing trends with three stages. When the temperature was increased to approximately
45 °C, the first peak of a wave was generated and formed a peak at approximately 51 °C.
The general explanation at this stage is that the degeneration of the myosin head leads
to an increase in G’ value and the initial formation of a gel network [37]. Next, the G/
value showed a downward trend from approximately 51 °C to 61 °C, as the tail of myosin
was unfolded with the increase in temperature, which increased the fluidity of the gel
system [38]. Thereafter, due to myosin being completely denatured and unfolded to form
a random coil structure, which leads to an increase in the degree of cross-linking of the
protein structure and the formation of an irreversible gel, the G’ value sharply increased
from approximately 61 °C to 80 °C [39,40]. Compared with the sample of 0 MPa, the
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G’ values of the sample of 50 MPa and 100 MPa were higher during heating. This is
because the high-pressure homogenization treatment exposed more amino acid residue
sites inside the soy 11S globulin molecule and improved the hydration properties of the
protein particles [18], which caused better cross-linking with myofibrillar protein and
improved the stability of the sol and gel structure.
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Figure 1. The shear stress (Pa) and apparent viscosity (Paes) of pork myofibrillar protein with
high-pressure homogenization-modified soy 11S globulin. (A): shear stress (Pa); (B): apparent
viscosity (Paes).
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Figure 2. The storage modulus(G’) and loss modulus(G”) of pork myofibrillar protein with
high-pressure homogenization-modified soy 115 globulin. (A): storage modulus(G’); (B): loss
modulus(G”).

The changing trend of G” was basically the same as the G’ with three stages (Figure 2B).
A rapid increase in G” of myofibrillar protein solution was observed from approximately
20 °C to 55 °C, and the result indicated that the increase of viscous component of myofib-
rillar protein solution, which was caused by actin denaturation and protein cross-linking.
Next, because the denaturation of myosin is less viscous, a sharp decline in G’ was ob-
served from approximately 55 °C to 63 °C. Next, a slight increase was observed from
approximately 63 °C to 80 °C. Compared with the sample of 0 MPa, the G” values of the
sample of 50 MPa and 100 MPa were higher during heating, indicating that pork myofib-
rillar protein with high-pressure homogenization-modified (50 MPa and 100 MPa) soy
11S globulin exhibited a better elastic and viscous behavior. Therein, the G values were
smaller than the G’ values during heating, which implied that the myofibrillar protein
solution has an elastic property rather than a viscous property.

3.6. LF-NMR

LF-NMR can non-destructively detect the movement and distribution of water molecules
in samples and is widely used in gelled meat products [41]. There is a correlation between
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the transverse relaxation time (T) and the water-holding capacity of meat and meat products.
The smaller the T, the tighter the binding of water molecules and proteins [20,42]. Figure 3
and Table 3 show the changes in the initial relaxation time and peak ratio of cooked pork
myofibrillar protein with high-pressure homogenization-modified soy 11S globulin. Three
peaks from 0.01 m s to 10,000 m s are shown in Figure 3, and they are Ty, Tp1, and Ty,
respectively. Therein, Ty, To1, and Ty represent the bound water, immobilized water, and
free water, respectively.

200 -
—=— 0 MPa
—+— 50 MPa
. —— 100 MPa
2150 |
.*g —— 150 MPa
)
E 100t
o
2
® S0F
0 "'ﬁ"\

0.01 0.1 1 10 100 1000 10,000
T2(ms)

Figure 3. The changes of LF-NMR relaxation time of cooked pork myofibrillar protein with high-
pressure homogenization-modified soy 11S globulin.

Table 3. The initial relaxation time (ms) and peak ratio (%) of cooked pork myofibrillar protein with
high-pressure homogenization-modified soy 11S globulin.

