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Abstract: Addressing the prevalent issue of excessive fat consumption in contemporary di-
ets, a novel method has been devised for the preparation of an emulsion gel enriched with
healthful fatty acids which possesses superior emulsification characteristics. This innova-
tive approach aims to serve as a viable substitute for the fat content in beef mince. This
paper aims to evaluate the effect of emulsion gels, formulated primarily with Chinese yam
as the key ingredient, on the emulsification properties and microstructural characteristics
of beef mince. The findings indicate that, when the proportion of fat substituted by the
emulsion gel reaches 50%, the surface hydrophobicity of the beef mince attains a value of
37.34%, which approximates that of beef tallow. Furthermore, the water retention capac-
ity of this formulation is significantly superior to that of the other test groups (p < 0.05).
Additionally, when the fat replacement with emulsion gel is increased to 75%, the protein
solubility is observed to be 22.85 mg/mL. As the quantity of emulsion gel increases, the
gel structure of the beef mince undergoes a gradual densification. This alteration is accom-
panied by a statistically significant upward trend in the overall a-helix content (p < 0.05),
whereas the 3-turn angle exhibits an opposite trend and the 3-sheet content demonstrates
a biphasic pattern, initially increasing and subsequently decreasing. Notably, the random
coil of the emulsion gel reaches its minimum when the fat content is at 50%, corresponding
to a state of maximal stability in the beef mince. This study provides a basis for developing
research into meat products with a healthier fat profile.

Keywords: fat substitute; emulsion gel; minced meat system; microstructural characteristics

1. Introduction

As people’s diets gradually shift towards high-calorie diets, a series of diseases related
to excessive fat intake have emerged, as well as the impact of the meat industry on the en-
vironment [1-4]. Research indicates that a mere reduction in the fat content of the formula
can significantly impair the emulsifying properties of the product, which in turn directly
influences its taste, texture, and overall stability [5]. Meat products with a healthier fat
profile have become the current research focus.

Currently, the academic focus domestically and internationally on the matter of re-
ducing fat content in meat products primarily revolves around strategies for decreasing or
substituting the fat content within the formulation [6,7]. Scientific researchers have gath-
ered substantial evidence that associates the intake of high-fat products with various health
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consequences. The removal of fat from such products, however, presents a formidable chal-
lenge, as fat not only contributes to the nutritional profile but also significantly influences
the rheological and sensory attributes of the final product [8]. Traditional fat substitutes,
which encompass cereal flour-based alternatives, protein-derived replacements, and pre-
emulsification systems, fall short of adequately addressing the demand for mimicking the
solid-like structural adipose tissue [9].

The utilization of solid-structured fats as substitutes for animal fats is employed to
decrease the fat content and enhance the fatty acid composition in meat products, such as
patties and sausages. Among these, oleogels [10] and emulsion gel [11] are the most preva-
lent options. Oil gels are distinguished by their low content of saturated and trans fatty
acids. Furthermore, due to their excellent plasticity, they can serve as an ideal fat substitute
without compromising the flavor profile of the food [12,13]. However, most of the gelling
agents for preparing oil gels are not applicable to food, which restricts their application in
low—fat meat products. When used as a fat substitute, emulsion gel shows an excellent fat
reducing effect and oxidation stability, and is easy to prepare [14]. However, the research
on emulsion gel mostly focuses on improving the fatty acid composition of the product,
and there are few reports on its emulsification stability. The emulsifying characteristics
of Chinese yam enable the production of a white gel that possesses a visual appearance
analogous to fat. Furthermore, Chinese yam is abundant in polysaccharides and phenolic
compounds, possessing notable antioxidant properties [15-17], which have the capacity to
ameliorate the susceptibility to oxidation of the unsaturated fatty acids. Chinese yam pow-
der contains a large amount of dietary fiber, which can promote gastrointestinal digestion
and absorption, and it can be used as raw material to prepare emulsion gel.

The present experiment is designed to delve into the impact of emulsion gels formu-
lated primarily from Chinese yam on the emulsifying characteristics and microstructural
attributes of beef mince. This paper aims to evaluate the effect of emulsion gels, formulated
primarily with Chinese yam as the key ingredient, on the emulsification properties and
microstructural characteristics of beef mince. The study employs a suite of sophisticated
evaluation metrics, including surface hydrophobicity, emulsion stability, water-holding
capacity, protein solubility, protein secondary structure, intermolecular forces, and mi-
crostructural analysis. The ultimate goal is to identify a healthier fat substitute that ex-
hibits enhanced emulsifying properties. This endeavor contributes novel methodologies
and theoretical insights to the ongoing research efforts dedicated to exploring and devel-
oping innovative fat substitutes.

