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Abstract: This study investigated the impact of high-voltage electric field (HVEF) thawing technology
on the thawing rate, water retention characteristics, microstructure, and nutritional composition of
thawed beef. Compared with the control group, in which thawing occurred under natural conditions,
the experimental group, in which beef was thawed under HVEF (12 kV, 16 kV, 20 kV, 24 kV, 28 kV),
showed a significantly shorter thawing time, and the higher the voltage was, the faster the thawing
rate. The total loss rate of thawed beef reached its minimum value of (54.2 4+ 0.62) % at 28 kV, and
the water retention of the experimental group was significantly better than that of the control group
(p < 0.05). Therefore, it can be concluded that HVEF thawing enhances the water retention ability of
beef. In a color comparison, it was evident that the color of the beef thawed by HVEF was significantly
better than that of the control group. The results of scanning electron microscopy (SEM) indicated
that thawing beef by HVEF can reduce the damage to the myofibril structure. Low-field nuclear
magnetic resonance (LF-NMR) showed that beef thawed by HVEF had a significantly increased
bound water content. According to the determination of malondialdehyde content, beef thawed
by HVEF had a reduced degree of lipid oxidation; the content at 16 kV was 2.4 mg/kg, and the
degree of lipid oxidation was the lowest. Fourier transform infrared (FTIR) spectroscopy analysis
revealed that the absorption peak positions of the beef samples did not show significant changes
under different conditions. However, the absorption peak intensity in the experimental group was
generally higher than that in the control group. Examination of the protein secondary structure via
infrared spectroscopy revealed that, compared with the control group, HVEF thawing transformed
the proteins from an ordered structure to a disordered structure. The increase in disordered structure
reduced the fiber gap of the sample and improved the water retention of the beef. The above
experimental results indicate that HVEF thawing can improve the water-holding capacity of the
sample and reduce the thawing damage to the quality of the sample.
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1. Introduction

Meat is an essential food for a healthy human diet; it has high nutritional value and
is an indispensable part of the dietary lives of many humans. In the future, the demand
for meat will increase, with projections that global meat consumption will increase by
1.2% by 2028 compared with the baseline period (2016-2018). By then, the demand for
high-nutrition, high-protein meats such as beef is expected to grow more than those for
other types of meat [1]. However, meat spoilage often occurs during storage, processing,
and transportation, which causes large economic losses and harms human health. In order
to ensure the quality of food and economic value, meat is often stored and transported by
freezing [2].

Freezing is a commonly used method to extend the shelf lives of meat and meat
products by inhibiting microbial growth and other biochemical reactions [3]. Freezing is
one of the most widely used methods of food preservation and plays a crucial role in the
meat industry [4]. Meat and meat products are typically preserved by freezing, which
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effectively reduces microbial spoilage and preserves the nutritional contents of the food.
Both freezing and thawing are significant processes to ensure the final quality of food
products, and the thawing process may lead to deterioration of product quality. During the
thawing process, product quality may deteriorate due to changes in myofibril structure,
protein, and lipid oxidation, greatly affecting the texture, flavor, color, nutritional value,
and other aspects of the product [5] and resulting in losses.

Thawing methods currently employed include traditional thawing methods in air,
water, and refrigerators [6-8], as well as many emerging thawing methods, such as ohmic
thawing [9], ultrasonic thawing [10], radio frequency thawing [11], microwave thawing [12],
and far-infrared thawing. The most widely used traditional thawing methods have sig-
nificant drawbacks, as they not only require large amounts of time but also can cause
serious damage to product quality. The poor penetration of ultrasonic thawing can lead
to local overheating on the surface of the product. Microwave thawing can easily cause
uneven thawing and inevitable thermal damage to the product [13]. The disadvantages
of far-infrared thawing are similar to the drawbacks of microwave thawing and include
uneven thawing, excessive surface temperature, and product dehydration [14]. Therefore, it
is necessary to develop a new type of thawing method to reduce the impact of the thawing
process on product quality.

HVEF thawing is an emerging nonthermal and energy-saving thawing technology
that is a feasible alternative to pyrolysis thawing. In the process of high-voltage electric
field thawing, electrons and positive ions move towards the two opposite electrodes under
the action of electric field force, driving the movement of air molecules, thus forming ionic
wind [15]. A large number of particles produce a complex collision process with the surface
of the material, which occurs in the transfer and transformation of energy, increasing the
kinetic energy of the water molecules and the heat transfer in and around the material, thus
accelerating the thawing of the material. The water-holding capacity of muscle tissue in
meat is related to the degree of thermal denaturation of the myofibrillar proteins during
thermal processing [16]. High-voltage electric field thawing has the characteristics of
keeping the sample from heating up and reducing the temperature difference between the
center and surface of the sample to minimize the damage to the sample [17]. Orlowska
et al. found that applying an HVEF increases the nucleation temperature of cooled distilled
water with increasing electric field strength, and appropriate electric field strength can
promote nucleation [18]. Rahbari et al. found that HVEF thawing significantly shortened
the freeze—thaw time, improved the solubility and water-holding capacity of myofibrillar
proteins, and reduced protein denaturation [19]. Amiri et al. found that different numbers
of electrode needles have varying effects on the degree of lipid oxidation. As the number
of needle electrodes increases, the degree of lipid oxidation also increases, and the degree
of damage to the sample increases [20]. Kantono et al. discovered that HVEF thawing can
improve the sensory characteristics of beef, such as its color and tenderness [21]. Ding
et al. discovered that a high-voltage electric field can shorten the thawing time of tofu and
that certain electric field conditions at different voltages and pole spacings can increase the
water-holding capacity [22].

