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Abstract: To research the effect of low voltage electrostatic field (LVEF) assisted freezing-thawing on beef quality,
using bovine longissimus dorsi as experimental materials, the beef quality of samples at the distance of 15, 30, 45
and 60 cm away from the electrostatic field generating plate (test group) and without LVEF treatment (control group)
was studied during freezing-thawing process. The test group and the control group had the same freezing
temperature of 18°C and thawing temperature of 4°C. The indices including freezing-thawing temperature curve,
color, thawing loss, protein content of thawing drip, cooking loss, and texture profiles were compared and analyzed.
Scanning electron micrograph (SEM) and transmission electron microscope (TEM) were used to observe the
microstructure of muscle, and the ice crystal morphology in muscle fiber tissue was observed under a light
microscope. During the process of freezing, the temperature curve showed that LVEF had accelerated the freezing
process of beef samples, and the time used in the zone of the maximum ice crystal formation was shorter compared
to the control group. Accordingly, the ice crystals in muscle fiber tissue were smaller and uniformly distributed under
LVEF. From the thawing temperature curve, it was found that the thawing speed of the treatment group was faster.
After the process of thawing, several indices were determined. The result showed that LVEF could significantly
increase lightness (L*) value, redness (a*) value, chroma (C) value, tenderness and chewiness (P<0.05). In addition,
cooking loss, thawing loss and protein content of thawing drip were significantly decreased by LVEF (P<0.05). SEM
and TEM showed that the muscle microstructures of the control group and treatment group were both damaged after
the freezing-thawing process. The microstructure of muscle fiber bundles of the control group was damaged more
seriously, and more muscle fiber bundles were torn and a visibly larger gap was exhibited between muscle fibers,
while the muscle microstructure of the treatment sample was less damaged and the fiber bundles were relatively
tight. Particularly, the samples at the distance of 30 cm away from the electrostatic field generating plate (LVEF30)
required the shortest time to finish the process of freezing and thawing, and the time used in the zone of the
maximum ice crystal formation was only 290 min, which was shortened by 66% compared with the control group.
LVEF30 formed the smallest and most uniform ice crystals, and the muscle fiber tissue was less damaged by ice
crystals. SEM showed that LVEF30 maintained the structure of muscle fibers and perimysium effectively, and the gap
between muscle fibers had no obvious expansion. TEM showed that Z-disc and M-disc remained relatively intact and
A-band and I-band were still clear and legible, which indicated that LVEF30 maintained the integrity of the myofibrillar
structure effectively. The L* value, a* value and C value of LVEF30 were 39.47, 21.77 and 23.71 respectively, which
were significantly higher than 31.74, 17.76 and 20.73 of the control group (P<0.05), and had no significant differences
with the fresh meat (P>0.05). Thawing loss, protein content of thawing drip and cooking loss of LVEF30 were reduced
to 4.18, 8.28 and 0.7 percent points, respectively, compared to the control group, and the difference was also
significant (P<0.05). The experimental results show that LVEF is able to alleviate the deterioration of beef quality
during the freezing-thawing process and improve the quality of the thawed beef significantly, and the most suitable
gauge for the treatment group is 30 cm.
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0. Introduction
Beef is rich in protein and essential amino acids, with low fat content and delicious taste. It is
deeply loved by consumers. The per capita consumption of beef in domestic meat is second
only to pork. As the most important storage method of beef, frozen storage can effectively inhibit
microbial growth and reproduction, intracellular enzyme activity and prolong shelf life [1].
However, frozen Tibetan beef often has serious juice loss and quality deterioration after thawing,
resulting in certain economic losses [2]. In recent years, the research and development of new
freezing and thawing processes to improve the quality and product benefits of frozen and
thawed meat has always been a hot spot in the field of meat science. Many new auxiliary
methods have emerged, such as high-pressure assisted freezing thawing, magnetic field
assisted freezing thawing and microwave-assisted freezing thawing [3-4]. Compared with the
above methods, electrostatic field assisted freezing thawing technology has the advantages of
high efficiency, low equipment cost and simple operation. At present, the domestic research on
the application of electrostatic field technology mainly focuses on the preservation of fruits and
vegetables [5-6]. Recent studies have also found that high voltage electrostatic field assisted
thawing can have beneficial effects on pork tenderness and related edible quality [7]. Sun Fang
et al. [8] found that compared with conventional thawing, high-voltage electrostatic field thawing
technology can shorten the thawing time of frozen beef, significantly reduce the loss of gravy
during thawing, and the beef is bright red and bright. However, the output voltage of
high-voltage electrostatic fields is high, the safety is poor, and has obvious limitations. It can not
be applied to large-scale meat freezing and thawing. The output voltage of a low-voltage
electrostatic field generally does not exceed 2500 V and the current does not exceed 0.2 mA. It
can form a negative ion environment in space, inhibit microorganisms and achieve the purpose
of food preservation. It has the characteristics of high safety, low equipment requirements,
energy conservation and environmental protection.