2. Materials and Methods
2.1. Materials

We used fresh, chilled lean beef from the hind legs of cattle, purchased from Hohhot
Hualian Supermarket. The lean meat and fat were separated, and the fat was vacuum-
packaged and stored in a —20 °C refrigerator. The sinews in the lean meat were removed,
and then it was minced, ground, and weighed, and stored in a —20 °C refrigerator. One day
before processing, one bag of homogenized raw meat was thawed each time during prepa-
ration. Chinese yam powder was purchased from Shanxi Angxu Biotechnology Co., Ltd.,
Xi’an, China. Cold-pressed flaxseed oil was purchased from Hohhot Hualian Supermar-
ket. Soy protein isolate was provided by Soleibao Biotechnology Co., Ltd., Beijing, China.
Calcium sulfate and sodium pyrophosphate were purchased from Macklin Biochemical
Technology Co., Ltd., Shanghai, China; sodium alginate, bromophenol blue, dipotassium
hydrogen phosphate, potassium dihydrogen phosphate, 3 mercaptoethanol, urea, glu-
taraldehyde, ethanol, and sodium chloride were purchased from Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China. All of the above reagents were of analytical purity.
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2.2. Preparation of Emulsion Gels

The oil-in-water emulsion gel was formulated from white yam powder, cold-pressed
flaxseed oil, water, and gelling agent. The gelling agent was composed of 0.73% sodium
alginate, 0.73% CaSQOy, and 0.54% sodium pyrophosphate. Referring to the method of Pin-
tado for preparing emulsion gel [18], 3.76 g of soy protein isolate was first weighed and
placed in a beaker, then 64 mL of distilled water was added and stirred with a magnetic
stirrer (1500 rpm, 2 h) (HS 4, IKA, Staufen, Germany), and then left overnight. Before the
experiment, it was first heated in a water bath (70 °C, 30 min) (HH2, Shanghai Fu Ma Test
Equipment Co., Ltd., Shanghai, China), then cooled to about 50 °C, then had 20 g of cold-
pressed flaxseed oil added to it. The content of cold-pressed flaxseed oil was determined
as a fixed value, and stirred until evenly mixed with a high-speed disperser (7000 rpm,
10 min) (XHFDY, Ningbo Xin zhi Biotechnology Co., Ltd., Ningbo, China). We added
10 g of Chinese yam powder and gelling agent at the same time, and stirred with a
mixer at 50 °C (360 rpm, 30 min) until evenly mixed. Finally, the sample was placed
in a metal container under pressure to compact and prevent bubbles and was left for
24 h at 4 °C (BBCD290WX, Qingdao Haier Company, Qingdao, China) to obtain the
emulsion gel sample.

2.3. Preparation of Minced Beef

The preparation of minced beef was also carried out according to the methods de-
scribed in relevant references. We defrosted the beef before preparation (about 20 h at
4 °C) and stirred all of the raw materials into the meat grinder according to the recipe
in Table 1. The evenly stirred mixture was prepared into balls (3.5 cm in diameter) and
refrigerated at 4 °C for later use. Before the experiment, the sample taken from the refrig-
erator was left to stand at room temperature for 30 min. Each group of tests was repeated
five times, and the average value was the final test value.

Table 1. Preparation ratio of meat emulsion system.

Type CG/g EGl/g EG2/g EG3/g EG4/g EG5/g

Lean meat 62 62 62 62 62 62

20 20 15 10 5 0
Fat (Flax seed (Flax seed (Flax seed (Flax seed (Flax seed

(Beef fat) . . . . .

oil) oil) oil) oil) oil)