In this study, an HVEF was applied to the beef thawing process. The optimization
quality degree of beef thawed by HVEF was then evaluated and compared according to
the thawing rate, total loss, water-holding capacity, color, and malondialdehyde content of
the beef thawed by HVEF and natural conditions. Utilizing scanning electron microscopy
(SEM), Fourier transform infrared (FTIR) spectroscopy, evaluations of protein secondary
structure, and low-field nuclear magnetic resonance (LF-NMR), the myofibril structure, pro-
tein conversion, and water migration in thawed beef were studied in depth to understand
the potential mechanism of HVEF thawing, combining physics and food science, micro-
scopic and macroscopic analysis, and revealing the mechanism of high-voltage electric
field thawing from multiple levels and angles. The research content, methods, and ideas
have certain innovation and potential application value, providing an experimental and



Processes 2023, 11, 2567

30f21

theoretical basis and practical guidance for the wider application of high-voltage electric
field thawing technology.

2. Materials and Methods
2.1. Sample Preparation and Processing

In this study, all the beef used (beef tenderloin, kept fresh at 0 °C—4 °C) was purchased
from Hualian Supermarket, Genghis Khan Square Branch (Hohhot, Inner Mongolia Au-
tonomous Region, China). After removing all visible connective tissue and external fat
from the surface of the meat, the beef was cut (perpendicular to the fiber direction) into
cubes with a volume of 3 cm x 3 cm x 3.5 cm and a mass of (40 & 0.5) g. After packaging
the samples with transparent polyethylene film, they were immediately placed in a freezer
at —20 °C for 24 h for freezing before being used in the thawing experiments.

2.2. Experimental Equipment and Instruments

The HVEF thawing device (as shown in Figure 1) consisted of a high-voltage power
control system (YD (JZ) 1.5/50, Wuhan, China), a voltage controller (KZX-1.5 KVA, Wuhan,
China), and a multiple needle-to-plate electrode system [23]. The BS124S electronic bal-
ance was from Sartorius Scientific Instruments Co., Ltd., Beijing, China; the HH-4 con-
stant temperature water bath was from Ronghua Instrument Manufacturing Co., Ltd.,
Changzhou, China; the TDZ4-WS centrifuge was from Xiangyi Centrifuge Instrument
Co., Ltd., Shenzhen, China; and the 3nh-NR60CP automatic colorimeter was from Wusu
Industrial Development Co., Ltd., Shenzhen, China.

Figure 1. HVEF thawing device. 1. High-voltage power supply control system; 2. Needle electrode;
3. Thermometer; 4. Sample; 5. Ground electrode; 6. Anemometer.

The high-voltage power supply control system was capable of outputting AC voltages
ranging from 0 to 50 kV using a voltage controller, with the needle electrode connected
to the high-voltage power control system. The frequency was set at 50 Hz. The needle
electrode was made of stainless steel, with a length of 20 mm and a diameter of 1 mm.
The distance between the two needle electrodes was 40 mm. The ground electrode was a
stainless-steel plate measuring 1000 mm x 550 mm. The distance between the needle tip
and the ground electrode was 100 mm.

2.3. Experimental Method

The thawing experiment was conducted under conditions of an ambient temperature
of (18 £ 1) °C, a relative humidity of (26 &= 1) % RH, and an ambient wind speed of 0 m/s.
The beef was thawed in an HVEF environment with thawing voltages of 0 (control group),
12,16, 20, 24, and 28 kV. Before the start of the thawing experiment, the mass of each frozen
beef block was measured using an electronic balance, and the linear probe of a temperature
sensor was inserted into the geometric center of the beef to measure the central temperature
during the thawing process. The recording of the central temperature of the beef was
started when the geometric center temperature reached —10 °C. Throughout the thawing
process, the central temperature was recorded every 5 min. The thawing process was
considered complete when the geometric center temperature of the beef reached 4 °C, and
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the thawing time was recorded. The total mass of the thawed beef and liquid was recorded
using an electronic balance. All thawing experiments were conducted independently three
times, and the results are expressed as the average value + standard deviation (SD).

2.4. Thawing Rate and Thawing Time

The time it took to increase the geometric center temperature of beef from —10 °C to
4 °C was defined as the thawing time, and the thawing rate was calculated. The formula
for calculating the thawing rate of beef during the thawing process [24] is:

thawing rate = ? 1

where m is the mass of frozen beef (g) and t is the thawing time (min).

2.5. Evaporation Loss

After thawing, the total mass m; of the beef and liquid was recorded, and the evapora-
tion loss rate of the beef was calculated using the formula [24]:

E— (’” - ml) % 100% @)
m

where E is the evaporation loss of the beef (%), m is the mass of the frozen beef (g), and m;
is the total mass of the thawed beef and liquid (g).

2.6. Drip Loss

Filter paper was used to absorb liquid from the surface of the beef, after which the
thawed beef was weighed. The formula for the loss of beef liquid [25] is:

D= <ml_mz> % 100% 3)
m

where D is the drip loss of the beef (%), m is the mass of the frozen beef (g), m; is the total
mass of the thawed beef and liquid (g), and m; is the mass of the thawed beef (g).

2.7. Cooking Loss

The thawed beef was placed in a polyethylene bag and heated in a constant-temperature
water bath (HH-4, China) at 96.8 °C for 40 min. The beef was then cooled naturally at room
temperature for 30 min, and filter paper was used to absorb the surface moisture from
the beef. An electronic balance was then used to weigh the steamed beef. The calculation
formula for the cooking loss rate [26] is:

C= (’”3_’”4> % 100% @)
m3

where C is the cooking loss of the beef (%), m3 is the mass of the beef before steaming (g),
and my is the mass of the beef after steaming (g).

2.8. Total Loss

Total Loss = Evaporation Loss + Drip Loss + Cooking Loss.