As a new non thermal technology, the low-voltage electrostatic field has attracted extensive
attention and provided a new idea for the innovation of meat freezing and thawing technology.
However, the application of low-voltage electrostatic field in food storage and preservation is still
in the initial stage, and its application in meat freezing thawing technology is rarely reported.
Recent studies have found that freezing thawing of pork under low-voltage electrostatic field can
effectively reduce the loss of thawed juice and improve tenderness [9], but different from the
spacing of electrostatic generating plate, it will be exposed to different electric field intensity, and
the fresh-keeping effect of meat should be different. Therefore, in order to develop a set of
relatively perfect low-voltage electrostatic field assisted beef freezing thawing technology, this
paper studied the effect of freezing thawing at different distances from the electrostatic
generator plate under the condition of 2500 V electrostatic field, so as to provide a theoretical
basis and reference for the process design of low-voltage electrostatic field assisted meat
freezing thawing.



1 Materials and Methods

1.1 Materials

The raw meat is the longissimus dorsi muscle of 2-year-old grassland yellow cattle with a quality
of about 400 kg, which has passed the quarantine inspection provided by Beijing Yuxiangyuan
animal husbandry Co., Ltd. After slaughtering, the cattle were hung with air-cooled acid
drainage for 48 hours under the external environmental conditions of certain temperature (0 ~ 4
° C), relative humidity (90%) and circulating cold air (wind speed 2 m / s). Two longissimus dorsi
muscles were taken from the carcasses of 8 bulls with similar conditions, a total of 16 meat
samples, each about 5 cm  × 4 cm × 4 cm in length, width and height, refrigerated at 4 ° C after
returning to the laboratory to conduct subsequent tests.

1.2 Main Equipment and Instruments

Bsa2022s electronic balance (saidoris scientific instrument (Beijing) Co., Ltd.); Testo 735
thermometer (German detu Instrument Co., Ltd.); CR-400 color difference meter (Konica
Minolta, Japan); Bcdw-228 refrigerator (Qingdao Haier Co., Ltd.); Dw-86l386 Haier vertical ultra
low temperature storage box (Qingdao Haier Special Electric Appliance Co., Ltd.); TA-XT2i
texture analyzer (stable micro system, UK); Eiko ib.5 ion sputtering gold sprayer (Hitachi,
Japan); Quanta 200 FEG field emission environmental scanning electron microscope (Hitachi,
Japan); H-7500 transmission electron microscope (Hitachi, Japan); Denba + freshness
maintaining electric field device (Agua Co., Ltd., size 125 mm × 175 mm × 100 mm), etc.

1.3 Sample Freezing and Thawing

The electrostatic field device used in this test consists of an electrostatic field generator
(AC220V, 50 / 60Hz) and discharge plate (140 mm) × 120 mm). The discharge plate generates
a low-voltage electrostatic field in the refrigerator ( 20 ~  18 ° C) to form a negative ion
environment. The material does not directly contact the discharge plate (the discharge plate is
placed vertically, and the meat sample is parallel to the discharge plate). The output voltage of
the electrostatic field generator is 2500 V and the current is 0.2 mA, which is the low voltage
electrostatic field (LVEF). Maxwell electromagnetic field simulation software is used to simulate
the electric field line and electric field intensity of an electrostatic field, as shown in Figure 1.



