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The effects of deionized water thawing (DT), plasma-activated water thawing (PT), ultrasound (150 W, 40 kHz)
combined with deionized water thawing (UDT), and ultrasound combined with plasma-activated water thawing
(UPT) on the thawing characteristics and the physicochemical properties of the beef were investigated. The
results showed that the UPT group had a faster thawing rate (38 % higher compared to the PT group) and good
bactericidal ability (75 % higher compared to the UDT group), and had no adverse effect on the color and pH

value of the beef. Plasma-activated water (PAW) can maintain the stability of the beef fiber, improve the water
holding capacity (WHC), inhibit lipid oxidation, and reduce the loss of soluble substances such as protein.
Therefore, UPT thawing is a promising meat thawing technology, which provides practical guidance and
methods for the wide application of UPT in the field of meat thawing.

1. Introduction

Beef is rich in protein, vitamins and minerals, with high nutritional
value, loved by people. In recent years, with the improvement of the
living standard of the population, the consumption of beef has also
increased greatly, and at present, the per capita consumption of beef in
the domestic meat is second only to pork.

Frozen storage is a widely used method in the preservation of meat
and meat products. Low temperatures slow down the rate of biological
and chemical reactions and inhibit the growth and metabolism of mi-
croorganisms, thus extending the shelf life of meat and meat products
(Coombs, Holman, Friend, & Hopkins, 2017). Frozen foods must be
thawed before any other subsequent food processing or cooking. The
primary goal of thawing is to restore frozen meat to its fresh, unthawed
condition and quality. Improper thawing can lead to undesirable
changes in meat quality, such as deterioration of flavors, texture, color,
protein degradation and aggregation. The time, temperature and
method of the thawing process are the main factors affecting changes in
the quality of thawed meat (Qian et al., 2019). It is important to note
that neither freezing nor thawing can reduce the number of live mi-
croorganisms present in the meat. During the thawing process, dormant
microorganisms in the frozen meat gradually regain their activity, and
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the exudates formed after thawing provide sufficient nutrients for the
growth of microorganisms. Therefore, the thawing process of frozen
meat products not only plays a vital role in their microbiological safety,
but also affects the key quality attributes of the meat (Qian, Yan, Ying,
Luo, Zhuang, & Yan, 2022).

The traditional thawing methods currently used are mainly air
thawing and water thawing (Eastridge & Bowker, 2011). Air thawing
uses air as the heat-conducting medium, which has lower production
costs, but has the disadvantages of slow thawing speed and serious
losses. Water thawing method, although faster, causes further microbial
contamination of thawed meat due to prolonged immersion in water. In
recent years, ultrasound thawing technology has received more and
more attention due to its advantages of safety and environmental pro-
tection, uniform thawing, high efficiency and low cost (Kong et al.,
2022). Ultrasound can effectively enhance various mass transfer pro-
cesses unlike the traditional outside-in thawing method, both frozen and
unfrozen tissues of food absorb the energy generated by ultrasound
attenuation, with frozen tissues absorbing more energy than thawed
tissues, thus significantly improving thawing efficiency (Tao et al.,
2022). Ultrasound thawing is currently being used with excellent results
in the application of fruit and vegetable (Forghani & Oh, 2013) and meat
(Cao et al., 2010). In ultrasound thawing, deionized water is usually
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used as the thawing medium. Liao et al. (2020) found that beef defrosted
with PAW has higher quality than that defrosted with deionized water.
So, PAW can replace deionized water as the new thawing medium.
Plasma is considered to be the fourth state of matter, which is an
ionized gaseous mixture of active substances with antimicrobial effects.
Plasma discharge can generate a large amount of RONS. By placing
water under the plasma discharge environment, a large amount of RONS
in the gas-phase plasma is transferred to the liquid, and physicochemical
reactions with the water occur (Lu et al., 2008). In recent years, it has
been found that PAW contains a large number of free radicals, reactive
oxygen, reactive nitrogen and other components, which can effectively
inactivate a variety of bacteria, such as Salmonella, Staphylococcus
aureus, Escherichia coli, and other food spoilage bacteria and food-borne
pathogenic bacteria. However, its research mainly focuses on the ster-
ilization of fruits and vegetables by immersion, and is rarely applied to
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meat products (Ganesanet al., 2021).

Although there are some previous studies on the application of
ultrasound-assisted thawing in meat products, there are few studies on
ultrasound combined with plasma-activated water thawing. Therefore,
this research uses plasma-activated water as the thawing medium and
combined with ultrasound to thaw frozen beef. By exploring the basic
characteristics of the thawed beef such as color, pH, water holding ca-
pacity (WHC), lipid oxidation, nitrite content and other basic charac-
teristics, as well as analyses of bactericidal effect, protein loss, Fourier
Infrared Spectroscopy (FTIR), and Scanning Electron Microscopy (SEM),
the effect and law of ultrasound combined with plasma-activated water
for beef thawing were investigated. This work investigated the thawing
characteristics, physicochemical properties, and microstructure of
frozen beef in ultrasound combined with plasma-activated water, which
provides theoretical basis and experimental data for the application of
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Fig. 1. Device for measuring dielectric barrier discharge characteristics (a) and experimental process (b).
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ultrasound combined with plasma activated water in the field of meat
thawing.