2.9. WHC

A portion of the thawed beef close to the upper surface (i.e., the surface with the largest
contact area with the ion wind) was measured to determine its mass using an electronic
balance, placed in a 10 mL centrifuge tube, and centrifuged at a speed of 4000 r/min for
30 min using a low-speed desktop centrifuge (TDZ4-WS, China). After centrifugation,
the surface liquid was absorbed with filter paper. The mass was then weighed after
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centrifugation using an electronic balance. The calculation formula for the water-holding
capacity [27] is:
EM = <m_’”h> x 100% )
mg
where EM is the water-holding capacity of the beef (%), m, is the mass of the beef before
centrifugation (g), and m; is the mass of the beef after centrifugation (g).

2.10. Ion Wind Speed

A thermal anemometer probe (Testo 405i, TESTO, Titisee-Neustadt, Baden Wurttem-
berg State, Germany) was used to measure the ion wind speed under different thawing
voltages. The measurement position selected for the thermal wind speed probe was approx-
imately 7 cm away from the upper electrode needle plate (roughly parallel to the surface
position of the beef).

2.11. Color

Before the experiment, a fully automatic color difference instrument (3nh-NR60CP,
Sanenshi Intelligent Technology Co., Ltd., Shenzhen, China) was used to measure the
color parameters of the surfaces of the fresh beef samples, recording the L (brightness),
a (redness), and b (yellowness) values. The color test surface was marked as the upper
surface for the thawing experiment (i.e., the surface with the largest contact area with the
ion wind). After the thawing process was completed, the fully automatic color difference
instrument was used again to measure the color parameters of the upper surface of the
beef. Before each test, a blackboard correction was performed on the fully automatic color
difference instrument, and the measurements were repeated five times on each piece of beef
(at the four corners and on the center of the upper surface), with the average value taken.
The beef color saturation C and the hue angle 4° (0° and 360° are red, 270° is blue, 180° is
green, and 90° is yellow) were recorded, and the total color difference was calculated as AE.
The calculation formulas [28] are:

AL =L; — Ly (6)

Aa =aq —ap (7)

Ab = by — by ®)

AC = /a2 + b2 — /a2 + 1 ©)

Ao® = tan~! (2) — tan ™! (Zg) (10)

AE = \/(Ly = Lo)? + (a1 — a0)* + (by — by)? (1)

where L, a9, and by are the brightness, redness, and yellowness values of fresh beef,
respectively, and L1, a1, and by are the brightness, redness, and yellowness values of thawed
beef, respectively.

2.12. Malondialdehyde Content

The degrees of fat oxidation of beef under different thawing voltages were determined
by calculating the malondialdehyde content in thawed beef, referring to the first method for
using high-performance liquid chromatography to determine the content of malondialde-
hyde in food [29]. The determination principle involved extracting the sample with an acid
solution and then reacting the extract with thiobarbituric acid (TBA) to generate colored
compounds that were then measured using high-performance liquid chromatography
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with a secondary tube array detector for determination and an external standard method
for quantification.

2.13. Scanning Electron Microscopy (SEM)

The scanning electron microscopy method referred to the method of Paka [30]. A cube
of approximately 1 cm® from the upper surface of the thawed beef was used as the test
sample and was placed in 2.5% glutaraldehyde solution precooled at 4 °C and fixed at
4 °C for 12 h. The fixative was then removed, and the sample was washed three times
with 0.1 mol/L phosphate buffer solution for 10 min each time. Gradient dehydration
was performed using ethanol solutions with different volume fractions (30%, 50%, 70%,
80%, 90%, 95%, and 100%), with each concentration of ethanol solution applied twice for
dehydration for 15 min each time. The processed samples were then subjected to freeze-
fracture testing in liquid nitrogen and then dried in a supercritical CO2 dryer for 30 min.
The cross-section of the upper surface of the sample was then pasted in the upwards
orientation on a scanning electron microscope sample table and was then sputtered with
gold with an ion sputter coater (MC1000, HITACHI, Tokyo, Japan). The samples were
then observed and photographed under a field emission environment scanning electron
microscope (SU8020, HITACHI, Tokyo, Japan) with an acceleration voltage of 5 kV and a
magnification of 500 x.

2.14. FTIR Spectroscopy

Approximately 1 g of the thawed beef upper surface was placed into an oven at
40 °C to dry at low temperature for 24 h, after which the sample was ground and crushed.
Potassium bromide powder was added at a ratio of 1:100, and the sample was placed into
an agate mortar and ground to less than 2 microns. The sample was ground in one direction.
Then, the ground sample was poured into a mold and pressed into pieces with a tablet
press (HY-12, Norray Xinda Technology Co., Ltd., Tianjing, China). The sample was then
placed in a Fourier transform infrared spectrometer (Nicolet IS10, Thermo Fisher Scientific,
Waltham, MA, USA) and preheated for 30 min before scanning, with a scanning range of
400-4000 cm 1. The obtained curve was processed to remove the interference peaks from
water and carbon dioxide, yielding the infrared spectrum of the thawed beef [23].

2.15. Protein Secondary Structure

Peakfit 4.12 software was used to extract data ranging from 1600 cm~! to 1700 cm !

for Gaussian fitting. The changes in the protein secondary structure were further analyzed.

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

The water content and distribution of beef samples were calculated using low-field
nuclear magnetic resonance (LF-NMR) relaxation measurements using an LF-NMR imaging
analyzer (JNM-ECZ400/L1, JEOL, Tokyo, Japan). The experimental parameters were as
follows: magnetic field strength of (0.5 &= 0.3) T, operating temperature of 25 °C, and
spectrometer frequency of 21 MHz. The thawed beef was cut into cylindrical shapes
with dimensions of 1 cm X 1 cm x 2 cm and allowed to equilibrate at room temperature
(25+£1°C) for 1 h to ensure that the sample temperature was close to the operating
temperature. The samples were then placed in a 15 mm nuclear magnetic resonance
tube. The transverse relaxation time (T5) of the samples was determined using the CPMG
pulse sequence.