15 meat samples were randomly divided into five groups. The beef naturally frozen thawed
(without electrostatic field) was used as the control group, and the beef frozen thawed under
electrostatic field environment was used as the experimental group. The spacing between the
beef of the experimental group and the electrostatic field generating plate was 15, 30, 45 and 60
cm respectively. After packaging with transparent polyethylene film, the freezing test is carried
out in the – 18 ° C quick freezing warehouse. Insert the thermometer sensor into the geometric
center of the meat sample and record the center temperature. When the central temperature of
the meat sample drops to – 18 ° C, take out the meat sample and place it in a 4 ° C refrigerator
for thawing test. When the central temperature of the meat sample reaches 1 ~ 4 ° C, it is
considered that the meat sample is thawed completely. The freezing and thawing processes of
meat samples in the experimental group were carried out in the environment of a low-voltage
electrostatic field.

1.4 Index Determination

1.4.1 Freezing Thawing Curve

During the freezing thawing process of the sample, insert the tetO thermometer into the
geometric center of the meat sample, record the center temperature, record the temperature
value every 1 min, and draw the freezing thawing curve.

1.4.2 Determination of Color Difference

The brightness value L *, redness value a *, and yellowness value b * of the sample surface are
directly measured by CR-400 portable color difference instrument. The color difference meter
shall be calibrated with a white board before use. Measure each sample in parallel for 5 times
(select the four corners of the square meat sample and the geometric center of the meat
sample) and calculate the color saturation value C (chroma). The calculation formula of C value
is as follows:



1.4.3 Determination of Loss Rate of Thawed Juice and Protein Content in Lost Juice

Refer to the method of honikel [10], accurately weigh the mass of meat before and after
thawing, and calculate the juice loss rate. The protein content in the lost juice was determined
by a micro Kjeldahl nitrogen meter. The loss rate of thawed juice is calculated as follows:

Loss_rate_of_thawed_juice = (quality_of_meat_before_thawing -
quality_of_meat_after_thawing) / quality_of_meat_before_thawing x 100% (2)

1.4.4 determination of cooking loss of muscle

With reference to the method of honikel [10], weigh and record the mass of the meat sample,
place it in a polyethylene bag, cool it with flowing water at 20 ° C after 30 minutes of water bath
at 80 ° C, and weigh the mass after absorbing the water on the surface of the meat sample with
absorbent paper. The cooking loss is calculated as follows:

Cooking_loss =  (meat_quality_before_cooking - meat_quality_after_cooking) /
meat_quality_before_cooking x 100% (3)

1.4.5 Texture Profile Analysis (TPA)

The thawed meat samples were taken with a 2 cm diameter sampler at the geometric center
along the direction parallel to the fiber, and measured with a TA-XT2i texture analyzer. The
texture profile was analyzed in the secondary compression mode. Each treated sample was
measured in parallel for 3 times, and the average value of the 3 measurements was taken. The
four analysis indexes were hardness, elasticity, cohesion and chewability. Measuring
parameters: probe P35; Lateral front velocity 2.0 mm / s; Centering rate: 1.0 mm / s; The
measured speed is 5.0 mm / s; Compression ratio 40%; The interval between two
measurements of the probe is 5.00 s; The trigger type is automatic.

1.4.6 Determination of Shear Force

Use a 1.5 cm diameter sampler to take a 2.0 cm high cylinder parallel to the fiber direction, and
use TA-XT2i texture analyzer to measure the shear force of the thawed meat sample. The
measurement parameters are: the pre measurement speed is 5.0 mm / s, the middle
measurement speed is 1.0 mm / s, the post measurement speed is 5.0 mm / s, the feed
distance is 25 mm, and the probe model is HDP / BSW. Each treated sample was determined in
parallel for 5 times, and the average value of the 5 times was taken as the result.

