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ABSTRACT

The objective of this study was to assess the effects of ultrasound-assisted thawing (UAT) on the quality of
longissimus dorsi muscles from white yak meat (WYM). Ultrasonic power levels of 0, 200, 400, and 600 W
(frequency of 20 kHz) were used to assist thawing. The thawing rate, meat quality, nutrient substances, volatile
compounds, and microstructure of the WYM were determined. The results showed that ultrasonic thawing
treatment reduced thawing times by 30.95-64.28% compared to control. The meat quality results revealed that
the thawing loss, cooking loss, L* and b* values, and pH values decreased significantly while the a* value and
cutting force increased significantly (P < 0.05) at the lower 400 W power level compared with the control. In
addition, the free amino acid (FAA), mineral, and vitamin (especially water-soluble vitamins) contents were
significantly (P < 0.05) increased with the ultrasound treatment. UAT significantly (P < 0.05) increased the
content of volatile compounds, an effect that was highest in the UAT-400 W group. Partial least squares dis-
crimination analysis (PLS-DA) showed that 2,4-heptadienal was critical in distinguishing the UAT groups from
the control. When the ultrasonic power was lower than 400 W, the muscle cell area was significantly (P < 0.05)
increased but decreased when higher power was used. Therefore, UAT improves the thawing efficiency and
quality of frozen WYM, particularly at a power level of 400 W, and these findings have potential applications in

the meat industry.

1. Introduction

The white yak is a scarce and valuable livestock animal in the word
which inhabits mainly Tianzhu County (Gansu, China; N36°58,
E103°08; altitude:2393.69 m) [1]. With the improvement of artificial
breeding technology, the number of white yak has increased to about
300 000 [2]. The white yak’s habitat is characterized by low tem-
peratures and low levels of oxygen, as well as high solar radiation,
which confer unique qualities on white yak meat (WYM), including a
high protein content and unique flavor. WYM is considered a natural
green food because the yak’s habitat is minimally affected by humans.
In addition, WYM has numerous health benefits, including the en-
hancement of disease resistance, cell viability, and organ function [3].

White yak are generally slaughtered from the end of September to
early November each year according to the local custom, and the WYM
is usually frozen to prolong storage time and provide a year-round
supply [4]. Because of this, thawing is necessary before using the meat.
Many studies have reported that inappropriate thawing methods and
conditions can lead to deterioration in the quality of the meat, including

discoloration, poor flavor, and loss of nutrients due to potential physical
and chemical changes [5,6]. Hence, it is important to explore and op-
timize suitable thawing methods and conditions for the meat. Air- and
water-thawing are conventionally used for thawing. However, not only
are these methods inefficient, but the meat quality may undergo sig-
nificant deterioration during the thawing process [6]. In recent years,
novel thawing methods, such as ultra-high-pressure, microwave, and
ultrasound have been adopted [7-9]. Ultra-high-pressure thawing has
the advantages of reducing the thawing time and inhibiting microbial
growth, but the method is relatively expensive [10]. Microwave
thawing tends to cause uneven heating and hence difficulty in con-
trolling the quality of the product. Moreover, microwave thawing
cannot accommodate metal packaging [11]. These factors limit the
general use of these methods.

Ultrasound is an environmentally friendly technique that has been
widely used in the extraction of natural active substances and food
analysis [12]. In recent years, ultrasound-assisted thawing (UAT)
technology has achieved excellent results in shortening the thawing
time and reducing the deterioration of meat quality [13]. In ultrasound-
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assisted thawing, part of the energy is converted into heat within the
frozen meat, resulting in increased temperature at the meat surface
while the temperature increase of the core remains lower [6]. There-
fore, the thawed/frozen boundary can absorb more energy, and the
high-speed jets caused by the ultrasonic cavitation effect will cause the
asymmetric collapse of the bubble and micro-streaming, which can
increase the efficiency of heat transfer [14]. Some studies have reported
that UAT can significantly improve the thawing efficiency of many
different types of food, compared to water-thawing. For example, the
thawing times of frozen mango pulp [11], prok [6], and chicken breasts
[10] were decreased by 73%, 80%, and 71%, respectively. While UAT
can improve the efficiency of thawing, its influence on the quality of the
thawed meat is two-sided [15]. The use of ultrasound with appropriate
power results in the formation of micropores in the meat, which can
increase the tenderness of the meat [16]. The gelling properties and
water retention of the protein will also be improved [17] and the
content of substances contributing to flavor will also increase due to
lipid oxidation caused by free radicals [18]. However, high-power ul-
trasound may also have disadvantages, such as cell disruption, en-
dogenous enzyme deactivation due to structural changes, and de-
gradation of pigments [19,20]. In addition, these impacts of ultrasound
on the meat quality during thawing may vary due to the myofibril
condition and composition of the meat [21]. As far as we know, the
effects of UAT on the quality of WYM have not been reported. There-
fore, the purpose of the study was to explore the effects of UAT on
thawing time, meat quality (water loss, color, cutting force, pH), nu-
tritional properties (free amino acids, vitamins, and minerals) and
flavor ingredients of WYM.