2.17. Statistical Analysis

Each experiment was repeated three times, and the results are expressed as the mean +
standard deviation. The data were evaluated using one-way analysis of variance (ANOVA)
with a significance level set at p < 0.05.
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3. Results and Discussion
3.1. Analysis of the Thawing Process

The geometric center temperatures of beef samples thawed under different exper-
imental conditions are shown in Figure 2. The temperature change curve trend under
different experimental conditions is mainly divided into three stages: the first stage extends
from —10 °C to —5 °C, where the temperature curve shows a sharp increase; the second
stage is from —5 °C to 0 °C, where the temperature curve changes more gradually; and
the third stage is above 0 °C, where the temperature curve once again shows a sharp
upward trend. The first and third-stage temperatures were strongly influenced by the
temperature gradient [31], and at an ambient temperature of (18 £ 1) °C, the large tem-
perature difference caused the temperature to rise rapidly. The temperature change trend
and thawing times in the first and third stages tended to be similar, with no significant
differences observed among the different experimental conditions. The thawing time of the
control group thawed under natural conditions and the experimental group thawed under
different voltages was concentrated around 10 min in the first stage and around 15 min in
the third stage.

10

8 |-

Temperature(°C)

0 20 40 60 80 100 120 140 160

Thawing time(min)

Figure 2. Temperature variation curves of beef centers.

The main changes occurred in the second stage, in the control group thawed under
natural conditions and at thawing voltages of 12, 16, 20, 24, and 28 kV, with thawing times of
115, 90, 75, 70, 60, and 55 min, respectively. In the second stage, where the geometric center
temperature of the beef in the experimental group subjected to HVEF reached 0 °C in a
significantly reduced time, and as the voltage increased, the time for the center temperature
of the beef to reach 0 °C became shorter. In the study by He et al. on HVEF thawing
in pork tenderloin, it was found that the application of an electric field had a significant
impact within the range of —5 °C to 0 °C [32], which is consistent with the results of this
experiment. The temperature range of —5 °C to —1 °C is characterized by the largest
formation of ice crystals in the food freezing industry, and this stage of thawing has a
longer duration, greatly affecting the entire thawing process and meat quality [33]. A phase
change occurs at the second stage, which requires more heat [34], and latent heat makes
a contribution at this stage. However, it can be concluded from Figure 2 that applying
different voltages at the same ambient temperature has a greater effect on the thawing
time, which shows that the high-voltage electric field makes a greater contribution to the
thawing efficiency. From a holistic perspective, the experimental group that was subjected
to an HVEF had a significantly shorter thawing time compared with the control group
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thawed under natural conditions. Additionally, as the voltage increased and the electric
field intensity became stronger, the thawing time decreased. Bai et al. reached the same
conclusion in their study on the thawing effect of high-voltage electric fields on shrimp [35].
The main reason for the impact on the thawing rate is the generation of ion wind under
the influence of an HVEEF. High-voltage electric discharges can ionize neutral fluids and
create a plasma region around the electrodes [36]. In cases where the electrode voltage is
high, localized breakdown occurs in the surrounding air medium, leading to phenomena
such as corona discharge. This causes the charged particles scattered in the air to move in a
directed manner and gain energy, resulting in the formation of “ion wind.” As shown in
Figure 3, the velocity of the ion wind increases with increasing voltage. Jia et al. concluded
in their research that changes in ion wind speed are related to changes in voltage [37]. The
higher the ion wind speed is, the shorter the thawing time. When the ion wind comes into
contact with the food, it accelerates the heat transfer of frozen food [38]. Due to the vortices
and turbulence generated by the ion wind, the heat transfer coefficient on the surface of the
object is increased, enhancing the thawing rate [39]. This conclusion can be demonstrated
by shortening the time of the second stage as the thawing voltage increases.

0.24
0.22 -
0.20
0.18
0.16 |
0.14 -
0.12
0.10
0.08 |
0.06 |
0.04 -

0.02

0.00 1 1 1 1 1
12 16 20 24 28
Voltage (kV)

i

Ton wind speed(m/s)

Figure 3. Average ion wind speeds at different voltages during beef thawing. Different letters indicate
significant differences (p < 0.05) between sample means.

As shown in Figure 4, the experimental group with applied high-voltage electric fields
had a significantly shorter thawing time compared with the control group thawed under
natural conditions. The thawing rate of the experimental group was significantly higher
than that of the control group, and as the voltage increased, the thawing time showed a
decreasing trend while the thawing rate showed an increasing trend.

The time for thawing was reduced by a minimum of 1.22 times and a maximum
of 2.15 times. Likewise, the thawing rate increased by a minimum of 1.28 times and a
maximum of 2.32 times. Hsieh et al. found in their study on the thawing of chicken thigh
meat under HVEF that the thawing time under the action of HVEF was only 2/3 of that of
ordinary refrigerators [40], consistent with the results of this experiment. The results of this
study indicated that the application of a high-voltage electric field significantly affected the
thawing time and thawing rate (p < 0.05), having positive effects on reducing the thawing
time and increasing the thawing rate.



Processes 2023, 11, 2567

9o0f21

C 4 0.7
180 W a ‘ Thawing time‘
160 | J b | Thawing rate‘ a
140 |

|
|

=120 - =
E £
o 100 | N
£ 2
2 st o
: d / e
ﬁ 60 é
40 I~ o}
d / 403
20 | I/ ]
O 1 1 1 1 1 1 02
Control 12 16 20 24 28

Voltage (kV)

Figure 4. Average drying times and average drying rates of beef. Different letters indicate significant
differences (p < 0.05) between sample means.