Homogenization Initial Relaxation Time The Peak Ratio
Pressure Top T T Py, Py P
0 MPa 1.74 +0.692 49.77 4+ 5.68 P 1072.27 £+ 54.052 1.76 £0.06 2 95.66 &+ 1.28 P 3.124+1.372
50 MPa 1.04 £+ 0.04P 37.64 +£1.23¢ 932.61 + 72.58 P 1.72£0.132 97.87 +£0.362 0.80 £+ 0.07b
100 MPa 0.28 £0.02°¢ 32.74 £212°¢ 811.13 +£22.03 ¢ 1.69 £0.262 9754 +0.412 0.29 £+ 0.06 €
150 MPa 0.37 £0.01¢ 7328 £3.122 811.13 £83.15°¢ 1.81 £0472 98.07 £0.432 0.28 +0.02°¢

Note: Ty, the initial relaxation time of bound water; Ty1, the initial relaxation time of immobilized water; Tp,, the
initial relaxation time of free water; Py}, the peak ratio of bound water; Py, the peak ratio of immobilized water;
Py, the peak ratio of free water. Each value represents the mean & SD, n = 4. 2~¢ Different parameter superscripts
indicate significant differences (p < 0.05).

The initial relaxation times of Ty, Ty, and Ty, from pork myofibrillar protein with
high-pressure homogenization-modified soy 11S globulin were smaller (p < 0.05) than
the samples of 0 MPa (Table 3), and the initial relaxation times of T; from the samples
of 150 MPa was the largest. The reason for this is that adding soy 11S globulin treated
with 50 MPa and 100 MPa could form a better gel structure and improve water retention
(Tables 1 and 2). On the other hand, all the peak ratios of Py, were not significantly different
(p > 0.05). The sample of 50 MPa, 100 MPa, and 150 MPa had the largest peak ratio of P51,
and the sample of 100 MPa and 150 MPa had the smallest peak ratio of Py,. The reason
is possible that the addition of soy 11S globulin treated over 50 MPa could enhance the
protein cross-link between soy 11S globulin and myofibrillar protein, causing the fluidity
of water to decline and leading to the immobilized water being increased and free water
being decreased [43].

3.7. Microstructure

The microstructure of cooked pork myofibrillar protein with high-pressure homogenization-
modified soy 115 globulin is shown in Figure 4. All the samples have similar microstruc-
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tures with some cavities. The surface in the sample of 0 MPa and 150 MPa was rough
and had some large aggregates formed by myofibrillar proteins, leading to the degree of
low cross-linking between myofibrillar protein and soy 11S globulin [44,45]. Compared
with the sample of 0 MPa, the void spaces of cooked myofibrillar protein in the sample of
50 MPa and 100 MPa were smaller and became smoother. It is possible that the soy 11S
globulin treated with 50 MPa and 100 MPa had the highest solubility, the absolute value of
Zeta potential, surface hydrophobicity, free sulthydryl content, and disulfide bonds, as well
as the gel properties [18]. The result was in agreement with the results of water-holding
capacity, texture, and rheological properties (Tables 1 and 2, and Figures 1 and 2).

Figure 4. The microstructure of cooked pork myofibrillar protein with high-pressure homogenization-
modified soy 11S globulin.

4. Conclusions

The result found that the addition of high-pressure homogenization-modified soy 11S
globulin significantly affected the gel and rheological properties, and microstructure of
pork myofibrillar protein. The addition of high-pressure homogenization-modified soy 115
globulin (50-150 MPa) significantly increased the cooking yield, L*, a*, b* and whiteness
values, hardness, springiness, cohesiveness, and resilience of pork myofibrillar protein
compared with the sample of 0 MPa, while the sample of 100 MPa had the highest values,
except springiness. Because the sample of 100 MPa had the largest shear stress, initial
apparent viscosity, G’ and G”, a uniform structure with good water holding capacity was
formed. Thus, the addition of soy 11S globulin treated with 100 MPa could improve the
water-holding capacity, gel, and rheological properties of pork myofibrillar protein.



Foods 2023, 12, 810 11 0f12

Author Contributions: Q.G.: Conceptualization, Methodology, Formal analysis, Investigation,
Writing—original draft, Writing—Review & Editing; Y.W.: Methodology, Validation, Formal analysis,
Investigation, Writing—original draft; N.Y.: Formal analysis, Investigation, Writing—original draft;
Z.].: Validation, Formal analysis, Investigation, Writing—original draft; R.L.: Validation, Formal
analysis, Investigation, Writing—original draft; F.L.: Methodology, Formal analysis, Investigation,
Writing—original draft, Writing—Review & Editing; H.M.: Project administration, Funding acquisi-
tion, Writing—Review & Editing; Z.K.: Conceptualization, Methodology, Validation, Supervision,
Project administration, Writing—Review & Editing, Data Curation, Visualization. All authors have
read and agreed to the published version of the manuscript.