2. Materials and methods
2.1. Preparation of beef samples

Fresh beef was purchased from a local supermarket in Hohhot City,
Inner Mongolia Autonomous Region. And the beef was supplied by a
commercial slaughterhouse that processed cattle of the same breed and
similar weight, raised for about one year and slaughtered on the same
day. The fascia was removed, and the beef was cut into square samples of
35 mm x 30 mm x 30 mm in the direction of muscle texture, weighing
about 30 + 1 g. The beef was then frozen in a refrigerator at —20 °C for
24 h. All samples were processed under the same conditions, and
different thawing treatments were randomly selected to eliminate the
errors caused by ice crystals as much as possible.

2.2. Preparation of PAW

In this paper, according to the PAW preparation method of Li et al.
(2022), a needle array-plate dielectric barrier discharge device (KZX-
2-1.5KVA, Wuhan High Voltage Electric Appliance Factory) was used
(Fig. 1a). The power supply of the experimental device was AC, the
frequency was 50 Hz, and the voltage was continu-ously adjustable from
0 to 50 kV. The high-voltage electrode was composed of an array of
needles (14 x 7 needles) with a length of 20 mm, a diameter of 1.5 mm, a
radius of curvature of 0.75 mm, and a horizontal and vertical spacing of
4 cm. The electrode (85 x 45 cm?) of the stainless steel was ground, and
a 4 mm-thick Plexiglas plate (100 x 60 cmz) was placed between the
ground electrode and material. A dark box was used to enclose the entire
electrode system to create a relatively closed experimental environment.
During the plasma discharge process, air was allowed to enter to effec-
tively reduce the loss of discharge plasma to the outside by diffusion and
thus maintain a more obvious plasma effect.

150 mL of deionized water was placed into a polypropylene petri
dish with an inner diameter of 14 cm and activated using a voltage of 25
kV and a needle-media-plate distance of 4 cm for 60 min. The treated
activated water was then left to stand until room temperature (20 °C),
which was held constant by an air conditioner. A portion of the activated
water was collected to measure the initial pH, conductivity, and nitrite
content before thawing. This process lasts for approximately 10 min.

The ultrasound system (KQ-300DE, Kunshan) consisted of an ultra-
sound generator, a treatment chamber and a control system. The water
temperature of the ultrasound generator was controlled at room tem-
perature of 20 °C, the power was controlled at 150 W, and the ultra-
sound operating frequency was 40 kHz (Zhang et al., 2018).

2.3. Thawing process

The frozen beef was thawed using deionized water thawing (DT),
plasma-activated water thawing (PT), ultrasound combined with
deionized water thawing (UDT), and ultrasound combined with plasma-
activated water thawing (UPT), respectively, by taking 100 mL of
deionized water as well as activated water in a 200 mL beaker (Fig. 1b).
Due to the complex composition of tap water, in order to ensure
experimental rigor and reduce experimental errors, this study referred to
the methods of Qian et al. (2022) and Kong et al. (2022), and used
deionized water as thawing medium. A digital temperature sensor (NTC,
Guangdong) was inserted into the geometric center of the beef to record
the beef center temperature until the beef center temperature reached
4 °C, and the center temperature was recorded every 1 min during the
thawing process. Any three beef samples in each group were selected for
the thawing experiment, which was repeated at least three times.
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2.4. Microbiological analyses

5 g of thawed beef sample was placed in 45 mL of 0.85 % sterile
physiological saline for homogenization. Then, the mixture and the
thawed medium were collected after homogenization, continuously
diluted 10 times to the appropriate concentration, and analyzed on PCA
(Plate count agar, for the total bacterial) agar (Qian et al., 2022). The
number of colonies was recorded after 48 h of incubation in a 37 °C
thermostat (MJ-500-1I, Shanghai), and the results were expressed as
log1oUFC/g for samples and log;oUFC/mL for media.

2.5. Water holding capacity

2.5.1. Drip loss
Referring to the method of Hsieh et al. (2010), 3 samples of each
treatment were quickly weighed before thawing and then re-weighed
after thawing to calculate the drip loss rate of beef using the following
equation:
(mi —my)

D=—""x100% (2-D
m

where D is the drip loss rate of beef, m; is the mass of beef before thawing
(g), and my is the mass of beef after thawing (g).

2.5.2. Cooking loss

Referring to the method of Pang et al. (2020), 20 g of thawed beef
was taken and placed in a constant temperature water bath (HH-4,
China) at 95 °C for 30 min. The mass of the beef samples was weighed
before and after steaming and the rate of steaming loss of beef was
calculated using the following equation:
c= <u> x 100% (2-2)

m/\'

where C is the cooking loss rate of beef, m, is the mass of beef (g) before
cooking and my, is the mass of beef (g) after cooking.