3.2. Thawing Loss

Table 1 shows the evaporation loss, drip loss, cooking loss, and total loss of beef
samples under different thawing voltages. The experimental results showed that the
evaporation loss of beef increased with increasing voltage. Mousakhani-Ganjeh et al.
discovered that the evaporation loss rate increased with increasing voltage during the
HVEF thawing process of tuna [39], consistent with the results of this experiment. During
the thawing process, the cell membranes and tissue structures are damaged, and muscle
cells become unable to absorb the water that migrates to the outside of the cells, resulting
in liquid loss [41]. The drip loss rate of beef decreases with increasing voltage, possibly
because as the voltage increases, the ion wind speed also increases, causing a large amount
of water to evaporate from the surface of the beef, resulting in some cells on the beef
surface drying out due to dehydration. Jia et al. reported similar experimental results when
studying the high-voltage electric field thawing of pork tenderloin. The drip loss of pork
tenderloin under high-voltage electric field treatment was lower than that under natural
thawing [37].

Table 1. Effects of different voltages on beef evaporation loss rate, drip loss rate, cooking loss rate,
and total loss rate.

Loss Control 12kV 16 kV 20 kV 24 kV 28 kV
Evaporation loss ~ 1.06 +0.23 4 1.84+0.16¢ 207 +£0.11°¢ 2.75+044b 3440252 3.67 £0342
Drip loss 10.61 +£2.852 9.09 + 1.852 8.1 +1.833b 6.28 + 1.82 bc 438 +14° 321+ 054¢
Cooking loss 4835+ 0.082  4745+0833 4621 4+ 1.52b¢ 4534+ 157 4677 £0.733P¢ 4732 + (.89 abc
Total loss 60.03+2842 5838+2293  5638+242P¢ 54364 1.620¢ 55.22 4+ 0.75 ¢ 542 4+ 0.62 €

Note: Data are shown as the mean + SD. Different letters indicate significant differences (p < 0.05) between
sample means.

During cooking, beef is subjected to compression, which causes protein denaturation
and muscle fiber contraction. This process results in a reduction in the space between the
fibers, leading to the expulsion of water and causing steam cooking loss [42]. Cooking
loss includes the loss of soluble substances and water due to the thermal deformation
and destruction of muscle fiber proteins, leading to the disruption of the muscle cell
structure [43]. The cooking loss rate showed a trend of first decreasing and then increasing
with increasing voltage, reaching a maximum value of 45.34% at 20 kV. The decrease
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in steam cooking loss at voltages below 20 kV may be due to the shorter thawing time,
reducing the time spent in the zone of maximum ice-crystal formation and resulting in a
lower degree of ice-crystal melting, thereby reducing steam cooking loss. The slow increase
in cooking loss after 20 kV may be due to the ozone generated by the HVEF causing changes
in the protein structure of the beef. As the voltage increases, the amount of ozone also
increases, resulting in a gradual increase in the cooking loss rate.

The total loss rate is the sum of the evaporation loss rate, drip loss rate, and cooking
loss rate, which show decreasing trends with increasing voltage. The total loss rate of meat
thawing can reflect its water-holding capacity, and the lower the total loss rate is, the better
the water-holding capacity. The total loss rate of the experimental group treated with HVEF
was significantly lower than that of the control group under natural thawing (p < 0.05).
This result suggests that the HVEF improves the water-holding capacity of thawed beef,
with higher voltage resulting in a lower total loss rate and better water-holding capacity.

3.3. WHC

The water-holding capacity of meat is the ability of muscles to retain their initial
water content and absorb water during processing or storage, such as when subjected to
pressure, heat, shredding, freezing, thawing, etc. The WHC is an important indicator for
assessing meat and meat products, which can affect various aspects such as the weight, loss
rate, and tenderness of meat during storage and transportation [44]. The water-holding
capacity of beef mainly depends on the structure of its myofibrils, which to some extent
determines the quality of thawed products [45]. Myofibrils account for a large proportion
of muscle cells, with 85% of the water content stored in myofibrils [44]. In this study, the
water-holding capacity of thawed beef was calculated based on the percentage of water
loss after centrifugation (EM) of the samples [27]. A smaller EM value indicates better
water-holding capacity. Figure 5 shows the water-holding capacity of beef samples at
different thawing voltages. As shown in the figure, as the voltage increases, the EM value
of beef first decreases and then increases. However, the experimental group subjected
to HVEF treatment had significantly lower EM values than the control group subjected
to natural thawing (p < 0.05). By observing the microstructure of beef through scanning
electron microscopy, it can be found that HVEF thawing can reduce the damage to the
structure of beef myofibrils caused by thawing and reduce the loss of free water between
myofibrils. The experimental results indicate that HVEF thawing can significantly improve
the water-holding capacity of beef (p < 0.05).
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Figure 5. Effects of different voltages on the water-holding capacity of beef. Different letters indicate
significant differences (p < 0.05) between sample means.



Processes 2023, 11, 2567 11 of 21

3.4. Color

The color of beef is an important indicator by which consumers assess the quality and
freshness of beef and is one of the most important attributes of the meat [46]. The color
change of beef during thawing is usually due to lipid oxidation and pigment degrada-
tion [47]. Table 2 shows the influence of different voltage thawing conditions on the color of
beef. As shown in the table, the AL values for the control group and all experimental groups
were negative, indicating that regardless of the thawing conditions, the brightness value
L decreased. However, the AL value of the experimental group significantly decreased
compared with that of the control group (p < 0.05), indicating that the brightness value
L of beef under HVEF treatment was significantly lower than that of beef under natural
thawing (p < 0.05), and the brightness value L of beef decreased gradually with increasing
voltage. The decrease in the L value is related to the rate of evaporation loss. As the voltage
increases, the evaporation loss rate of the beef increases, and the degree of dryness on the
beef surface gradually increases. The free water content that diffuses to the beef surface
decreases and the reflectivity decreases [3], resulting in a decrease in the L value of the
beef surface as the voltage increases. The a value represents the redness value, which is the
aspect of beef color that consumers value the most, as they usually associate the size of the a
value with the freshness and quality of the beef [48]. The increase in the Aa value gradually
increased with increasing voltage. A higher a value indicates a better appearance of the
thawed beef. As shown in Table 2, the experimental group under high-voltage electric field
thawing had a significantly higher a value compared with the control group thawed under
natural conditions. The increase in the a value may be due to the binding of myoglobin
with oxygen during the thawing process [32].