Emulsion gel 0 0 5 10 15 20

Water 16 16 16 16 16 16
NaCl 2 2 2 2 2 2

2.4. Determination of Surface Hydrophobicity

Samples of the 0.6 g raw mince were randomly weighed and suspended in 20 mL of
20 mmoL/L phosphate buffered (pH = 6.0) solution. The high-speed disperser was used
to homogenize the meat for a period of time (10,000 rpm, homogenized 3 times, each time
for 20 s) so that the mince was evenly distributed in the solution. A total of 1 mL of the ho-
mogenized solution was randomly removed and 100 pL of bromophenol blue was added.
One hundred pL 1 mg/mL of bromophenol blue was added into 1 mL of phosphate buffer
solution as control. Each group of samples was violently shaken for 20 min. Each set of
samples was centrifuged using a centrifuge (6000x g, 4 °C, 15 min) (ALLEGRA X-30R
(B06322), Beckman Coulter Ltd., Brea, CA, USA). After centrifugation, 0.5 mL of the super-
natant (the clear liquid above the sediment in the centrifuge tube) was pipetted from both
the test group and control group samples. To this, 4.5 mL of phosphate buffer solution
was added. The absorbance value of each mixture was then determined at 595 nm using
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a spectrophotometer (U-2910, Hitachi corporation, Tokyo, Japan). Each treatment group
was measured in parallel five times [19], and Formula (1) is as follows:

A —-A
Bound bromophenol blue/pg = 100 pg x controst sample

)

Acontrust

2.5. Determination of Emulsion Stability

The emulsification stability of beef mince refers to the ability of the stable emulsion
formed, comprising fat and water within the beef mince, to maintain its homogeneity with-
out layer separation or precipitation during the emulsification process. The specific deter-
mination method is as follows:

The beef mince was randomly weighed (M;) and placed in a 50 mL centrifuge tube
(Mp) with screw cap, centrifuged (150 g, 3 min), then sealed and placed in a constant
temperature water bath at 70 °C for 30 min. The centrifuge tube was removed and the
screw cap removed, and placed upside down on a weighted petri dish (M3) for 1 h, and
then we weighed the centrifuge tube and determined the total weight of mince (M3), heated
the juice collected from the petri dish at 103 °C for 16 h (DGX-9143BC, Shanghai Fu Ma Test
Equipment Co., Ltd., Shanghai, China), and finally measured the total weight after heating
(My). Each treatment group was measured in parallel five times, and Formulas (2)—(5) are
as follows:

Total juice loss/% = (Mo + My) — M3 ()
TEF

Percentage of total juice loss/% = Sy 100 3)
1

(My + My — Mz) — (Mg — Mp)

Percentage o f water loss/% = i x 100 4)
1
Fat loss percentage /% = % x 100 5)

2.6. Determination of Water Retention

Each group randomly weighed about 5 g of raw mince into a 10 mL centrifuge tube
that had been weighed in advance, and then put it in a water bath at 85 °C for 15 min
until the central temperature reached 75 °C. The sample was weighed after moisture was
absorbed by filter paper. Each treatment group was measured in parallel five times [20],
and Formula (6) is as follows:

Cooking loss(%) = w x 100% (6)

where W1 and W, respectively, represent the weight of minced meat before and after
cooking, in grams. W represents the weight of meat, in grams.

Each group randomly weighed about 5 g of raw mince into a 10 mL centrifuge tube
that had been weighed in advance, then weighed the sample and centrifuged it (17,000 g,
10 min, 4 °C), and then the centrifuged water was sucked out with filter paper and the
centrifuged sample was weighed again. Each treatment group was measured in parallel
five times, and Formula (7) is as follows:

WHC = H x 100% (7)

where M; and M, represent the mass of minced meat before and after centrifugation, re-
spectively, in grams; My represents the mass of the centrifuge tube, in grams.
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2.7. Determination of Protein Solubility

We referred to Xu’s method of measuring total protein solubility [21] and made some
modifications on this basis. A frozen muscle sample (1 g) was homogenized in an ice bath
of 20 mL of cold 0.1 moL/L potassium phosphate buffer (pH =7.2, 1.1 moL/L KI) or 10 mL
of 0.025 moL/L potassium phosphate buffer (pH =7.2) to determine total protein solubility
and sarcoplasmic protein solubility, respectively. Then, the homogenate was centrifuged
at4 °C at 5000 g for 20 min, and the protein concentration in the supernatant was deter-
mined by the Biuret method [22]. The solubility of myofibrillar protein was calculated by
subtracting the solubility of sarcoplasmic protein from the total protein solubility.