2.5.3. Centrifugal loss

Referring to the method of Bian et al. (2022), 10 g sample of minced
meat was taken in a 10 mL tube and centrifuged at 10000 x g for 20 min
at 4 °C, the liquid in the test tube was removed and the meat sample was
weighed again. The percentage of water loss was recorded as centrifugal
loss. The following formula was used to calculate the centrifugal loss of
beef:

my

Ce=""""a  100% (2-3)
my,

where Ce is the centrifugal loss rate of the beef, m, is the mass of beef (g)
after centrifugation and my, is the mass of beef (g) before centrifugation.

2.6. Color and pH

Using a fully automated colorimeter (3nh-NR60CP, LED illumina-
tion, CIE standard illuminance D65, 10° observer, 8 mm diameter
aperture, Shenzhen), the color parameters of the beef samples were
determined by measuring L* (lightness), a* (redness) and b* (yellow-
ness) on the surface of the beef samples before and after thawing,
respectively. Measurements were repeated five times for each sample,
and the average value was calculated as the experimental result. The
color difference AE of the sample was calculated as follows (Bian et al.,
2022):

AE = \/ (Li = Lo)* + (a1 — ao)* + (by — by)’ (2-4)

where Ly, ag, bp and Lj, aj, by denote the lightness, redness and yel-
lowness of beef before and after thawing, respectively.
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For the pH value, 5 g of beef samples were cut into pieces, and 20 mL
of deionized water was added to achieve full homogenization. And the
pH value of the mixture as well as of the thawed medium was measured
using a pH meter (SevenCompact™, Switzerland), which needed to be
calibrated before each use (Liu et al., 2013).

2.7. Lipid oxidation

Malondialdehyde was measured in beef using the Malondialdehyde
Test Kit (Solarbio, China). Oxygen free radicals act on the unsaturated
fatty acids of lipids to produce lipid peroxidation, which gradually
breaks down into a series of complex compounds including MDA, the
level of which can be detected as a function of lipid oxidation by
measuring the level of MDA, which condenses with thiobarbituric acid
(TBA) to form a red color product with a maximum peak at 532 nm,
which can be used to estimate the level of lipid peroxidation in the
sample after colorimetry. After colorimetry, the content of lipid peroxide
in the sample can be estimated. At the same time, the absorbance at 600
nm was measured, and the difference between the absorbance at 532 nm
and 600 nm was used to calculate the content of MDA.

MDA content = 32.258 x AAA-W (2-5)
AA = AA532 — AAG0O (2-6)

where W is the sample mass, AA532 is the sample absorbance at 532 nm,
and AA600 is the sample absorbance at 600 nm.

2.8. Nitrite determination

According to < GB 5009.33-2016 National Standard for Food Safety
Determination of Nitrite and Nitrate in Foods>, weigh 5 g of beef
samples in a 500 mL beaker, add 12.5 mL of saturated borax solution
(50 g/L), add deionized water to 150 mL, and shake at 150 °C, then
heated in a boiling water bath for 15 min, taken out and placed in cold
water to cool down and placed to room temperature. Subsequently,
potassium ferricyanide solution (106 g/L) and zinc acetate solution
(220 g/L) were added with 5 mL each and shaken well to precipitate the
protein. The supernatant was filtered through filter paper (FT-3-104-
110, 110 mm, Sartorius) with strong water absorption, and 30 mL of the
initial filtrate was discarded. Forty milliliters of the filtrate are placed
into a 50 mL stoppered cuvette, and 2 mL of p-aminobenzenesulfonic
acid solution (1 %, w/v) was added, mixed well and left for 5 min. Then,
1 mL of N-1-naphthyl ethylenediamine solution (0.1 %, w/v) was added,
and water was added to the desired volume, mixed well and left for 15
min. The nitrite content was determined by UV-vis absorption spec-
trometry at 540 nm according to a standard curve. (The reagents and
solutions used in this experiment are from Tianjin Xinbute Chemical
Co.).

For nitrite in the medium, the same 40 mL of medium was taken in a
50 mL stoppered cuvette, 2 mL of p-aminobenzene sulfonic acid solution
(1 %, w/v) was added, mixed well, and left to stand for 5 min. 1 mL of N-
1-naphthalene ethylenediamine solution (0.1 %, w/v) was added. Water
was added to the scale, mixed well, and left to stand for 15 min, and then
the content of nitrite was determined according to the standard curve.

Nitritecontent = 0.0208 x AA540 + 0.0002 2-7)

where AA540 is the sample absorbance at 540 nm.

2.9. Protein loss

In order to evaluate the protein loss of beef after thawing treatment
under different conditions, the protein concentration in the thawing
medium was determined. The protein concentration was determined
using the BCA method. The BCA protein quantification kit (PA115,
Tengen Biotechnology (Beijing) Co. Ltd.) was used according to the
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instructions (Vinarov, Lytle, Peterson, Tyler, Volkman, & Markley,
2004).