2. Materials and methods
2.1. Materials

Ten white yaks (about 3 years of age) from the Tianrun White Yak
Green Food Co., Ltd. (Tianzhu, China) were slaughtered by the standard
procedure (GB/T19477-2018). To avoid microbial contamination
during transport, the longissimus dorsi muscles were cut into pieces
(10 x 10 x 5 cm, about 600 g) and vacuum-packed in polyethylene
bags after cattle carcass aging for 72 h at 4 °C. The samples were kept in
cold-chain shipping boxes and transported to the laboratory within 3 h.
Both the polyethylene bags and cold-chain shipping boxes were meti-
culously cleaned with 75% alcohol before use. A total of 60 chops were
divided randomly into four groups. Meat pieces were packaged in
polyethylene bags and frozen at —20 °C for 21 days [22].

Vitamin standards were obtained from Sigma-Aldrich Company
(Shanghai, China). All other chemicals (analytical grade) were pur-
chased from Jiancheng Technology Co., Ltd. (Nanjing, China).

2.2. Thawing process

The frozen samples were thawed in an ultrasonic freezer (5-50PH,
Ningbo Xinzhi Biotechnology Co., Ltd., Nanjing, China). Samples
thawed in water at 25 = 1 °C were used as controls. UAT-thawed
samples were thawed at 200 W (UAT-200 W group), 400 W (UAT-
400 W group), and 600 W (UAT-600 W group) in a water bath at
25 + 1 °C with no pulse-off (frequency of 20 kHz). The schematic
diagram of the ultrasound-assisted thawing device is shown in Fig. 1.
The thawed samples were kept at 4 °C until analysis of indicators. All
measurements of indicators were completed within three hours. Three
independent tests were executed for each indicator determination.

2.3. Thawing curve
The probe of the thawing curve test system (Fig. 1 I) was inserted in

the geometric center of the samples. The temperatures of the samples
were recorded every 10 s.
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2.4. Thawing loss and cooking loss

The thawing loss was measured according to the method of Sun
et al.[23]. The samples were thawed until the temperature of the
sample center reached 4 °C and were dried with filter paper to remove
the surface water. The samples were weighed before (mg) and after
(m;) thawing on a Secura electronic balance (M20S, Sartorius, Berlin,
Germany). The formula for thawing loss is as follows:

Thawing loss(%) = Mo = My X 100%
mgy

The cooking loss was measured by the method of Zhang, Haili,
Chen, Xia and Kong [16]. Thawed samples were heated in a plastic bag
in an electro-thermostatic water bath until the central temperature
reached 75 °C. Samples were then immediately removed from the bag,
cooled to below room temperature, and wiped dry with filter paper. The
samples before (M) and after (M;) cooking were accurately weighed.
The formula for cooking loss is as follows:

My_M,
M,

Cooking loss(%) = L % 100%

0

2.5. Cutting force

Samples were cut into rectangular columns (1.5 X 1.5 X 5cm). The
cutting force was measured with a texture analyzer (TA.XT Plus, Isenso,
Atlanta, USA). The compression distance was 60% and the load cell was
50 kg. Three samples were measured for each treatment.