Table 2. Effects of different voltages on beef color.

Voltage Control 12kV 16 kV 20kV 24 kV 28 kV
Photos of beef

thawed
AL —238+032 —342+0632 5164 0.69° —7.6+0.66¢ —921+0169 —10.65+091°¢
Aa —2.38 +0.34d —0.064+029¢  —017+022¢  —0.154+0.6b¢ 0.61 &+ 0.57 P 0.72 +0.122
Ab 1.67 £ 06¢ 2.66+031b 3.46 £ 043P 44140432 439 40312 47140542
AC 0.89 &+ 0.29 € 1.39 £ 0.1 be 1.91 +0.28"P 31+0.632 3.18 +0.232 3254+0.192
Aa® —023+0.12 —0.36 & 0.06 2P —044+0.1P° —047 +£0.05°  —046 £0.04" —0.5+0.08b
AE 294 +057¢ 435+ 0.66 © 6.24 +0.84 8.82 +£0.78°¢ 1023 +£0.21b 11.67 £ 1.012

Note: Data are shown as the mean + SD. Different letters indicate significant differences (p < 0.05) between
sample means.

The value of Ab also increased with increasing voltage. When performing high-
voltage electric field thawing, applying a voltage to the point electrode ionizes N2+, O2+,
N+, O+, and O— plasma in the air, exciting oxygen atom electrons, thereby inducing oxygen
atom cleavage. The cleaved oxygen atoms combine with other oxygen molecules to form
ozone [49]. The increase in the b value may be related to the production of ozone. Beef has
a high fat content, with approximately 10 g of fat per 100 g of beef. The lipids in beef are
oxidized by the ozone generated during the high-voltage electric field thawing process, and
the higher the voltage, the higher the ozone content produced and the higher the degree of
lipid oxidation. Mousakhani-Ganjeh et al. found that lipids in tuna were oxidized by the
ozone or ionized air molecules generated during the high-voltage electric field thawing
process, leading to browning reactions and an increase in the b value [39].

The variable AC represents color saturation, and a higher value of AC indicates higher
saturation and better color of beef. As shown in Table 2, the experimental group under
HVEF thawing had significantly higher color saturation than the control group under
natural thawing (p < 0.05). Moreover, as the voltage increased, the value of AC also



Processes 2023, 11, 2567

12 of 21

increased gradually. The variable Aa® represents the hue angle, and its value decreased
gradually with increasing voltage, indicating that the color of the beef shifted toward red
after thawing. The variable AE represents the total color difference due to color changes.
The total color difference in beef after HVEF thawing was significantly greater than that of
beef thawed under natural conditions, with a maximum value of 11.67, indicating that the
surface color of beef underwent significant changes after thawing through high-voltage
electric field thawing. The experimental results demonstrate that high-voltage electric field
thawing had a significant impact on the color of beef.

3.5. Malondialdehyde Content

Lipids can accelerate protein oxidation, and the reactive oxygen species produced
by lipids are potential inducers of protein oxidation [50]. Malondialdehyde (MDA) is a
peroxidized lipid substance that is formed after further decomposition of oxidized fats in
food and is commonly used to determine whether food has undergone oxidative deteriora-
tion. Lipid oxidation can lead to changes in the color, odor, and flavor of food, resulting in
food quality deterioration and the formation of toxic substances [51]. The product of lipid
oxidation, malondialdehyde, can react with proteins to change their structure. Protein and
lipid oxidation processes typically result in a decrease in the functionality of muscle pro-
teins, such as reduced water-holding capacity and weakened gel strength, also negatively
affecting meat tenderness [47].

Figure 6 shows the contents of malondialdehyde in thawed beef samples. At thawing
voltages of 12, 16, 20, 24, and 28 kV and in the control group thawed under natural condi-
tions, the malondialdehyde contents were 3.6, 2.4, 3.1, 3.8, 4.8, and 4.4 mg/kg, respectively.
The malondialdehyde content in thawed beef decreased first and then gradually increased
with increasing voltage, and the content was the lowest at 16 kV, indicating the lowest
degree of lipid oxidation at this voltage. Beef is rich in heme-myoglobin and hemoglobin,
and the destruction of these heme groups produces large amounts of free iron. Free iron
ions catalyze the production of reactive oxygen species and play a catalytic role in lipid
oxidation. During the HVEF thawing process, the air is ionized to produce atmospheric
plasma. The active nitrogen and other substances rich in atmospheric plasma move oriented
with the action of the electric field, and when approaching the surface of the beef, they
combine with water and are injected into the beef to form nitrite. Nitrite combines with
hemoglobin and myoglobin to form nitroso hemoglobin and nitroso myoglobin, forming
stable compounds that reduce iron utilization and inhibit lipid oxidation [52]. Except for the
malondialdehyde content in thawed beef at 28 kV, which was higher than that in the control
group, the malondialdehyde contents in thawed beef at other voltages were lower than that
in the control group. When the nitrite content in beef is low, the promoting effect of lipid
oxidation is greater than the inhibiting effect, and the content of malondialdehyde increases.
Ke et al. concluded that the TBARS value of fish increased after plasma treatment. It is
possible that the increase in lipid oxidation was due to the fact that the active substances
produced by the plasma treatment promoted lipid oxidation, which was less inhibited than
promoted by the lower nitrite content [53]. Therefore, it can be concluded that high-voltage
electric field thawing technology can inhibit the degree of lipid oxidation in beef during
the thawing process under suitable voltages.