2.10. Fourier infrared spectroscopy (FTIR) and protein secondary
structure determination

According to the operation manual of FTIR spectrometer (IRTracer-
100, Japan), the thawed beef samples were dried in an oven at 40 °C and
ground into powder, and the powder was mixed with potassium bromide
in the ratio of 1:100 and ground again. The powder was mixed with
potassium bromide in the ratio of 1:100 and ground again. The samples
were pressed using a HY-12 tablet press, and then placed into an FTIR
spectrometer to scan the samples in the range of 400-4000 cm™*. The
resulting curves were processed to remove the interference peaks of
moisture and carbon dioxide to obtain the infrared spectra of the beef
after thawing.

The amide I band in the IR spectra is mainly used for protein
assignment of secondary structure (Carbonaro, Maselli, & Nucara,
2012). The percentage of o-helix, p-sheet, p-turn, p-antiparallel and
random coil in the composition of protein secondary structure was
calculated using Peak Fit v4.12 by selecting the 1600-1700 cm ™! bands
of the infrared spectra for back-integration, second-order derivation,
and curve fitting.

2.12. Scanning electron microscopy (SEM)

Thawed beef samples were placed in 2.5 % glutaraldehyde and then
fixed in a refrigerator at 4 °C for 24 h according to the operating manual
of the scanning electron microscope (S3400, Japan). After removal of
the glutaraldehyde buffer, the samples were critical point dried using
gradually increasing concentrations of ethanol (50-100 %) and pro-
pylene oxide (100 %), and finally sprayed with gold, and the samples
were scanned with a scanning electron microscope after 60 s to observe
the microstructure of the beef samples (Li et al., 2020).

2.13. Statistical analyses

Graphing was performed using Origin software and each group of
experiments was independently repeated three times and the results
were expressed as mean =+ standard deviation (SD). Statistical analyses
were performed using SPSS software, and statistically significant dif-
ferences in the results were determined by one-way analysis of variance
(ANOVA) and Duncan’s multiple range test. The level of statistical sig-
nificance is expressed as p-value (p < 0.05 indicates a significant
difference).

3. Results and discussion
3.1. Thawing center temperature

Fig. 2 shows the thawing curves and thawing rates of beef under
different conditions, in which it can be seen that the average thawing
rate was significantly increased and the thawing time was significantly
reduced after combined ultrasound (p < 0.05). In order to explore the
effect of ultrasound waves on the thawing process in more detail, the
change of beef temperature during the thawing process was monitored
by the central temperature, and it could be seen that the whole thawing
process was divided into three stages: the first stage was from —20 °C to
—5°C, the second stage was from —5 °C to —1 °C, and the third stage was
from —1 °C to 4 °C. There was no significant difference in the thawing
time between the first and third stages, but the main effect occurred in
the second stage, which was called the “ Maximum ice crystal generation
zone”(Xu et al.,, 2015), and the addition of ultrasound significantly
shortened the time in the second stage (p < 0.05). The reason for the
accelerated thawing by ultrasound is, on the one hand, due to the
cavitation effect, when the ultrasound power reaches a certain intensity,
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Fig. 2. Center temperature profile and thawing time of beef under different
thawing conditions. Note: Different letters indicate significant differences in
the results (p < 0.05). DT: deionized water thawing; PT: plasma-activated water
thawing; UDT: ultrasound combined with deionized water thawing; UPT: ul-
trasound combined with plasma-activated water thawing.

small holes will appear in the structure of the frozen material, which will
cause the frozen state of the material to be disintegrated microscopi-
cally. On the other hand, the micro-jet and turbulence produced by the
thawed drip under the action of ultrasound will also help to transfer the
heat and the dissolution of the ice crystals (Cai et al., 2019).