Funding: National Natural Science Foundation of China (NSFC, Grant No. 32272365), and Major
science and technology project of Henan Province, China (221100110500).

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Niu, H; Xia, X.; Wang, C.; Kong, B.; Liu, Q. Thermal stability and gel quality of myofibrillar protein as affected by soy protein
isolates subjected to an acidic pH and mild heating. Int. J. Bio. Macromol. 2018, 242, 188-195. [CrossRef]

2. Wang, K;; Li, Y,; Zhang, Y; Luo, X,; Sun, ]. Improving myofibrillar proteins solubility and thermostability in low-ionic strength
solution: A review. Meat Sci. 2022, 189, 108822. [CrossRef] [PubMed]

3. Jiang,J.; Xiong, Y.L. Extreme pH treatments enhance the structure-reinforcement role of soy protein isolate and its emulsions in
pork myofibrillar protein gels in the presence of microbial transglutaminase. Meat Sci. 2013, 93, 469-476. [CrossRef]

4. Liu, H.; Zhang, H.; Liu, Q.; Chen, Q.; Kong, B. Filamentous myosin in low-ionic strength meat protein processing media:
Assembly mechanism, impact on protein functionality, and inhibition strategies. Trends Food Sci. Technol. 2021, 112, 25-35.
[CrossRef]

5. Herrero, A.M.; Carmona, P,; Cofrades, S.; Jimenez-Colmenero, F. Raman spectroscopic determination of structural changes in
meat batters upon soy protein addition and heat treatment. Food Res. Inter. 2008, 41, 765-772. [CrossRef]

6. Yue, X;Li, M,; Liu, Y.,; Zhang, X.; Zheng, Y. Microbial diversity and function of soybean paste in East Asia: What we know and
what we don’t? Curr. Opin. Food Sci. 2021, 37, 145-152. [CrossRef]

7.  Feng,J.; Xiong, Y.L. Interaction and, functionality of mixed myofibrillar and enzyme-hydrolyzed soy proteins. J. Food Sci. 2003,
68, 803-809. [CrossRef]

8.  Preece, K.E.; Hooshyar, N.; Zuidam, N.J. Whole soybean protein extraction processes: A review. Inn. Food Sci. Emerg. Technol.
2017, 43, 163-172. [CrossRef]

9.  Jiang,J.; Xiong, Y.L.; Chen, J. pH shifting alters solubility characteristics and thermal stability of soy protein isolate and its globulin
fractions in different pH, salt concentration, and temperature conditions. J. Agr. Food Chem. 2010, 58, 8035-8042. [CrossRef]
[PubMed]

10. Wang, Z,; Liang, J.; Jiang, L.; Li, Y.; Wang, J.; Zhang, H.; Li, D.; Han, F; Li, Q.; Wang, R.; et al. Effect of the interaction between
myofibrillar protein and heat-induced soy protein isolates on gel properties. CyTA J. Food 2015, 13, 527-534. [CrossRef]

11. Li, Y;; Kang, Z.; Sukmanov, V.; Ma, H. Effects of soy protein isolate on gel properties and water holding capacity of low-salt pork
myofibrillar protein under high pressure processing. Meat Sci. 2021, 176, 108471. [CrossRef] [PubMed]

12. Xu, J.; Mukherjee, D.; Chang, S.K.C. Physicochemical properties and storage stability of soybean protein nanoemulsions prepared
by ultra-high pressure homogenization. Food Chem. 2017, 240, 1005-1013. [CrossRef]

13. Wu, J.Q.; Hamann, D.D.; Foegeding, E.A. Myosin Gelation Kinetic Study Based on Rheological Measurements. |. Agric. Food
Chem. 1991, 39, 229-236. [CrossRef]

14. Wang, X; Tang, C.; Li, B.; Yang, X.; Li, L.; Ma, C. Effects of high pressure treatment on some physicochemical and functional
properties of soy protein isolates. Food Hydrocoll. 2008, 22, 560-567. [CrossRef]

15.  Chen, X;; Liang, L.; Xu, X. Advances in converting of meat protein into functional ingredient via engineering modification of high
pressure homogenization. Trends Food Sci. Technol. 2020, 106, 12-29. [CrossRef]