3.6. Microstructure

Scanning electron microscopy was performed to examine the microstructure of beef
and any changes in the microstructure that occurred, as shown in Figure 7. With increasing
voltage, the damage to the muscle fiber structure of the thawed beef gradually decreased,
and the structure of the muscle fibers tended to remain intact. The tissue structure of thawed
beef under natural conditions became seriously damaged, and the myofibril structure
was damaged in large areas, causing a large amount of water loss between myofibrils.
Compared with the control group, the experimental group treated with a high-voltage
electric field had less damage to the muscle fiber structure, the gaps between the muscle
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fibers decreased, and the surface of the beef became smoother, reducing the loss of free
water between the muscle fibers during thawing. This is because the HVEF can cause
protein unfolding and form a denser and more uniform gel network of muscle fiber proteins,
with proteins arranged more regularly in space. In addition, the unfolding of proteins can
expose more hydrophobic groups, enhancing the interactions between proteins. Therefore,
the moisture in beef myofibrils thawed by HVEF can be better preserved, and the drip
loss rate and cooking loss rate of beef can be reduced. In a study of pulsed electric field-
assisted thawing of duck meat, Chang et al. found that the sample thawed by electric
field-assisted thawing had highly organized myofibrillar protein coagulation and protein
structure, which could reduce water loss during cooking [54].
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Figure 6. Effects of different voltages on the malondialdehyde content in beef.
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Figure 7. Microstructures of thawed beef under different voltages. (A) Control; (B) 18 kV; (C) 22 kV;
(D) 26 kV; (E) 30 kV; (F) 34 kV.
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3.7. FTIR Spectroscopy

In recent years, spectroscopy techniques have become popular for assessing food qual-
ity [55]. Fourier transform infrared spectroscopy (FTIR) detection technology is commonly
used on meat for adulteration detection, microbial spoilage monitoring, and detecting
changes in protein and lipid composition due to its advantages of being fast, economical,
nondestructive, and sensitive [56]. The Fourier transform infrared spectroscopy (FTIR)
spectra of beef thawed at different voltages are presented in Figure 8. The positions of
the absorption peaks for thawing at different voltages did not show obvious changes, but
there were significant differences in the intensities of the absorption peaks. Except for
the 24 kV treatment group, which had a lower absorption peak intensity compared with
the control group, the other high-voltage electric field treatment groups exhibited higher
absorption peak intensities than the control group under natural conditions. Among them,
the absorption peak intensities at 16, 20, and 28 kV were similar, while the absorption
peak intensity of 12 kV was smaller. As shown in Figure 8, there were 12 characteristic
peaks, which were concentrated in the ranges of 1110-1750 cm~! and 2850-3300 cm ™. In
Section 2.14, it was mentioned that the interference peaks of water and carbon dioxide were
removed when plotting the infrared spectrum, so the presence of water cannot be observed
in the infrared spectrum. Because no characteristic peaks exist between 1750-2850 cm-1,
this range is not included in the interpretation of the infrared spectra.
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Figure 8. Infrared spectra of beef thawed under different conditions.

According to the literature [57-61], the absorption peak near 3272 cm ! corresponds to
the N-H stretching vibration of proteins and the O-H stretching vibration of polysaccharides,
and the corresponding compounds are proteins and carbohydrates. The absorption peak
near 2921 cm ! belongs to CH, asymmetric stretching, and the corresponding compounds
are lipids. The absorption peak near 2852 cm ™! belongs to CH, symmetric stretching, the
corresponding compounds are lipids. The absorption peak near 1743 cm~! belongs to
C=0 carbon-based stretching vibration, and the corresponding compounds are cholesteryl
esters and triglycerides. The absorption peak near 1638 cm ™! belongs to amide I (80% C-O
stretching, 10% N-H bending, and 10% C-N stretching), corresponding to protein com-
pounds. The absorption peak near 1530 cm~! belongs to amide II (60% N-H bending,
40% C-N stretching), corresponding to protein compounds. The absorption peak near
1453 cm ™! belongs to the C-O-H and methyl bending modes, corresponding to proteins
and lipids. The absorption peak near 1390 cm~! belongs to COO- symmetric stretching,
and the corresponding compounds are fatty acids. The absorption peak near 1304 cm !
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belongs to amide III (30% C-N stretching, 30% N-H bending, 10% C=0O stretching, 10%
O=C-N bending, 20% others), corresponding to protein compounds. The absorption peak
near 1234 cm~! belongs to C-O stretching vibration, and the corresponding compounds
are lipids. The absorption peak near 1169 cm~! belongs to C-O stretching vibration of a
serine C-OH group and C-O stretching vibration of threonine and tyrosine residues and
carbohydrates, and the corresponding compounds are proteins and carbohydrates. The
absorption peak near 1115 cm~! belongs to P-O-C symmetric stretching, C-H bending
vibration, and C-O stretching vibration, corresponding to compounds such as nucleic acids,
fatty acids, and lipids. From the figure, it can be observed that the beef exhibited strong
absorption peaks at 2921, 1638, and 1530 cm ™!, indicating higher contents of proteins and
lipids, which are the main components of the meat.

Comparing the beef samples treated with HVEF to the control beef subjected to
natural thawing, there were no significant changes in the positions of the absorption peaks.
However, the intensities of the absorption peaks in the high-pressure electric field treatment
group were greater than those of the control group. Therefore, it can be concluded that high-
pressure electric field thawing technology can better preserve the nutritional components
of beef.

3.8. Protein Secondary Structure

It has been reported that the amide I band (1600-1700 cm~!) in the infrared spectrum
mainly comes from C=O tensile vibrations, C-N tensile vibrations, and N-H bending
vibrations in proteins, which are very useful for studying protein secondary structure.
Every protein secondary structure is closely related to the vibration frequency of the
amide I band [62]. The range 1615-1637 cm ! corresponds to 3-sheets, 1637-1645 cm !
corresponds to random coils, 1645-1664 cm™~! corresponds to a-helices, 1664-1682 cm ™!
corresponds to B-turns, and 1682-1700 cm~! corresponds to B-antiparallel sheets [63].