3.2. Microbiological analyses

Fig. 3(a) and (b) show the total number of viable bacteria in beef
samples and media after thawing in different ways. The total number of
viable bacteria in beef samples after DT, PT, UDT, and UPT treatments
were 4.46 + 0.009, 3.866 + 0.027, 4.11 + 0.008, and 3.54 + 0.020
log1oCFU/g, respectively, and the total number of colonies in the media
were 3.85 + 0.005, 1.66 + 0.083, 3.52 + 0.013, and 1.50 + 0.142
log10CFU/ml. Compared with DT, the use of plasma-activated water
thawing and combined ultrasound thawing significantly reduced bac-
terial colonies in both beef samples and thawing media. The UPT
treatment had the best bactericidal effect on bacteria, followed by the PT
group, indicating that the PAW has good bactericidal effect. < China’s
National Hygiene Standard GB/T 9959.2-2008 > stipulates that the
total number of bacterial colonies in fresh and frozen pork should not
exceed 6 logoCFU/g. Rossow et al. (2018) found a decrease in bacterial
count of 0.78-2.55 CFU/cm? in chicken breast meat treated with PAW.
Gambuteanu et al. (2013) found that the number of aerobic microor-
ganisms in the longissimus dorsi muscle of pigs decreased by about 11 %
compared to still water thawing after thawing using ultrasound at 25
kHz, 0.2-0.4 W/cm?. This is because during the generation of PAW, a
large amount of key substances such as ROS and RNS are produced, and
the bactericidal effect of PAW depends on the composition and con-
centration of RONS, which is capable of breaking the molecular struc-
ture of peptidoglycan, leading to the rupture of the bacterial cell wall,
thus causing oxidative stress in the cell membrane, altering the surface
structure and chemical state of bacteria, and entering the cell to destroy
proteins, leading to DNA decomposition and damage to other internal
components, thus providing a sterilizing effect (Royintarat & Seesur-
iyachan, 2019). After combined ultrasound, the number of colonies is
further reduced, indicating that ultrasound also has a certain effect on
the inactivation of bacteria, which is the use of ultrasound cavitation
produced by ultrahigh pressure can make microbial cell fragmentation,
thereby inactivating microorganisms and inhibiting the growth of
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microorganisms (Becton et al., 2017). Therefore, ultrasound combined
with plasma-activated water can inhibit the growth and reproduction of
microorganisms, prolong the shelf life of meat samples and improve
their quality.

3.3. Water holding capacity (WHC)

The water holding capacity of meat not only affects the taste, aroma,
juiciness, nutrients, tenderness, color and other edible qualities of meat,
but also directly affects the yield of meat products, which has an
important economic value, and lower WHC means a greater economic
loss for the meat industry. Table 1 demonstrates the drip loss, cooking
loss and centrifugation loss of beef after thawing under different con-
ditions. Both cooking loss and centrifugation loss were significantly
lower in experimental group than in DT group and PT group had the
smallest cooking loss of 39.97 + 0.81 % as well as the smallest centri-
fugation loss of 16.62 + 1.31 %. Qian et al. (2022) found that both PAW
and ultrasounds improved WHC of chicken meat. Islam et al. (2014)
investigated the effect of ultrasounds on the quality of mushrooms and
reported that ultrasounds (0.39 W cmz, 20 kHz) increased WHC by 10 %.
Zhang et al. (2018) treated porcine longissimus muscles with ultrasound
at different power levels and found that the WHC of the meat decreased
and then increased with increasing power, with the best WHC at 180 W.
The WHC is closely related to the electrostatic charge number of
myofibrillar proteins and the reticular structure of proteins. The elec-
trostatic charge in protein molecules has the effect of attracting water
molecules. At the same time, the electrostatic charge can enhance the
electrostatic repulsive force between protein molecules, making their
structure loose and water retention, while when the electrostatic charge
decreases, the repulsive force decreases, the protein molecules are
aggregated together, and the water holding capacity decreases (Huff-
Lonergan & Lonergan, 2005). PAW contains a large number of positive
and negative ions, prompting the enhancement of the electrostatic
charge effect of proteins with the formation of network structure, which
is conducive to water retention. Whereas the WHC of beef was reduced
after combined ultrasound, this may be due to the fact that the meat
tissue cells were affected by the mechanical or cavitation effect of ul-
trasound, which made the muscle fibers and intramuscular membrane
separated, increased the cell gap, and the compactness of the muscle
tissue was reduced (Sriket et al., 2007). Drip loss was significantly
higher (p < 0.05) in all experimental groups than in DT. During thaw-
ing, ice melting in the extracellular space may re-flow into the intra-
cellular space, which is subsequently reabsorbed by dehydrated fibers
and denatured proteins. The electrostatic repulsion between protein
molecules was enhanced by electrostatic charging in the PAW, which
resulted in the failure of extracellular water to enter into the cell
smoothly, leading to the higher loss of drips (Zhang et al., 2019). In the
case of the UDT group, it was due to a shorter thawing time, which did
not allow sufficient time for extracellular water to enter the cell,
resulting in a higher drip loss (Huff-Lonergan et al., 2005).

3.4. Color and pH

The pH value is an important indicator that can affect indicators such
as meat color and cooking loss (Kong et al., 2022). Fig. 3(c) shows the
changes in pH value before and after thawing of thawing media under
different conditions, PAW resulted in a low pH value due to the presence
of a large amount of active substances. After thawing, the pH values of
the DT and UDT groups decreased, most likely due to the loss of minerals
and small-molecule proteins from the meat by exudation during the
thawing process, which led to a change in the ionic balance, thus
lowering the pH value (Leygonie, Britz, & Hoffman, 2012b). Whereas,
the increase in pH value in the PT and UPT groups further indicates that
the active substances were consumed for a number of reactions such as
sterilization. Due to glycolysis, acidic substances produced in the muscle
may lead to a decrease in pH value during the thawing process.
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Fig. 3. Total number of viable bacteria in beef samples (a) and thawing media (b) after different thawing treatments; pH of thawing media (c) and beef samples (d)
before and after thawing; NOzcontent of thawing media (e) and beef samples (f) before and after thawing; MDA content of beef after thawing (g); and protein content
of thawing media (h). Note: Different letters indicate significant differences in the results (p < 0.05). DT: deionized water thawing; PT: plasma-activated water
thawing; UDT: ultrasound combined with deionized water thawing; UPT: ultrasound combined with plasma-activated water thawing.