1.4.7 Observation of Ice Crystal Morphology in Muscle Tissue

Refer to the method of Su Guangming et al. [11]. Cut 3 cubes (5 mm) for each freezing
treatment × 4 mm × 4 mm), fixed with Carnoy solution, and dehydrated with absolute ethanol
after standing for 20 h at 4 ° C. Take out the sample and drain it, immerse it in n-butanol and let



it stand for 2 h (repeat twice), and then immerse the sample in n-butanol and let it stand for 12
h. Immerse the dehydrated sample in toluene and stand for 30 min (repeat 3 times), drain the
molten paraffin immersed at 57 ° C and stand for 1 h (repeat 3 times). Place the sample in the
setting mold, fix it with molten paraffin, and cool it to room temperature (20 ° C). Place the
sample slices horizontally on the slide, immerse them in toluene solution for 10 min, take them
out, drain them, immerse them in absolute ethanol for 10 min, immerse the slide in 50% ethanol
solution and stand for 10 min, and finally stand for 10 min in distilled water to complete
rehydration. Dye it in 0.4% brilliant blue aqueous solution for 3 min, take it out and immerse it in
absolute ethanol for 10 min, and then immerse it in toluene for 10 min. Drop an appropriate
amount of sealing agent to the sample on the slide, cover and seal with the cover glass, and
wait for microscopic analysis.

1.4.8 The Muscle Microstructure was Observed by Scanning Electron Micrograph (SEM)

Refer to the method of Palka and Daun [12]. Cut the sample to be tested into 3 small cuboids (2
mm × 2 mm × 5 mm), fixed with glutaraldehyde solution with mass fraction of 2.5% for 24 hours,
washed with 0.1 mol / L phosphate buffer (pH 7.3), and placed at room temperature (27 ~ 28 °
C) for 2 hours. Wash the sample with distilled water and dehydrate it twice with ethanol gradient
of different volume fractions (25%, 50%, 70%, 95% and 100%) for 1 h each time. The
dehydrated samples were frozen and fractured in liquid nitrogen and put into supercritical 𝐶𝑂
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dryer. The observation surface of the samples was pasted on the SEM sample table. The gold
was sputtered with an Eiko IB5 ion sputtering coater. The samples were observed and
photographed with a Quanta 200 FEG field emission environmental scanning electron
microscope (accelerating voltage 20 kV) (magnification 500).

1.4.9 The Ultrastructure of Muscle was Observed by Transmission Electron Microscope
(TEM)

Refer to the method of Prates et al. [13] and modify it slightly. Cut the sample to be tested into 3
small cuboids (4 mm × 4 mm × 2 mm), immediately put it into glutaraldehyde fixing solution with
mass fraction of 3% for pre fixation, wash it with 0.1 mol / L phosphoric acid buffer (pH 7.4), then
fix it with osmium tetroxide with mass fraction of 1% in the fume hood, wash it with phosphoric
acid buffer again, and carry out gradient dehydration with ethanol with volume fractions of 30%,
50%, 70%, 80%, 90%, 95% and 100% respectively, Then replace it with anhydrous acetone for
3 times, and place it for 7 ~ 15 min each time. After dehydration, the samples were embedded
with 619# embedding agent, sliced with a Lycra UC6 ultra-thin slicer, double stained with
uranium acetate lead citrate, and finally observed and photographed with h-7500 transmission
electron microscope (magnification: 40 000 ×)。

1.5 Data Analysis

In this experiment, Microsoft Excel 2007 software was used to process the data, and the index
determination was the result of three parallel determinations, expressed as mean ± standard



deviation. The Duncan method multiple comparison and significance analysis were carried out
by IBM SPSS statistics 19 statistical analysis software (P < 0.05); The analysis chart is drawn
by Microsoft Excel 2007 software.

2 Results and Analysis

2.1 Effect of Low Voltage Electrostatic Field on Freezing Thawing Rate of Beef

The freezing and thawing temperatures of meat samples are – 18 ° C and 4 ° C respectively. In
order to study the effect of low voltage electrostatic field on the freezing thawing process of
beef, the temperature changes of the thermal center of meat samples treated with different
treatments were compared. Figures 2a and 2b show the freezing and thawing curves of the
control group and the test group respectively.