2.8. Determination of Protein Secondary Structure

The amide I band (1600-1700 cm~!) was commonly used to analyze the changes in
the protein secondary structure. The wave number range of 1610-1639 cm ! was usually
considered as B-sheet, 1640-1649 cm~! as random coil, 1650-1659 cm ™! as «-helix, and
1660-1700 cm~! as p-turn [23].

The protein secondary structure of minced beef samples was determined by Near In-
frared Spectrum Instrument (PerkinElmer Frontier, Perkinelmer Enterprise Management
(Shanghai) Co., Ltd., Shanghai, China). Samples of minced beef were frozen at —20 °C
for about 4 h, after which the samples were freeze-dried in a vacuum freeze-dryer (Foring,
Sihuan Freke Technology Development (Beijing) Co., Ltd., Beijing, China) until they were
completely dry. The fully dried samples were pounded into powder and stored in a dryer

until used. The range included a 4000400 cm~! region at 4 cm ™!

resolution (room tem-
perature), and single-beam mode intervals were used for 32 scans. Peak-Fit 4.12 soft-
ware was used for curve fitting, and the secondary structure content of minced meat
was calculated through curve fitting to the reverse second derivative amide I band of

1600-1700 cm ! [24,25].

2.9. Determination of Intermolecular Forces

We accurately weighed 3 g minced beef samples which we evenly dispersed into 15 mL
samples of five solvents: 0.05 moL/L Sodium chloride (S1), 0.6 moL/L sodium chloride (52),
0.6 moL/L sodium chloride + 1.5 moL/L urea (S3), 0.6 moL/L sodium chloride + 8 moL/L urea
(54), and 0.6 moL/L sodium chloride + 8 moL/L urea + 1.5 moL/L (3- mercaptoethanol (S5).
The samples were homogenized (10,000 rpm, 1 min) with a high-speed disperser, and af-
ter homogenization, the samples were left for 1 h at 4 °C and then centrifuged (10,000x g,
10 min) to obtain the supernatant. The protein content was determined by Lowry method.
The ionic bond content was expressed as the difference between the protein content dissolved
in S2 and S1. The hydrogen bond content was expressed as the difference between the protein
content dissolved in S3 and S2. The number of hydrophobic interactions was expressed as the
difference between the amount of protein dissolved in S4 and S3. The disulfide bond content
was expressed as the difference between the protein content dissolved in S5 and S54. The result
was the average of the three repetitions and was expressed as the proportion of each grade
(expressed as % of total protein) [26,27].

2.10. Determination of Microstructure

The cooked minced beef samples were cut into circular slices with double-sided blades,
fixed with glutaraldehyde for 3 h, and then cleaned. The cleaned samples were dehydrated
with ethanol (50%, 70%, 90%, 95%, and 100%) in gradient, with each concentration treated
for 30 min. Then, the samples of each group were freeze-dried, and finally, the microstruc-
ture was observed using scanning electron microscopy (SEM) (TM4000Pul SEM: Hitachi
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Manufacturing Co., Ltd., Chiyoda, Japan). The acceleration voltage of SEM was 15 kV, and
the samples were measured in parallel 5 times [28].

2.11. Statistics

Each group of tests was repeated five times, and the average value was the final test
value. The data were presented as mean =+ standard deviation. The data were processed
and analyzed using IBM SPSS 26.0 software. One-way analysis of variance (Duncan test)
was used to examine the significance of the differences in the results of each group. p <0.05
indicates a significant difference. Graphs were plotted by Origin 2024 64Bit software.

3. Results and Discussion

3.1. Emulsification Characteristics
3.1.1. Effect of Chinese-Yam-Based Emulsion Gel on the Surface Hydrophobicity of Minced
Beef

BPB is bromophenol blue, which is a pH indicator, and its ability to bind to proteins can
reflect the surface hydrophobicity of proteins. Surface hydrophobicity can reflect the distri-
bution of hydrophobic amino acids on the surface of proteins, which is closely related to the
functional properties of proteins. Before the experiment, the beef mince was removed from
the refrigerator and kept at room temperature for 30 min until it completely softened. As
shown in Figure 1, the surface hydrophobicity of the emulsion gel fat substitute gradually
increased with the increase in the proportion of emulsion gel; there were significant differ-
ences between the groups (p < 0.05). The surface hydrophobicity of the CG was 31.98 ug, and
EG3 was similar to that of tallow; when the proportion of fat substituted by the emulsion gel
reached 50%, the surface hydrophobicity of the beef mince attained a value of 37.34 ug. The
emulsifying properties of proteins could be improved by appropriately changing the sur-
face hydrophobicity of proteins, because the exposure of hydrophobic groups in proteins
increased the interaction between proteins and oils, promoted the adsorption of proteins by
oils, and formed dense and stable protein membranes. This is conducive to increasing the
emulsifying properties [29-31]. However, the increase in surface hydrophobicity will lead
to a decrease in protein stability and weakened protein—water interaction. The protein is
prone to hydrophobic aggregation and protein denaturation, which is not conducive to the
formation of a gel network structure [32,33].