Conversely, nitrogen-containing substances are broken down into ultrasound treatment did not negatively affect beef pH value. This is
alkaline substances, leading to an increase in pH value (Liu et al., 2013). consistent with the results of previous studies (Kong et al., 2022).
In Fig. 3(d), the difference in pH value among the groups was not sta- Color has a significant impact on the appearance and acceptability of

tistically significant (p > 0.05), indicating that PAW as well as frozen products. Table 2 demonstrates the color changes of beef before
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Table 1
Drip loss, cooking loss and centrifuge loss of beef after thawing under different
conditions.

DT PT UDT UPT

Drip loss % 2.27 + 0.70° 317 £0.38°  3.99 + 1.46% 3.34 + 0.01%°

Cooking loss ~ 42.61 +0.68%  39.97 +0.81°  41.75 +0.77°  41.59 + 1.16"
%

Centrifuge 18.10 £1.57°  16.62+1.31° 1722+ 1.17° 17.49 + 2.67°
loss %

Note: Values are the mean of triplicate measurements + standard deviation.
Different letters indicate significant differences in the results (p < 0.05). DT:
deionized water thawing; PT: plasma-activated water thawing; UDT: ultrasound
combined with deionized water thawing; UPT: ultrasound combined with
plasma-activated water thawing.

Table 2
Color change of beef after thawing under different conditions.

DT PT UDT UPT

41.35 + 0.45%
48.74 + 0.34%®
17.69 + 0.43%A
15.67 + 0.54°®
15.37 + 0.54*
12.63 + 0.73%°
7.85 + 0.27°

41.08 + 0.60%*
48.93 + 0.46%°
17.57 + 0.24%*
14.55 + 1.31%8
15.52 + 0.21%A
13.22 + 0.16°
8.66 + 0.4°

42,13 + 1.08%
49.22 + 0.79%®
17.40 + 0.30°*
15.78 + 0.28%8
15.49 + 0.68%*
12.78 + 0.54%®
7.76 + 0.71°

Lo 41.28 + 1.00%
L 49.24 + 1.09%®
ap 17.49 + 0.38°*
a; 14.46 + 0.82°%
bo 15.76 + 0.71%4
b; 13.13 + 0.49%®
AE 8.9 +0.97°

Note: Values are the mean of triplicate measurements + standard deviation.
Mean values with different lowercase letters (* b, ©) indicate significant differ-
ences among different thawing methods, different capital letters (* ) indicate a
significant difference in the color of the beef before thawing and after thawing
(p < 0.05). where Ly, ap, and by indicate the brightness, redness and yellowness
of the beef before thawing, respectively, and L;, a;, and b; indicate these pa-
rameters after thawing, respectively. DT: deionized water thawing; PT: plasma-
activated water thawing; UDT: ultrasound combined with deionized water
thawing; UPT: ultrasound combined with plasma-activated water thawing.

and after thawing under different conditions. The L* of all groups
increased significantly (p < 0.05) after thawing, but there was no sig-
nificant difference (p > 0.05) among the groups. Higher L* imply that
more in-meat water appeared on the surface of the meat in order to
reflect the light and increase the brightness (Xu, Tian, Ma, Liu, & Zhang,
2016). Beef is a red meat, so the red color represents the freshness of the
beef to some extent, for the a-value, the PT and UPT groups were
significantly higher than the DT and UDT groups, the change in a-value
was attributed to the accumulation of myoglobin and methemoglobin in
the meat, and the degradation of haemoglobin due to the oxidation of
the meat during thawing resulted in the decrease of the a-value (Xu
et al., 2016). Nitrite, as a meat color protection agent, reacts with
myoglobin in meat to form nitrosomyoglobin, which enhances the color
of the meat, as well as the flavors and preservative properties of the meat
(Jo et al., 2020). Fig. 3(e) shows the NOacontent of thawing medium
before and after thawing, after thawing, the nitrite in the meat of DT and
UDT groups entered into the medium through diffusion, which led to an
increase in the nitrite content of the medium. The NO3 in the medium of
both PT and UPT groups decreased, and it can be seen through Fig. 3(f)
that NO3 content of beef samples of the PT and UPT groups was signif-
icantly higher than that of the rest of the two groups (p < 0.05), which
indicates the transfer of nitrite from the medium to the meat and did not
exceed the required nitrite content of 4.5 mg/kg in fresh meat products
(Jo et al., 2020). This resulted in significantly higher a-values for beef
samples in PT and UPT groups than in DT and UDT groups. As for the b
values, no significant difference was shown among the groups (p >
0.05). AE reflected the total color change of the meat, and the AE values
of the PT and UPT groups were significantly lower than those of the DT
and UDT groups (p < 0.05), which indicated that the PAW had an effect
on the retention of the beef color. The result of the research was similar
to ours as shown in the research by Stadnik et al (2011).
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3.5. Lipid oxidation