It can be seen from Fig. 2A that the temperature curve trend of the freezing process of the
control group and the test group is basically the same, and the temperature reduction rate goes
through three stages: rapid, gentle and rapid. The gentle stage in the temperature curve is due
to the freezing of water in the sample to form ice crystals and release phase change heat, and
the temperature drop rate slows down. This temperature range is called the maximum ice
crystal generation zone [14]. LVEF15, LVEF30, LVEF45 and LVEF60 in the treatment group
passed through the maximum ice crystal formation zone for 175, 100, 180 and 210 min
respectively, while the control group passed through the maximum ice crystal formation zone for
290 min. It can be seen that the four groups of treated samples shorten the time through the
maximum ice crystal formation zone in varying degrees, indicating that the electrostatic field
affects the phase transformation process of water in the freezing process of meat samples. The
duration of LVEF30 was the shortest, which was 66% shorter than that of the control. It is
determined that the whole freezing process starts from 6 ° C and ends when the central
temperature of the sample reaches – 18 ° C. The freezing time of LVEF15, LVEF30, LVEF45
and LVEF60 in the treatment group was 845, 630, 660 and 865 min respectively, while that in
the control group was 1535 min. the freezing time of samples under electrostatic field was
significantly shorter than that in the control group, and the freezing speed of LVEF30 was the
fastest. In this test, when the central temperature of the meat sample reaches 1 ° C, it is
considered that the meat sample is thawed completely. As can be seen from Fig. 2B, the
thawing time required for LVEF15, LVEF30, LVEF45 and LVEF60 in the test group is 1180, 800,
865 and 1130 min respectively, while the thawing time required for the control group is 1370
min. Under the condition of the electrostatic field, the thawing time is significantly shortened,
and the time required for LVEF30 to thaw to 1 ° C is the shortest. Under the low-voltage
electrostatic field, the meat freezing speed is fast, the growing ice crystal is small, and it is
easier to transition to the state of water molecules when thawing. In addition, some studies
believe that the thawing of meat samples in the electrostatic field environment can accelerate
the fracture of hydrogen bonds in the ice structure and accelerate the thawing speed [7]. The
electric field intensity at a distance of 30 cm from the discharge plate can effectively improve the
freezing thawing efficiency of meat.



2.2 Effect of Low Voltage Electrostatic Field Freezing on Ice Crystal Morphology in Beef
Tissue



Ice crystals exist in needle shape between muscle fiber tissues. The ice crystal morphology of
beef frozen under different conditions is shown in Figure 3. It can be seen from Figure 3 that the
muscle fiber tissue structure of fresh beef is uniform and dense, and the gap between muscle
fibers is very small. During the freezing process of muscle tissue, the water in the tissue
crystallizes, the volume increases, and the growth of ice crystals leads to the destruction of
muscle tissue. The ice crystals formed in the control group were large in volume and small in
number, and were disorderly distributed in the muscle tissue. The ice crystals generated in the
test group have a small shape, large quantity and uniform distribution. The degree of damage of
muscle fiber tissue by ice crystal was different between the control group and the experimental
group: beef muscle fiber in the control group was obviously broken and seriously mechanically
damaged; The tissue structure of beef muscle fiber in the experimental group maintained well
and was less affected by ice crystals. The tissue structure of LVEF30 muscle fibers was
maintained well, and the muscle fibers were damaged less by ice crystals. This is because the
distance from the discharge plate is 30 cm, the freezing rate of meat samples is fast, and the ice
crystals formed are small and evenly distributed.

2.3 Effect of Low Voltage Electrostatic Field on Beef Color

The change of beef color in the normal range will not have a great impact on its nutritional value
and flavor, but as an important index of meat sensory quality, the color will affect consumers'
preferences to a great extent. The L * value and a * the value of the meat color represents the
brightness value and redness value of the meat sample respectively. The greater the L * value,
the better the meat gloss, while the higher the a * value, the better the meat color and fresher
the meat sample. The C (chroma) value represents the color saturation of the meat sample, and
the larger the value, the brighter the color of the meat sample [15].

As can be seen from Figure 4, compared with fresh meat samples, the L * value, a * value and
C value of frozen meat samples decreased in varying degrees. The L * value, a * value and C



value of the control group after freezing were 34.28, 18.81 and 21.32 respectively, which were
significantly lower than 39.99, 22.29 and 25.30 of fresh meat samples (P < 0.05). The frozen
test group under low-voltage electrostatic field maintained the color of meat samples better, and
the effect of LVEF30 test group was the most obvious: the L * value, a * value and C value of
the LVEF30 test group after freezing were 37.67, 22.87 and 25.53 respectively, which were
significantly higher than those of the control group (P < 0.05), and there was no significant
difference compared with new fresh meat samples (P > 0.05). After thawing, the L * the value of
meat samples decreased significantly compared with fresh meat samples due to excessive
water loss. In addition, if the meat sample was exposed to air for too long, the oxidation rate of
myoglobin increased, resulting in the decrease of a * value and C value. Compared with the
control group, the freshness of beef color in the thawed test group was higher. The L * value, a *
value and C value of LVEF30 in the thawed test group were 39.47, 21.77 and 23.71
respectively, which were significantly higher than 31.74, 17.76 and 20.73 in the control group (P
< 0.05).