2.6. pH and color

The pH of the samples was measured following the method of
Gambuteanu and Alexe [6]. Briefly, 1 g of thawed white yak beef was
mixed with 9 mL deionized water, homogenized with a homogenizer
(B15, ATS, Toronto, Canada) and then filtered through filter paper
(60 g/min, Double circle, Hangzhou, China). The handheld pH meter
(PB-10, Sartorius, Berlin, Germany) was calibrated according to the
supplier’s instructions. Standard solutions of pH7 and pH4 were used to
calibrate the pH meter the first and second times after preheating for
30 min, respectively.

The color of the samples was determined by the method of
Aminzare et al. [24]. The color parameters were measured using a
chromameter (CR-410, Konica Minolta, Tokyo, Japan) at three different
points of the sample surface using the Clelab system and color changes
were described using L* (lightness), a* (redness), and b* (yellowness)
values. The chromameter was calibrated with a white ceramic plate
prior to use. Three samples were measured for each treatment.

2.7. Thiobarbital reaction materials (TBARS) and total volatile basic
nitrogen (TVB-N)

The method used to determine the TBARS followed that described
by Li et al. [22] with minor modifications. A total of 5 g meat sample
was placed in a 100 mL test tube containing 20 mL of deionized distilled
water and homogenized at 4000 rpm for 10 s using a homogenizer. A
total of 1 mL of homogenate was transferred into a test tube containing
butylated hydroxytoluene (BHT) (7.2%, 50 pL) and trichloroacetic acid
(TCA) (15%, 2 mL) and boiled in water for 20 min. Afterward, the
homogenate was cooled in water for 10 min. After centrifugation at
2000 g for 10 min, the absorbance of the supernatant at 532 nm was
measured using a spectrophotometer (UV-756P, Shimadzu, Kyoto,
Japan).

The TVB-N was measured as described by Aminzare et al. [24]
Approximately 5 g meat was dispersed in 50 mL deionized water and
stirred for 30 min before filtering. Boric acid (10 mL) and mixed in-
dicator liquid (5 mL) were then added to the distillation condensing
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Fig. 1. Schematic diagram of the device of ultra-

sound-assisted thawing. A, compressor; B, plate heat
exchanger; C, control panel; D, pump; E, coolant

circulation inlet; F, ultrasonic thawing tank; G,
coolant circulation outlet; H, thermocouple; I, tem-
perature measuring system; J, ultrasonic controller;
K, ultrasonic generator; L, air-vent; M, ultrasonic

transducer.
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tube and distilled for 10 min. The mixed solution was titrated with HCl
(0.01 mol/L) until turned to blue-purple. The formula of TVB-N is as
follows:

TVB - N(mg/100g) = (V; — V) X 0.01 X 2800

where V; is the titration volume of HCl in the sample, and V, is the
titration volume of HCI in the blank.

2.8. Free amino acids (FAA), minerals, and vitamins

The FAA of the samples were analyzed according to the method of
Geng et al.[25]. In brief, 5 g of sample was homogenized in cold ion-
exchanged water. The homogenate was centrifuged at 8000 x g for
10 min before addition of 5 mL TCA (10%, w/w), followed by five
washes with TCA (5%, w/w). The cleaning mixture was filtered through
membrane (0.45 um) and the filtrate was analyzed using an automatic
amino acid analyzer (S433D, Sykam, Bavaria, Germany) at 39 °C
equipped with a Shim-pack Amino-Li column (Shimadzu Corporation,
Kyoto, Japan).

The mineral content of the samples was measured using the method
of Hopcroft, Cowieson, Muir, & Groves [26]. Briefly, 1 g of sample was
homogenized in a tissue grinding tube (YJQ, Solarbio, Beijing, China)
and then freeze-dried. The powdered sample was digested in a digestion
vessel containing 10 mL nitric acid and heated in a digestion furnace
(KDN-04A, Xinrui, Shanghai, China). The heating process was divided
into four phases: (1) the temperature was increased from room tem-
perature to 90 °C at a rate of 2 °C/min, (2) hydrogen peroxide was
added to the digestion vessel after cooling to room temperature, (3) the
temperature was raised to 120 °C at a rate of 5 °C/min, (4) these con-
ditions were maintained for 30 min. The sample was then transferred to
a volumetric flask and diluted to 50 mL with deionized water. The
samples were analyzed by a flame atomic absorption spectro-
photometer (ICE-3000, Thermo Fisher Scientific, Massachusetts, USA).