Lipid oxidation leads to deterioration of flavors, color, scent, quality
and nutritional value of meat. As shown in Fig. 3(g), it demonstrates the
MDA content in beef samples after thawing under different experimental
conditions. Beef samples from the PT group contained the least amount
of MDA at 0.15 + 0.01 mg/kg. This is because beef is rich in heme
myoglobin and haemoglobin, and the destruction of these haemoglobin
moieties produces a large amount of free iron, which promotes the
generation of reactive oxygen species, which play a catalytic role in lipid
oxidation. PAW contains large amounts of nitrite, which binds to hae-
moglobin and myoglobin to form nitrosohaemoglobin and nitro-
somyoglobin, which form stable compounds that reduce iron utilisation,
thus inhibiting lipid oxidation (Dominguez et al., 2019). Herianto et al.
(2022) suggested that PAW inhibited the growth of peroxidation-
inducing microorganisms, thereby inhibiting MDA production. Chaijan
et al. (2021) also found that PAW inhibited lipid oxidation by treating
Asian sea bass with PAW. The degree of lipid oxidation was promoted by
combined ultrasound, whose mechanical vibrations in the medium
disrupted the integrity of the beef tissue (Sriket et al., 2007). In the
thawing process, ultrasound led to the release of oxidative enzymes and
prooxidants in the cellular organelles, and weakened the role of
reducing agent. For ultrasound combined with plasma-activated water
treatment accelerated the lipid oxidation of chicken, suggesting that the
antioxidant enzymes remaining in chicken cannot defend against the
action of reactive species in PAW when the integrity of chicken tissue
was destroyed by ultrasound (Qian et al., 2022). Wang et al. (2022) and
Li et al. (2023) similarly found that ultrasound thawing promotes lipid
oxidation. But there are also some studies that ultrasound can inhibit
lipid oxidation (Cai et al., 2020; Gan et al., 2022), for which more in-
depth research may be needed.

3.6. Protein loss and SEM

As shown in Fig. 4, the microstructure of the fiber structure of beef
after thawing under different experimental conditions, we performed
longitudinal cutting of muscle fibers to determine the microstructure
and assess the fiber gaps. It can be seen that after DT treatment, some of
the fiber structure of beef was disrupted, with obvious fractures and
increased inter-fiber gaps. Whereas, after PT treatment, beef fibers were
relatively intact and dense without obvious cracks, which was attributed
to the fact that PAW contained a large number of positive and negative
ions, and the charge of these ions increased the electrostatic repulsion
between the myogenic fibers of the thawed beef, inducing the expansion
of myogenic fibers and maintaining the integrity of the muscle fiber
tissue structure (Stadnik et al., 2008). And after combined ultrasound,
more gaps appeared in the beef fibers of the UDT group due to the
mechanical vibration of ultrasound, and the structure was loosened
(Sriket et al., 2007). In contrast, in the UPT group, the fiber structure
was not severely ruptured due to the presence of PAW. The disruption of
beef fibers and the appearance of gaps leads to the loss of protein-based
soluble substances within the meat. Fig. 3(h) shows the protein con-
centration in the media after thawing under different experimental
conditions. It is in general agreement with the results of microstructural
analysis. These results are consistent with the findings of Qian et al
(2022).

3.7. Protein analysis

Fig. 5(a) shows the overlapped FTIR spectra of beef after thawing
under different thawing conditions, and a total of seven characteristic
peaks were obtained. After reviewing the data(Candogan, Altuntas, &
Igci, 2020), it was found that: the transmission peak near 1239.4 cm™!
was attributed to POjasymmetric stretching; the characteristic peak
near 1392.93 cm ™! was attributed to COO-symmetric stretching; and the
characteristic peak near 1545.02 cm ™! was attributed to amide II; the
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Fig. 4. Microstructure of fibre structure of beef after thawing under different thawing conditions (magnification: 200 x ). Note: DT: deionized water thawing; PT:
plasma-activated water thawing; UDT: ultrasound combined with deionized water thawing; UPT: ultrasound combined with plasma-activated water thawing.
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Fig. 5. Protein analysis. (a)Infrared spectra of beef thawed under different conditions, (b)Relative content of protein secondary structure. Note: DT: deionized water