60
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50 - . —E—
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Z 40t d
E c T
R
o
=
5 b
£ 2}t
m
a
10+ ﬂ
0 1 1 1 1 1 1
G EGI EG2 EG3 £G4 EGS

Experimental group

Figure 1. Surface hydrophobicity of beef minced with addition of different amounts of emulsion gel.
Note: Amount of bound bromophenol blue is difference between total bromophenol blue and free
bromophenol blue. Different letters indicate that there are significant differences between experi-
mental groups (p < 0.05).
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3.1.2. Effect of Chinese-Yam-Based Emulsion Gel on the Emulsion Stability of the
Minced Beef

The stability of the emulsions is contingent upon the capacity of minced meat to ef-
fectively bind and retain moisture, serving as a pivotal indicator reflective of the quality of
processed minced meat products. Figure 2 illustrates the juice loss rate exhibited by various
emulsified minced meat samples.

8

[ I Total juice
7 [:Water content d
[ Fa @ 1
6 -]:— ¢
. =y
5
24t b
o rE
.g__):) 3L ab
b
- a b
® b
2k
a a
a
| | ﬂ T 1
O 1 1 1 1 1 1
CG EG1 EG2 EG3 EG4 EGS

Experimental group

Figure 2. Effect of adding different amounts of emulsion gel on juice loss of beef mince. Note: Dif-
ferent letters indicate that there are significant differences between experimental groups (p < 0.05).

The results indicate that the total juice loss rate and water loss observed in the CG, EG1,
EG2, and EG3 were relatively minimal Notably, the total juice loss rate of the CG was 1.18%
and the water loss rate of the CG was 1.14%. The total juice loss rate of EG2 was 0.89% and
the water loss rate of EG2 was 0.86%, which is significantly different from EG4 and EGS5.
Regarding fat loss, EG1 demonstrated the smallest value of 2.24%, which was significantly
lower than that recorded in EG2, EG3, EG4, and EG5. This phenomenon could be attributed
to the fact that the incorporation of polysaccharides enhances the stability of the emulsion.
However, with the increasing concentration of emulsion gel, it may have a shielding effect
on the proteins in the entire mince system, thus reducing its ability to hold water and oil.
Research endeavors have demonstrated that the stability of emulsions in emulsified minced
meat can be augmented to a certain extent through the application of heat treatments. The
findings of this experimental trial align with these previous research outcomes [34,35].

3.1.3. Effect of Chinese-Yam-Based Emulsion Gel on Water Retention and Cooking Loss of
Minced Beef

Water retention pertains to the capacity of meat products to maintain their inherent
moisture or to absorb additional water when subjected to external forces such as extrusion,
heating, and stirring. This phenomenon reflected the efficacy of the gel matrix in retaining
water within its structure. The water retention capabilities of meat directly influenced the
sensory attributes of the final product, and a higher yield of meat typically correlated with
superior water-holding capacity [36,37].

As depicted in Figure 3, the water-holding capacity of the control group (CG) exhibited
significantly superior performance (p < 0.05) compared to the sample where emulsion gel
served as the fat substitute. Furthermore, EG3 demonstrated a notably higher water-holding
capacity (p <0.05) than the other experimental groups. This outcome was attributed to the
fact that an excessive amount of emulsion gel merely fills the gel system of the minced meat,
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ultimately leading to a reduction in the water-holding capacity of the sausage [38]. From the
standpoint of cooking loss, as the quantity of emulsion gel added gradually increased, the
cooking loss exhibited an overall decreasing trend. The cooking loss in the CG was signifi-
cantly lower than in EG1 and EG2 (p < 0.05), while it was significantly higher than in EG3
and EG5 (p < 0.05). There was no significant difference between the CG and EG4 (p > 0.05).
Overall, EG3 exhibited the optimal water retention capacity, which could be attributed to
reduced surface hydrophobicity and subsequent enhanced protein-lipid interactions [39].