16. Tu, Z.; Chen, L.; Wang, H.; Ruan, C.; Zhang, L.; Kou, Y. Effect of fermentation and dynamic high pressure microfluidization on
dietary fibre of soybean residue. J. Food Sci. Technol. 2014, 51, 3285-3292. [CrossRef]

17. Huang, Z.; Wang, X.; Zhang, J.; Liu, Y.; Zhou, T.; Chi, S.; Gao, F,; Li, J.; Tian, B.; Shi, W.; et al. Effect of heat treatment on the
nonlinear rheological properties of acid-induced soy protein isolate gels modified by high-pressure homogenization. LWT Food
Sci. Technol. 2022, 157, 113094. [CrossRef]

18. Kang, Z.L.; Bai, R.; Lu, E; Zhang, T.; Gao, Z.; Zhao, S.; Zhu, M.; Ma, H. Effects of high pressure homogenization on the solubility,
foaming, and gel properties of soy 11S globulin. Food Hydrocoll. 2022, 124, 107261. [CrossRef]

19. Li, Y,; Zhang, X,; Lu, F; Kang, Z. Effect of sodium bicarbonate and sodium chloride on aggregation and conformation of pork

myofibrillar protein. Food Chem. 2021, 350, 129233. [CrossRef] [PubMed]


http://doi.org/10.1016/j.foodchem.2017.09.055
http://doi.org/10.1016/j.meatsci.2022.108822
http://www.ncbi.nlm.nih.gov/pubmed/35413661
http://doi.org/10.1016/j.meatsci.2012.11.002
http://doi.org/10.1016/j.tifs.2021.03.039
http://doi.org/10.1016/j.foodres.2008.06.001
http://doi.org/10.1016/j.cofs.2020.10.012
http://doi.org/10.1111/j.1365-2621.2003.tb08246.x
http://doi.org/10.1016/j.ifset.2017.07.024
http://doi.org/10.1021/jf101045b
http://www.ncbi.nlm.nih.gov/pubmed/20524657
http://doi.org/10.1080/19476337.2015.1011240
http://doi.org/10.1016/j.meatsci.2021.108471
http://www.ncbi.nlm.nih.gov/pubmed/33647630
http://doi.org/10.1016/j.foodchem.2017.07.077
http://doi.org/10.1021/jf00002a001
http://doi.org/10.1016/j.foodhyd.2007.01.027
http://doi.org/10.1016/j.tifs.2020.09.032
http://doi.org/10.1007/s13197-012-0838-1
http://doi.org/10.1016/j.lwt.2022.113094
http://doi.org/10.1016/j.foodhyd.2021.107261
http://doi.org/10.1016/j.foodchem.2021.129233
http://www.ncbi.nlm.nih.gov/pubmed/33592363

Foods 2023, 12, 810 12 0of 12

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Kang, Z.L.; Zhang, X.H.; Li, K,; Li, Y.P; Lu, F; Ma, H].; Song, Z.].; Zhao, S.M.; Zhu, M.M. Effects of sodium bicarbonate on the gel
properties, water distribution and mobility of low-salt pork batters. LWT Food Sci. Technol. 2021, 139, 110567. [CrossRef]

Zhu, D.Y;; Kang, Z.L.; Ma, H.J.; Xu, X.L.; Zhou, G.H. Effect of sodium chloride or sodium bicarbonate in the chicken batters: A
physico-chemical and Raman spectroscopy study. Food Hydrocoll. 2018, 83, 222-228. [CrossRef]

Kang, Z.L.; Hu, S.J.; Zhu, D.Y.;; Ma, H.J. Effect of sodium chloride and processing methods on protein aggregation, physical-
chemical and rheological properties of pork batters. Int. ]. Food Eng. 2018, 14, 20170319. [CrossRef]

Haga, S.; Ohashi, T. Heat induced gelation of a mixture of myosin B and soybean protein. Agric. Biol. Chemn. 1984, 48, 1001-1007.
Candogan, K.; Kolsarici, N. Storage stability of low-fat beef frankfurters formulated with carrageenan or carrageenan with pectin.
Meat Sci. 2003, 64, 207-214. [CrossRef] [PubMed]