thawing; PT: plasma-activated water thawing; UDT: ultrasound combined with deionized water thawing; UPT: ultrasound combined with plasma-activated
water thawing.
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characteristic peak near 1652.10 cm ™! is attributed to amide I; the
characteristic peak near 2853.52 cm™! is attributed to CHp-symmetric
stretching; the characteristic peak near 2924.50 cm ™! is attributed to
CH; asymmetric stretching; and the characteristic peaks near 3306.04
em™! are attributed to the N—H stretching of proteins and the O—H
stretching of polysaccharides. As can be seen from the Fig. 5(a), the
positions of the characteristic peaks in the IR spectra of beef thawed
under different conditions are basically the same and no new charac-
teristic peaks appeared, which suggests that the protein patterns after
PAW and ultrasound treatments do not change and do not lead to the
formation of new bonds. This is consistent with the previous research by
Qian et al (2022). However, the intensity of transmission peaks was
different, the higher the transmittance (vertical axis) value, the more
light passes through the sample, indicating that the functional group has
a lower content in the sample (Han et al., 2023). Compared with the DT
group, the use of plasma-activated water and ultrasound both resulted in
lower transmission peak intensities, with the UPT group having the
lowest transmission peak intensities, followed by the UDT and PT
groups, suggesting that ultrasound combined with plasma-activated
water treatment can better retain the compounds and functional
groups in the beef, preserving the nutrients to a greater extent, and
improving the water retention capacity of the beef. The protein sec-
ondary structure content was obtained by using Peak fit v4.12 software
for the 1600-1700 cm ™! band of the infrared spectra with back inte-
gration, second-order derivation and curve fitting (Fig. 5(b)). Protein
secondary structures can be divided into ordered and disordered struc-
tures. a-helices and p-sheets (parallel and antiparallel) are representa-
tives of ordered structures. p-turns and random coils are representatives
of disordered structures. In the figure, it can be seen that the PT group
has the most ordered structure, followed by the UPT group, while the DT
group and UDT group are almost identical. This may be due to the fact
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that a-helices and p-sheets are maintained by hydrogen bonding be-
tween peptide chains, which is the main force that stabilizes the sec-
ondary structure (Zhang et al., 2017), and reactive substances in PAW
can reinforce the hydrogen bonding, resulting in a more stable protein
structure. Kong et al. (2022) found that ultrasound-assisted slightly
acidic electrolyzed water thawing had a more stable protein structure. Li
et al. (2020) pointed out that the a-helix decreased with the increase of
ultrasound power, and when the ultrasound power was too high (320
W), the secondary structure of proteins became unstable.

3.8. Statistical analyses

The obtained experimental data were normalized, and correlation
analysis was carried out. Fig. 6(a) shows the correlation heat map of
thawing method and thawing index. It can be seen that relative to the DT
group, the PT group had the largest positive correlation coefficient be-
tween WHC and protein ordered structure, and the smallest negative
correlation coefficient between MDA and protein disordered structure,
indicating that the beef had the best WHC, the smallest degree of lipid
oxidation, and the most stable protein structure under this condition; the
largest negative correlation coefficient between the number of colonies
of the samples and media in the UPT group indicates that this condition
has the strongest bactericidal ability; the positive correlation coefficient
of thawing rate was the largest in the UDT and UPT groups, indicating
that the intervention of ultrasound shortened the time of thawing, the
negative correlation coefficient of AE was the largest in the PT and UPT
groups, indicating that the PAW had a significant effect on maintaining
the color of the beef. Fig. 6(b) shows the radar charts of each group,
analyzed in terms of the area enclosed by each group, the UPT group was
significantly larger than the UDT group, indicating that replacing the
thawing medium with PAW significantly increased the quality of beef
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after thawing. Fig. 6(c) is the Pearson correlation coefficient matrix
showing the correlation between the different indicators. Thawing rate
was positively correlated with AE and MDA content, indicating that
thawing rate affects the color and lipid oxidation of the material after
thawing. While MDA content showed a negative correlation with WHC,
indicating that lipid oxidation would lead to a decrease in water holding
capacity of beef after thawing. Meanwhile, the WHC after thawing was
also related to the protein structure, which was positively correlated
with the ordered structure of proteins and negatively correlated with the
disordered structure. This research provides a theoretical and experi-
mental basis for exploring the mechanism of PAW combined with ul-
trasound thawing technology on the WHC of beef.

4. Conclusion

In this research, PAW was used as a novel thawing medium com-
bined with ultrasound to thaw beef. Compared with other thawing
methods, the intervention of ultrasound significantly accelerated the
thawing rate (38 % higher compared to the PT group), and the combi-
nation with PAW could effectively control the bacteria in beef and its
culture medium (75 % higher compared to the UDT group), with no
adverse effect on the color and pH value of beef. Meanwhile, based on
the experimental results of drip loss, cooking loss, centrifugal loss and
soluble matter loss, it was found that PAW could maintain the fiber
structure of beef, improve its water holding capacity, better mitigate
lipid oxidation of meat and reduce protein loss. In addition, protein
structure analysis shows that PAW treatment can increase the ordered
structure of proteins and stabilize their structure. Therefore, the feasi-
bility of ultrasound combined with PAW in the field of meat thawing was
proved, and the theoretical basis and experimental verification were
provided for the wide application in the field of meat thawing.
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