[ ] Water-holding capacity [ Cooking loss
100 -
e a a b

° = —F— - -
é 80 H
2
e
Q
o
£
= 60 1
8
k=]
3
£ 40 H
B
=
B

20 H g d

C b C
+l .
CG EG1 EG2 EG3 EG4 EG5

Experimental group

Figure 3. Water retention and cooking loss of beef minced with different amounts of emulsion gel.
Note: Different letters indicate that there are significant differences between experimental groups
(p <0.05).

3.1.4. Effect of Chinese-Yam-Based Emulsion Gel on Solubility of Minced Beef Protein

Solubility is mediated by non-covalent interactions (e.g., electrostatic forces, hydropho-
bic interactions, hydrogen bonds) and is considered the major characteristic of proteins
that are selected for use in food [40]. As depicted in Figure 4, the progressive aug-
mentation of emulsion gel addition exhibits a biphasic effect on overall protein solubil-
ity, initially eliciting an increase, followed by a decline. When the replacement of fat
with emulsion gel was increased to 75%, the protein solubility reached the highest point
of 22.85 mg/mL. Notably, the myofibrillar protein solubility attained its peak value of
14.20 mg/mL in EG4. This phenomenon might be due to the fact that, with the increase in
the gel content of the emulsion, the salt ion content increases, reducing the repulsion force
between protein molecules by harnessing the full potential of surfactants; oil droplets were
more effectively adsorbed onto their surfaces, leading to an improvement in emulsification
efficiency. In EGS5, a slight decline in protein solubility was observed. This reduction can
be ascribed to the protein condensation that occurred when the ionic strength increased be-
yond a critical threshold, ultimately resulting in decreased solubility. Several studies have
revealed that an augmentation in the quantity of salt added results in an elevation in the salt-
soluble protein content within the meat paste. Specifically, a significant amount of myosin
or actin becomes adsorbed onto the surface of fat particles, forming a dense protein layer
that subsequently enhances the emulsion stability of the sample [41]. In conclusion, the pro-
tein solubility of the beef meat paste system achieves its maximum level, and the emulsion
stability is optimized, when the proportion of fat substituted by emulsion gel reaches 75%.
The emulsifying properties of beef mince could be improved to some extent by using the
Chinese-yam-based emulsion gel as a fat substitute.
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Figure 4. Solubility of minced beef protein with addition of different amounts of emulsion gel.

3.2. Microstructure
3.2.1. Effect of Chinese-Yam-Based Emulsion Gel on the Secondary Structure of Minced
Beef Protein

In Figure 5, the proportions of «-helix, 3-sheet, 3-turn, and random coil are displayed.
The relative abundance of o-helix and 3-sheet configurations constitute the secondary struc-
tural features of a well-ordered and stable protein. Figure 5 shows that with the increase in
emulsion gel addition, the x-helix content first decreases and then increases. Specifically,
the o-helix contents of EG1 and EG2 were lower than those of the other groups. Within the
context of protein architecture, the o-helix is recognized as the most robust spiral confor-
mation, primarily stabilized by hydrogen bonding interactions. Concurrently, 3-sheet and
[-turn are also related to hydrogen bonding. As the proportion of emulsion gel increased,
there was a concomitant elevation in both protein and polysaccharide quantities. Notably,
an increase in 3-sheet and B-turn structures implies the formation of hydrogen bonds be-
tween the proteins and anionic polysaccharides [42]. Furthermore, the augmentation in the
a-helix content suggests that the incorporation of emulsion gel served to transition the meat
mince system from a disordered to an ordered state.

[ JRandom coil [ p-Turn [0 B-Sheet [ ] a-Helix
100 I - I < =:
— 21% 22% - o e
=5 e L
S 80F I z
5 17% .
5 2P 22% 21%
§ I 23% 24%
= L
S 60t - 5 = t
o 0,
§ . a 35% 34% 34%
- 0,
8 0 33% 339
R
*g — = 38 £ +
a 20 as
26% B . 26% 27% 26%
() 1 1 1 1 1 1
CG EG1 EG2 EG3 EG4 EG5