2.4 Effects of Low Voltage Electrostatic Field on Thawing Juice Loss and Cooking Loss
of Beef



After freezing, the water crystal volume of muscle increases, resulting in the rupture of muscle
cell membrane, the loss of juice during thawing, and a large amount of soluble protein is lost
with the juice, resulting in a serious decline in the nutritional value of meat [16]. The loss rate of
thawed juice and cooking loss are important basis to reflect the water retention of meat
samples. Compared with the control group, the thawing juice loss rates of LVEF15, LVEF30,
LVEF45 and LVEF60 in the experimental group were 5.44%, 4.19%, 4.24% and 5.19%
respectively, which were significantly lower than 8.37% in the control group (P < 0.05); The
protein content in the lost juice was 10.29%, 9.91%, 9.21% and 10.26% respectively, which was
significantly lower than 10.61% in the control group; The cooking losses were 22.70%, 20.02%,
21.53% and 22.10% respectively, which were significantly lower than 28.30% of the control
group (P < 0.05) (see Table 1). This shows that the electrostatic field assisted freezing of
thawing beef can effectively improve the water retention of beef and significantly reduce the
nutrient loss of beef after thawing. Compared with the control, the loss rate of thawed juice,
cooking loss rate and protein content in thawed juice of LVEF30 decreased by 4.18%, 8.28%
and 0.7% respectively. The water retention of the meat sample was the best in the experimental
group. Previous test results showed that LVEF30 meat-like muscle fibers were least damaged
by ice crystals during freezing, and the juice loss was well inhibited during thawing.

2.5 Effect of Low Voltage Electrostatic Field on Texture Characteristics of Beef

The multi-faceted texture analysis method can comprehensively reflect the texture
characteristics of meat and meat products, such as hardness, cohesion, elasticity, glue viscosity,
chewability and resilience [17-19]. In this test, the texture characteristics and shear force of
fresh meat samples and frozen thawed beef under different conditions were analyzed (Table 2).



The results showed that the elasticity, hardness, cohesion and chewability of meat samples
were reduced compared with fresh meat samples after thawing. Compared with the control
group, the elasticity of LVEF15, LVEF30, LVEF45 and LVEF60 beef in the experimental group
were 637.70, 592.47, 589.19 and 612.60 n respectively, which were significantly higher than
460.75 n in the control group (P < 0.05); The beef hardness of LVEF30 and LVEF45 in the
experimental group were 215.40 and 252.57 n respectively, which was significantly lower than
332.76 n in the control group (P < 0.05); There was no significant difference in cohesion
between the test group (except LVEF60) and the control group (P > 0.05). Chewability is the
comprehensive embodiment of meat hardness, elasticity and cohesion. Within a certain range,
the greater the value, the better the corresponding taste [20]. The chewability of LVEF15 and
LVEF30 meat samples in the experimental group were 139.29 N and 145.88 n respectively,
which was significantly better than 113.20 n in the control group (P < 0.05). The shear force of
the meat sample can reflect its tenderness. The smaller the shear force, the better the
tenderness of the meat sample. The shear forces of LVEF15, LVEF30, LVEF45 and LVEF60
meat samples in the experimental group were 5.13, 5.17, 5.84 N and 5.67 n respectively, which
were significantly lower than 7.39 n in the control group (P < 0.05). This shows that electrostatic
field assisted freezing thawing can significantly improve the texture characteristics of thawed
beef, and the texture characteristics of LVEF30 beef in the experimental group are better.