The relative contents of protein secondary structure in thawed beef are presented
in Figure 9. Compared to the control group under natural thawing conditions, the ex-
perimental groups with high-pressure electric field thawing had increased contents of
a-helices, 3-turns, and (3-antiparallel sheets, while the contents of random coils and 3-
sheets decreased. According to a study by Yang et al., the change in 3-sheet content is due
to the interactions between proteins and lipids, as well as the interactions between protein
molecules [64], indicating that high-pressure electric field thawing can have an impact on (3-
sheet content. In addition, the secondary structures of proteins can be divided into ordered
and disordered structures. The x-helices and 3-sheets (parallel and antiparallel) represent
ordered structures, while -turns and random coils represent disordered structures [65]. In
the experimental groups thawed under voltages of 12, 16, 20, 24, and 28 kV and the control
group thawed under natural conditions, the contents of ordered structures were 68.31%,
67.45%, 68.42%, 68.08%, 67.94%, and 68.09%, and the contents of disordered structures were
31.69%, 32.55%, 31.58%, 31.92%, 32.06%, and 31.91%. Thus, the experimental group of beef
subjected to HVEF thawing showed a decrease in ordered structures and an increase in
disordered structures. The changes in protein secondary structure are mainly related to
hydrogen bonds, which are the main driving forces stabilizing protein secondary structure.
The decrease in ordered structures indicates that the hydrogen bonds in the protein gel
network became weakened during the beef thawing process under the action of HVEFE.
These results indicate that the energy generated by the HVEF causes protein unfolding
and weakening of hydrogen bonds, thereby affecting the protein’s secondary structure and
causing it to transition from an ordered structure to a disordered structure. The increase in
disordered structure reduces the fiber gap of the sample and improves the water retention
of the beef. Mohsenpour et al. reported that a decrease in «-helix content as well as an
increase in (3-sheet and f3-turn content increased WHC [66]. Ozone can change the protein
secondary structure, and the change in the protein secondary structure may be related to
the large amount of ozone generated during the HVEF-mediated thawing [39].
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Figure 9. Relative contents of protein secondary structures in beef samples thawed under differ-
ent voltages.

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

Low-field nuclear magnetic resonance is an effective method for evaluating water
distribution and mobility in meat [67]. Based on water migration rates, the T, relaxation
time can be divided into three relaxation components. The first component, Ty, (0.1-1 ms),
represents bound water tightly associated with macromolecules such as proteins or polysac-
charides. The second component, T»; (10-100 ms), represents fixed water within the muscle
fiber network. The third component, Ty, (100-1000 milliseconds), represents free water in
the spaces between the fiber bundles, which is more prone to loss during the thawing pro-
cess. The shorter the relaxation time, the worse the mobility of water is; a longer relaxation
time means that the water has better mobility and is less bound to the protein [68]. Among
these, fixed water (T1) is the major component of the three types of water [69]. The peak
area represents the water content.

Figure 10 shows the LF-NMR Tj relaxation curves and spin-spin relaxation times for
the thawed beef samples. As shown in the figure, two types of water components were ob-
served in the thawed beef, namely, To,-bound water and Tp;-fixed water. Figures 11 and 12
represent the peak areas for Ty, and Tyj, respectively, and also indicate the contents of
bound water and fixed water in the beef measured by low-field nuclear magnetic resonance.
As shown in Figure 11, the experimental group subjected to HVEF treatment had higher
levels of bound water compared with the control group thawed under natural conditions.
Moreover, except for beef thawed at 24 kV, the remaining experimental groups showed
significant increases in their bound water contents. Therefore, it can be concluded that
HVEF thawing can improve the hydration ability of thawed beef. In the experiment, the
experimental group with a thawing voltage of 24 kV experienced significant errors, which
may be the reason for the abnormal behavior. Similar conclusions were also drawn by
Li et al., who found that fish thawed under an HVEF had a stronger ability to bind with
water than fish thawed under natural conditions [42]. Except for the beef thawed under an
HVEEF at 24 kV, the experimental groups thawed under the remaining HVEF conditions
had higher water contents than the control group thawed under natural conditions. During
the thawing process, a portion of the fixed water in the beef is converted into free water,
which may be due to the migration of water in the myofibrils or changes in hydrogen bonds
between proteins and water [70]. These results indicate that HVEF thawing improves
the hydration capacity of thawed beef, reduces the loss of fixed water, and enhances the
water-holding capacity of thawed beef.
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Figure 10. Relaxation times of beef thawed under different voltages.
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Figure 12. Peak areas of T in beef thawed under different voltages.
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4. Conclusions

These experiments conducted on beef thawed under HVEF conditions revealed that
the thawing rates increased with higher voltage and were significantly higher than that of
the control group. The experimental results of the total loss rate, water-holding capacity,
and low-field nuclear magnetic resonance indicated that thawing under an HVEF can
improve the water retention characteristics of thawed beef. The color results of the beef
after thawing under an HVEF were observably better than the control group. The results
of scanning electron microscopy indicated that thawing beef under HVEF can reduce the
damage to the myofibrillar structure, and the higher the voltage is, the smaller the degree
of damage. The measurement of malondialdehyde content revealed that HVEF thawing
of beef can reduce the degree of lipid oxidation. Fourier transform infrared spectroscopy
showed that the thawing conditions had little effect on the absorption peak positions of
beef, but the absorption peak intensities in the experimental group were generally higher
than those in the control group. Protein secondary structure analysis revealed that HVEF
thawing transformed the proteins in beef from ordered to disordered structures, reducing
fiber gaps and improving the water-holding capacity of beef.
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