Experimental group

Figure 5. Secondary structure analysis of minced beef protein with different amounts of emulsion gel.
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The relative abundance of 3-turn and random coil configurations serves as an indicator
of structural disorder. Notably, the 3-turn content decreased with an increase in emulsion
gel incorporation (p > 0.05). However, it remained significantly elevated compared to that
of the CG (p < 0.05). This phenomenon could be attributed to the presence of salt coagu-
lants within the emulsion gel. Specifically, metal ions such as Ca?* or Mg?*, as well as H*,
have the capacity to neutralize the surface charge of proteins, thereby altering the electro-
static interactions between protein molecules. Consequently, these alterations contribute to
modifications in the secondary structural configuration of the proteins [43]. Additionally,
an elevation in the concentration of the salt coagulants tends to promote instability within
the beef minced meat system. Specifically, EG3 exhibited the lowest content of irregular
curl, amounting to 16.05%, and there was no significant difference between EG3 and the CG
(p>0.05). It was suggested that the beef mince system in EG3 maintained a relatively stable
state, which was optimal under these conditions. In conclusion, the secondary structural
configuration of EG3 was found to be in the most favorable condition.

3.2.2. Effect of Chinese-Yam-Based Emulsion Gel on Intermolecular Forces in
Minced Beef

During the formation of minced beef gel, protein denaturation and polymerization give
rise to a complex spatial three-dimensional network structure. This process involves the or-
derly denaturation and aggregation of proteins, which organizes into a three-dimensional
network stabilized by various chemical forces, including ionic bonds, hydrogen bonds, hy-
drophobic interactions, and disulfide bonds. Notably, hydrophobic interactions and disul-
fide bonds play a pivotal role in maintaining the structural integrity of this network.

Ionic and hydrogen bonds constitute the primary natural structures that are instrumen-
tal in maintaining the stability of proteins [44]. During the formation of minced meat gels,
the initial step involves the disruption of ionic bonds by salt ions, facilitating the dispersion
of proteins. Subsequent heating then induces protein denaturation and aggregation, ulti-
mately leading to gel formation. The analysis in Figure 6 shows that there is no significant
difference in the ion bond content between the CG and EG4 and EG5 (p > 0.05). However,
the ion bond content of the CG is significantly higher than that of EG1, EG2, and EG3 (p <
0.05). So, the structures of the CG, EG4, and EG5 are relatively stable.

Ionic bond
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X
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Figure 6. Intermolecular force of minced beef protein with addition of different amounts of emul-
sion gel. Note: Different letters indicate that there are significant differences between experimental
groups (p <0.05).
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Hydrogen bonds mainly maintained the «-helix structure in the secondary structure of
proteins, which were related to protein gelation and viscoelasticity, and were broken when
proteins were denatured by heat, and were reformed after the meat gel was cooled, which
played a role in stabilizing the binding of water and promoting the hardening of the gel [45].
As shown in the figure, the hydrogen bond content of the CG is significantly lower than that
observed in EG4 and EG5 (p < 0.05). In contrast, the hydrogen bond content of the CG is
significantly higher than that of EG1, EG2, and EG3 (p < 0.05).

The hydrophobic interaction primarily arose from the denaturation of proteins via heat-
ing, resulting in the exposure of hydrophobic groups. This exposure led to an enhancement
of the interactions among the non-polar groups of adjacent molecules, ultimately culminat-
ing in their aggregation and the formation of a gel structure. In the unheated state, these hy-
drophobic groups were embedded within the o-helix structure of proteins. The aggregation
of proteins was intimately associated with the formation of disulfide bonds. During heat-
induced gel formation, heating serves as the primary catalyst for the formation of disulfide
bonds through sulthydryl oxidation. Notably, the optimal temperatures for disulfide bond
formation vary across different types of minced meat [46]. Figure 6 demonstrates that the
hydrophobic interaction and disulfide bond contents of the CG are not significantly differ-
ent from those of EG4 and EG5 (p > 0.05), but are significantly lower than those of EG1, EG2,
and EG3 (p < 0.05). An increase in the emulsion gel content elevated the levels of polysac-
charides and phenolic compounds, thereby enhancing antioxidant properties. The balance
between thiol groups and disulfide bonds is influenced by factors such as oxidation condi-
tions, enzymatic hydrolysis, and pH values [47]. Future research will focus on optimizing
the thiol/disulfide bond balance to improve the antioxidant performance of the meat emul-
sion system.