2.6 effect of low voltage electrostatic field on Microstructure of beef myofibrils

The cross section of the muscle fiber bundle was observed by a scanning electron microscope.
Fresh and frozen thawed beef under different conditions were observed by scanning electron
microscope to analyze the integrity of muscle fiber bundle and muscle bundle membrane and
the gap between muscle fiber bundles. The results are shown in Fig. 5A (enlarged by 500
times). It can be seen from Fig. 5A that the structure of muscle fiber bundle and muscle bundle



membrane of fresh beef is complete, the muscle fiber bundle is closely arranged and the gap of
muscle bundle is small. After thawing, the integrity of beef muscle fibers was lost, the
arrangement of muscle fiber bundles was loose, the gap between muscle bundles was large,
and the structure of muscle bundle membrane was broken. The beef muscle fibers in the control
group were seriously deformed, and some areas were even hollow. Compared with the control
group, the muscle microstructure of the experimental group was relatively complete, the muscle
fiber bundles were closely arranged and the gap was small, and the damage of the muscle
bundle membrane was also less. The meat samples of LVEF15 and LVEF30 in the experimental
group effectively maintained the structure of muscle fiber bundle and muscle bundle membrane
after thawing, and the gap between muscle fiber bundles did not expand significantly. The
muscle bundle membrane in muscle is elastic and can maintain the integrity of muscle tissue
and the dense arrangement of muscle fiber bundles. The destruction of muscle bundle
membrane will increase the gap between muscle fiber bundles, make it easier for water to seep
out, reduce the water retention of muscle, and cause serious juice loss.

The longitudinal section of the muscle fiber bundle was observed by a transmission electron
microscope. Fresh beef and frozen thawed beef under different conditions were observed by a
transmission electron microscope. The results are shown in Figure 5B (magnification: 40000) ×)
。 Fig. 5B shows that the myofibril structure of fresh meat samples is complete, the muscle fiber
bundles are closely arranged, the A-band and I-band are clearly identifiable, and the Z-line and



M-line are obvious and complete. After thawing, the Z-line of meat samples in the control group
is broken, the M-line is blurred, and the A-band and I-band are seriously damaged. In the
electrostatic field assisted freezing thawing test group, such as LVEF15 and LVEF30, the Z-line
and M-line of meat samples remain relatively complete, and the A-band and I-band are still
clearly discernible. This shows that electrostatic field assisted freezing and thawing can
effectively maintain the structural integrity of beef muscle fiber. By studying the relationship
between muscle tissue changes and water holding capacity, Chen Tao found that there is a
significant correlation between myofibril integrity and muscle water holding characteristics [21]
At the same time, the destruction of complete and dense tissue structure of muscle fiber bundle
will reduce the elasticity and chewability of meat samples. The structure of the muscle fiber
bundle assisted by electrostatic field freezing thawing is more complete and dense, which also
verifies the research results of low juice loss rate and good maintenance of texture
characteristics.

3 Discussion

The quality of beef will deteriorate in the freezing thawing process. Many existing meat freezing
and thawing methods have many defects, such as high equipment investment cost, poor
operation safety, serious thawing loss and so on. In this paper, a low-voltage electrostatic field
was used to assist the freezing and thawing process of beef. The experimental results show that
this method has less effect on meat quality than natural freezing thawing. The color of beef
frozen thawed by electrostatic field is fresh. There are two reasons: first, the experimental group
has less loss of thawed juice and high surface moisture content, which improves the light
refractive index and increases the surface brightness; Second, ozone can be generated and
attached to the beef surface under the electrostatic field environment. Oxygen combines with
myoglobin to produce bright red oxygenated myoglobin. The increase of oxygenated myoglobin
content will improve the redness of meat samples [22]. Jin et al. [23] found that the normal
saline applied with electrostatic field has fast freezing speed, short time through the maximum
ice crystal formation zone, small volume and uniform distribution of ice crystals. Kaale et al. [24]
also reported that the application of electric fields during the growth of ice crystals can inhibit the
growth of ice crystals. Electrostatic field freezing is mainly based on the crystallization
nucleation of supercooled water induced by an electric field. Under the action of external electric
field, the potential energy binding of water molecules along the electric field direction is smaller
than that of water molecules in other directions, which is easy to overcome the liquid-solid
interface resistance and has the greatest probability of forming ice nuclei, while the formation of
ice nuclei by water molecules in other directions in the electric field will be inhibited [25-26]. In
this experiment, the freezing time of beef assisted by electrostatic field is short, and the
maximum ice crystal generation band is fast. It is observed that the ice crystals formed in beef
muscle tissue are small, large and evenly distributed, which is similar to the research results of
Jin et al. Xanthakis et al. [27] found that the growth of large ice crystals was limited and the
damage degree of pork microstructure was significantly reduced during high voltage
electrostatic field assisted pork freezing. Through scanning and transmission electron
microscopy, it was found that the beef under electrostatic field assisted freezing maintained the
muscle fiber structure, and the muscle microstructure was less damaged than that of the control