The fat-soluble vitamin (Vitamin A and Vitamin E) content was
measured using the method of GB 5009.154-2016. The samples were
accurately weighed to 3 = 0.01 g and added to a round flask con-
taining 20 mL of warm water (50 °C), following which the ascorbic acid
(1 g), BHT (0.1 g), absolute ethanol (30 mL), and potassium hydroxide
(15 mL, 0.2 mol/L) were added while shaking in a water bath constant
temperature shaker for 30 min at 80 °C. Vitamin B;, Vitamin B,
Vitamin Bs, Vitamin B4, and Vitamin Bs contents were analyzed using
the method of GB 5009.82-2016. Samples (5 * 0.01 g) were added to
a 150 mL conical flask containing 50 mL distilled water. The pH of the
solution was adjusted to 1.7 = 0.1 with hydrochloric acid (1 mol/L)
then allowed to stand for 60 s. The conical flask was placed in an ul-
trasonic cleaner for 10 min at 10 W. All samples were then filtered with

filter paper followed by secondary filtration with a microporous fil-
tering film (0.45 pm, 565245, Dacheng, Shanghai, China). High-per-
formance liquid chromatography = (HPLC, E2695, Waters,
Massachusetts, USA) equipped with a diode array detector was used to
determine the vitamin content of the samples. A C30 column
(250 X 4.6 mm, 3.0 um particle size) was used at a temperature of 30
°C for HPLC measurement of the fat-soluble vitamins. Two solvents
were used as mobile phases: water (solvent A) and carbinol (solvent B).
A gradient-elution was applied as follows: 4% A, 0-20 min 96% B,
20-24 min 100% B, 24-30 min 96% B. The injection volume was 10 pL
and the flow rate was 0.8 mL/min.

The C30 column was replaced by a C18 column (150 X 4.6 mm,
5.0 pm particle size) for measurement of the water-soluble vitamins.
Fifty milliliters of carbinol, 2.0 g 1-octanesulfonic acid sodium, and
2.5 mL triethylamine were added to 1000 mL distilled water and the pH
was adjusted to 3.0 = 0.1 with glacial acetic acid. The mixture was
filtered using microporous filtering film (0.45 pm) before use as the
mobile phase. The injection volume was 10 uL and the flow rate was
1 mL/min.

A wavelength scanning range from 200 to 500 nm was used. The
vitamins were identified by retention time and UV spectra in compar-
ison with the vitamin standards under the same chromatographic
conditions. The contents of vitamins were quantified using calibration
curves at different wavelengths (Vitamin A: 325 nm; Vitamin B;:
365 nm; Vitamin B,: 462 nm; Vitamin Bs: 261 nm; Vitamin Bs: 294 nm;
Vitamin Bg: 395 nm; Vitamin B;,: 365 nm; Vitamin E: 294 nm).

2.9. Volatile compounds

Ten grams of each sample, 2 g NaCl, and 5 pL 0.1% v/v (cyclo-
hexanone/methanol) cyclohexanone solution were placed in a 30 mL
headspace bottle. The bottle was sealed with parafilm (PM996,
Parafilm, Detroit, USA) and heated in an electro-thermostatic water
bath (HH-US, Spring Instrument Co., Ltb., Jintan, China) at 40 °C for
30 min. A solid-phase microextraction system (Supelco, Bellefonte, PA,
USA) containing fused-silica fiber (10 mm length) coated with a 50/
30 mm thickness of DVB/CAR/PDMS (divinylbenzene/carboxen/poly-
dimethylsiloxane) was used to collect the volatile compounds of the
samples. For quantification of the volatile compounds, an SPME device
was inserted into an inlet of a Gas Chromatography-Mass Spectrometer
(GC-MS) equipped with an HP-5MS column (30 m x 0.25 mm, film
thickness, 0.25 pm). The GC oven temperature was increased from
45 °C to 250 °C at 15 °C/min and then held for 15 min. Mass spectra
were obtained by electron ionization (EI) at 70 eV with a scan range of
10-550 mass units. The compounds were identified using the National
Institute of Standards and Technology (NIST) and Kovats indices. The
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compounds were quantified from the ratio of peak area of unknown to
the internal standard.