3.2.3. Effect of Chinese-Yam-Based Emulsion Gel on the Microstructure of Minced Beef

The microstructure of the minced meat gel serves as a direct indicator of its gel state.
By observing the internal structure of the sample under a scanning electron microscope,
one can intuitively ascertain various characteristics such as the degree of compactness and
porosity, the presence or absence of pore structures, the roughness or smoothness of the sur-
face, the occurrence of gel fractures, and the emergence of lamellar structures. Furthermore,
through direct reflection, one can analyze the underlying reasons for a range of various laws,
including water retention capacity and gel strength [48,49].

As depicted in Figure 7, the incremental addition of emulsion gel exhibits a notable in-
fluence on the microstructural alterations of beef mince. Specifically, the gel formed within
the CG exhibits a coarse structure and uneven texture, whereas the gel in EG1 displays a
relatively dense consistency, resulting in the formation of small pores. EG2, EG3, EG4, and
EGS5 differ in the amount of emulsion gel added. It is evident that as the amount of emulsion
gel increases, the gel structure becomes progressively more compact, with pores that are rel-
atively small, regular, and uniformly distributed. This phenomenon could be attributed to
the non-flowable nature and high viscosity of the emulsion gel, which, upon grinding, facil-
itates its effective dispersion within the meat paste system, thereby enhancing the compact-
ness and uniformity of the gel structure [50]. In comparison to the CG, the incorporation of
emulsion gels significantly refines the gel structure of beef mince, rendering it more regular
and compact.
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Figure 7. The microstructure of beef mince with addition of different amounts of emulsion gel.

3.3. Discussion

This experimental study investigated the impact of an emulsion gel, formulated pri-
marily with Chinese yam as the key ingredient, on the emulsification properties and mi-
crostructural characteristics of beef mince. The findings indicate that, when the proportion
of fat substituted by the emulsion gel reaches 50%, the surface hydrophobicity of the beef
mince attains a value of 37.34%, which approximates that of beef tallow. Furthermore, the
water retention capacity of this formulation is significantly superior to that of the other test
groups (p < 0.05). Additionally, when the fat replacement with emulsion gel is increased
to 75%, the protein solubility is observed to be 22.85 mg/mL. As the quantity of emulsion
gel increases, the gel structure of the beef mince undergoes a gradual densification. This
alteration is accompanied by a statistically significant upward trend in the overall o-helix
content (p < 0.05), but it only holds true after reaching a certain level. Meanwhile, the
-turn angle exhibits the opposite trend, and the (3-sheet content demonstrates a biphasic
pattern, initially increasing and subsequently decreasing. Notably, the random coil content
of the emulsion gel reaches its minimum when the fat content is at 50%, corresponding to
a state of maximal stability in the beef mince. However, according to the results described
in Section 3.1.2, while the loss of water and fat is similar to the loss of juice, the bars for
juice loss are much lower than those for fat loss. On this basis, we will continue to study
the emulsification stability of ground beef at different temperatures and further explore its
emulsification characteristics at different temperature levels. In addition, since the amount
of cold-pressed flaxseed oil was set at a fixed value in this study, the influence of adding dif-
ferent contents of cold-pressed flaxseed oil on the emulsion system will be further explored
in the next study.

4. Conclusions

This experimental study investigated the impact of an emulsion gel, formulated primar-
ily with Chinese yam as the key ingredient, on the emulsification properties and microstruc-
tural characteristics of beef mince. Each group of tests was repeated several times, and the
average value was the final test value. The findings indicate that, when the proportion of fat
substituted by the emulsion gel reaches 50%, the surface hydrophobicity of the beef mince
attains a value of 37.34%, which approximates that of beef tallow. Furthermore, the water
retention capacity of this formulation is significantly superior to that of the other test groups
(p <0.05). Additionally, when the fat replacement with emulsion gel is increased to 75%, the
protein solubility is observed to be 22.85 mg/mL. As the quantity of emulsion gel increases,
the gel structure of the beef mince undergoes a gradual densification. This alteration is ac-
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companied by a statistically significant upward trend in the overall x-helix content (p <0.05),
whereas the 3-turn angle exhibits the opposite trend, and the 3-sheet content demonstrates
a biphasic pattern, initially increasing and subsequently decreasing. Notably, the random
coil content of the emulsion gel reaches its minimum when the fat content is at 50%, corre-
sponding to a state of maximal stability in the beef mince.
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