group. During the thawing of beef, with the melting of ice crystals, the hydrophilic colloids in the
cells absorb water, and the water gradually diffuses and penetrates into the cells [28]. He et al.
[29] found that a high voltage electrostatic field can significantly shorten the thawing time of
frozen meat. Feng Wanping [30] once reported that if the thawing time of cold frozen meat is too
long, microorganisms on the meat surface will multiply in large numbers. At the same time,
oxidation will lead to corruption and seriously affect the meat tenderness. In this experiment, the
thawing speed of frozen beef in an electrostatic field environment was significantly higher than
that in natural thawing, and the juice loss of thawed beef was significantly reduced (P < 0.05).
Hughes et al. [31] found that the water in the intercellular space has an important impact on
muscle tenderness. The higher the water holding capacity of muscle, the better the tenderness.
In this experiment, the juice loss and cooking loss of beef in the experimental group were
smaller than those in the control group, indicating that it had better water holding capacity. The
research results of beef texture characteristics showed that the shear force of beef in the
experimental group was significantly lower than that in the control group (P < 0.05), indicating
that the tenderness of beef in the experimental group was better than that in the control group,
which was consistent with the research results of Hughes et al.

During beef freezing, the freezing rate of the LVEF30 sample was higher than that of the control
and other test groups. The higher the freezing rate of beef, the smaller the shape and uniform
distribution of ice crystals. The muscle fibers of the LVEF30 group were less damaged by ice
crystals. The formation of ice crystals in the freezing process of beef led to the rupture of muscle
cell membrane, the loss of juice during thawing, and a large amount of soluble protein was lost
with the juice, which explained that the loss rate of thawed juice, cooking loss rate and protein
content in thawed juice of LVEF30 were lower than those of other experimental groups. SEM
results showed that the structure of muscle fiber bundle and muscle bundle membrane were
maintained more effectively after thawing of the LVEF30 sample, the gap of muscle fiber bundle
was smaller than that of other test groups, and the texture characteristics were better.

4 Conclusion

The quality of beef deteriorated after freezing thawing. Different freezing and thawing methods
will affect the quality of beef to varying degrees. In this study, the electrostatic field is used to
assist the freezing thawing process of beef. Compared with natural freezing thawing, it can
effectively slow down the quality deterioration of beef in the freezing thawing process and
improve the quality of thawed beef:

1) The freezing thawing efficiency of beef was significantly improved under low-voltage
electrostatic field (P < 0.05). The ice crystals grown during freezing were small and
evenly distributed in muscle tissue, with less damage to muscle tissue, and the structure
of meat like muscle fiber bundle was more complete and dense.

2) After thawing, the water holding capacity of beef was improved and the nutritional loss
was reduced. Compared with natural freezing thawing, the loss rate of thawed juice,



cooking loss rate and protein content in thawed juice decreased by 4.18%, 8.28 and 0.7
percentage points respectively (P < 0.05).

3) The color and texture characteristics of thawed beef were effectively maintained. The
L * value, a * value and C value of frozen thawed meat samples at a distance of 30 cm
from the electrostatic plate were 39.47, 21.77 and 22.25 respectively, which were
significantly higher than 31.74, 17.76 and 20.73 of natural freezing thawing (P < 0.05);
The elasticity, cohesion, chewability and tenderness were significantly higher than those
of naturally frozen thawed meat (P < 0.05).

4) Compared with other test groups, the frozen thawed meat samples at a distance of 30
cm from the electrostatic plate have more bright color, better texture characteristics and
water retention. It is more suitable to freeze thaw the meat samples at a distance of 30
cm from the electrostatic plate.
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