Grossi, A.; Gkarane, V.; Otte, ].A ; Ertbjerg, P.; Orlien, V. High pressure treatment of brine enhanced pork affects endopeptidase
activity, protein solubility, and peptide formation. Food Chem. 2012, 134, 1556-1563. [CrossRef]

Xie, J.; Zou, X,; Li, Y.; Kang, Z.; Ma, H. Effects of high-pressure-modified soy 11S globulin on the gel properties and water-holding
capacity of pork batter. Int. J. Food Sci. Technol. 2022, 57, 2459-2466. [CrossRef]

Luca, A.D.; Mullen, A.M,; Elia, G.; Davey, G.; Hamill, R. M. Centrifugal drip is an accessible source for protein indicators of pork
ageing and water-holding capacity. Meat Sci. 2011, 88, 261-270. [CrossRef] [PubMed]

Kurt, S.; Kilinggeker, O. The effects of cereal and legume flours on the quality characteristics of beef patties. Kafkas Univ. Vet. Fak.
Derg. 2012, 18, 725-730. [CrossRef]

Rawdkuen, S.; Sai-Ut, S.; Khamsorn, S.; Chaijan, M.; Benjakul, S. Biochemical and gelling properties of tilapia surimi and protein
recovered using an acid-alkaline process. Food Chem. 2009, 112, 112-119. [CrossRef]

Hwang, J.S.; Lai, KM.; Hsu, K.C. Changes in textural and rheological properties of gels from tilapia muscle proteins induced by
high pressure and setting. Food Chem. 2007, 104, 746-753. [CrossRef]

Scilingo, A.A.; Anon, M.C. Calorimetric study of soybean protein isolates: Effect of calcium and thermal treatments. J. Agr. Food
Chem. 1996, 44, 3751-3756. [CrossRef]

Youssef, M.K.; Barbut, S. Effects of two types of soy protein isolates, native and preheated whey protein isolates on emulsified
meat batters prepared at different protein levels. Meat Sci. 2011, 87, 54-60. [CrossRef]

Wang, ].Y.; Yang, Y.L.; Tang, X.Z.; Ni, W.X.; Zhou, L. Effects of pulsed ultrasound on rheological and structural properties of
chicken myofibrillar protein. Ultrason. Sonochem. 2017, 38, 225-233. [CrossRef]

Wu, E; Shi, X.; Zou, H.; Zhang, T.; Dong, X.; Zhu, R.; Yu, C. Effects of high-pressure homogenization on physicochemical,
rheological and emulsifying properties of myofibrillar protein. J. Food Eng. 2019, 263, 272-279. [CrossRef]

Liu, R.; Zhao, S.M.; Xiong, S.B.; Qiu, C.G.; Xie, B.]. Rheological properties of fish actomyosin and pork actomyosin solutions. J.
Food Eng. 2008, 85, 173-179. [CrossRef]

Cao, Y,; Xia, T.; Zhou, G.; Xu, X. The mechanism of high pressure-induced gels of rabbit myosin. Innov. Food Sci. Emerg. Technol.
2012, 16, 41-46. [CrossRef]

Lv, Y.Q.; Xu, L.; Su, Y.J.; Chang, C.; Gu, L.; Yang, Y.; Li, J. Effect of soybean protein isolate and egg white mixture on gelation of
chicken myofibrillar proteins under salt/-free conditions. LWT Food Sci. Technol. 2021, 149, 111871. [CrossRef]

Liu, R.; Zhao, S.M.; Xiong, S.B.; Xie, B.J.; Qin, L.H. Role of secondary structures in the gelation of porcine myosin at different pH
values. Meat Sci. 2008, 80, 632—639. [CrossRef] [PubMed]

Zhuang, X,; Jiang, X.; Han, M.; Kang, Z.L.; Zhao, L.; Xu, X.L.; Zhou, G.H. Influence of sugarcane dietary fiber on water states and
microstructure of myofibrillar protein gels. Food Hydrocoll. 2016, 57, 253-261. [CrossRef]

Niu, H,; Li, Y;; Han, J.; Liu, Q.; Kong, B. Gelation and rheological properties of myofibrillar proteins influenced by the addition of
soybean protein isolates subjected to an acidic ph treatment combined with a mild heating. Food Hydrocoll. 2017, 70, 269-276.
[CrossRef]

Li, C.B,; Liu, D.Y.; Zhou, G.H.; Xu, X. Meat quality and cooking attributes of thawed pork with different low field NMR T5;. Meat
Sci. 2012, 92, 79-83. [CrossRef] [PubMed]

Hanne, C.B.; Henrik, J.A.; Anders, H.K. Comparative study of low-field NMR relaxation measurements and two traditional
methods in the determination of water holding capacity of pork. Meat Sci. 2001, 57, 125-132.

Kang, Z.; Zhang, X.; Li, X;; Song, Z.; Ma, H.; Lu, E; Zhu, M.; Zhao, S.; Wang, Z. The effects of sodium chloride on proteins
aggregation, conformation and gel properties of pork myofibrillar protein Running Head: Relationship aggregation, conformation
and gel properties. J. Food Sci. Technol. 2021, 58, 2258-2264. [CrossRef] [PubMed]

Salvador, P.; Toldra, M.; Saguer, E.; Carretero, C.; Parés, D. Microstructure—function relationships of heat-induced gels of porcine
haemoglobin. Food Hydrocoll. 2009, 23, 1654-1659. [CrossRef]

Kang, Z.; Xie, J.; Li, Y,; Song, W.; Ma, H. Effects of pre-emulsified safflower oil with magnetic field modified soy 11S globulin on
the gel, rheological, and sensory properties of reduced-animal fat pork batter. Meat Sci. 2023, 198, 109087. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.lwt.2020.110567
http://doi.org/10.1016/j.foodhyd.2018.05.014
http://doi.org/10.1515/ijfe-2017-0319
http://doi.org/10.1016/S0309-1740(02)00182-1
http://www.ncbi.nlm.nih.gov/pubmed/22062868
http://doi.org/10.1016/j.foodchem.2012.03.089
http://doi.org/10.1111/ijfs.15607
http://doi.org/10.1016/j.meatsci.2010.12.033
http://www.ncbi.nlm.nih.gov/pubmed/21292408
http://doi.org/10.9775/kvfd.2012.6013
http://doi.org/10.1016/j.foodchem.2008.05.047
http://doi.org/10.1016/j.foodchem.2006.11.075
http://doi.org/10.1021/jf960035b
http://doi.org/10.1016/j.meatsci.2010.09.002
http://doi.org/10.1016/j.ultsonch.2017.03.018
http://doi.org/10.1016/j.jfoodeng.2019.07.009
http://doi.org/10.1016/j.jfoodeng.2007.06.031
http://doi.org/10.1016/j.ifset.2012.04.005
http://doi.org/10.1016/j.lwt.2021.111871
http://doi.org/10.1016/j.meatsci.2008.02.014
http://www.ncbi.nlm.nih.gov/pubmed/22063575
http://doi.org/10.1016/j.foodhyd.2016.01.029
http://doi.org/10.1016/j.foodhyd.2017.04.001
http://doi.org/10.1016/j.meatsci.2011.11.015
http://www.ncbi.nlm.nih.gov/pubmed/22613078
http://doi.org/10.1007/s13197-020-04736-4
http://www.ncbi.nlm.nih.gov/pubmed/33967322
http://doi.org/10.1016/j.foodhyd.2008.12.003
http://doi.org/10.1016/j.meatsci.2022.109087
http://www.ncbi.nlm.nih.gov/pubmed/36628894

	Introduction 
	Materials and Methods 
	Raw Materials and Ingredients 
	Extraction of Pork Myofibrillar Protein 
	Extraction of Soy 11S Globulin and HPH Treatment 
	Preparation of Pork Myofibrillar Protein and Soy 11S Globulin Mixture Solution 
	Cooking Yield 
	Centrifugal Yield 
	Color 
	Texture Profile Analysis 
	Rheological Properties Measurement 
	Low Field Nuclear Magnetic Resonance (LF-NMR) 
	Scanning Electron Microscopy 
	Statistical Analysis 

	Result and Discussion 
	Cooking Yield 
	Centrifugal Yield 
	Color 
	Texture Properties 
	Rheological Analysis 
	Shear Stress and Apparent Viscosity 
	G' and G″ 

	LF-NMR 
	Microstructure 

	Conclusions 
	References