2.10. Microstructure

The organizational structure of the samples was measured with the
method of Cardiff and Borowsky [27]. Three grams of sample were
soaked in 100 mL of paraformaldehyde (4%, w/w) for 48 h to fix the
muscle fibers. The fixed samples were placed in a tissue embedding box
(YA0890, Beijing, Solarbio, China) and washed under running water for
30 min. Alcohol (75%, w/w) was used to remove the moisture of the
sample. Samples were then bathed with xylene until transparent. The
transparent tissue blocks were placed in the melted paraffin until the
paraffin was completely immersed in the tissue block. The paraffin
blocks were cut into thin slices with thicknesses of 5-8 pum. After re-
moval of the paraffin with xylene, the muscle fibers were stained with
hematoxylin solution (10%, w/w) for 1 min at 60 °C, rinsed under
running water for 1 h and dehydrated with absolute ethyl alcohol for
10 min. The muscle fibers were then stained with eosin solution (10%,
w/w) for 5 min, dehydrated and decolorized with absolute ethyl al-
cohol and xylene, respectively. After the tissues were fixed on the slide,
an Olympus IX optical microscope (7L, Nikon, Tokyo, Japan) was used
at 100x magnification to photograph the changes in tissue structure.
The photographs were analyzed with Image-Pro Plus version 6.0. to
measure the area and spacing of the muscle fibers.

2.11. Statistical analysis

Results were expressed as means *+ standard error. The statistical
analysis of the results was performed using an analysis of variance
(ANOVA) method and a Duncan multiple range test at a 5% significance
level, using the Statistical Product and Service Solutions (SPSS)
package, version 24.0. (SPSS Inc., Chicago, IL, USA). The GC-MS data
variables were normalized using Metaboanalyst version 4.0
(www.metaboanalyst.ca) by mean-centering and divided by the stan-
dard deviation of each variable before developing heatmaps and partial
least squares-discriminant analysis (PLS-DA) models. PLS-DA was used
for a supervised analysis. All of the different metabolites were identified
and characterized using the loading plots and VIP value (cut-off > 1)
from the PLS-DA analysis.
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3. Results and discussion
3.1. Effect of the UAT on the thawing rate of WYM

To grasp the characteristics of the thawing process, a temperature
curve is necessary. The thawing curves of WYM are shown in Fig. 2. The
thawing curves of WYM were divided into three stages: an endothermal
stage (-13.5-0 °C), a phase transformation stage (0-0.5 °C), and a
melting stage (0.5-4 °C). The times of the three stages for the UAT
groups were significantly (P < 0.05) lower than those of the control.
The shortest thawing time was with UAT-600 W which was 64.28%
lower than that of the control, followed by UAT-400 W and UAT-200 W.
This means that UAT is helpful for shortening the WYM thawing time.
This may be caused by cavitation where tiny holes appear in the
structure of the frozen WYM when the ultrasound power reaches a
certain level [28]. Thawed liquid can also generate microstreaming
because of the ultrasound-induced cavitation, which assists with heat
transmission and the dissolution of ice crystals [29]. Furthermore,
turbulence is generated when ultrasonic waves disseminate through the
thawed liquid, which can improve the heat transmission efficiency and
reduce food damage [30]. Our results are supported by several previous
studies. For example, the thawing time for frozen blocks of pacific cod
decreased by 70% when the ultrasound power was 0.005 W/g, com-
pared to thawing in water [17]. Similarly, when ultrasound (600 W)
was used to thaw of pork meat, the thawing rate was improved by
0.84 °C/min [6].

3.2. Effect of the UAT on thawing loss and cooking loss in WYM

Thawing loss and cooking loss are critical factors influencing the
quality of frozen meat [16]. The thawing loss and cooking loss of WYM
are shown in Fig. 3. These values were lower in meat thawed at the
400 W ultrasound level but increased rapidly when the ultrasonic
power was raised from 400 W to 600 W. The UAT-400 W sample had
the least thawing loss and cooking loss, which were 29.02% and
33.22% lower than the control, respectively. The thawing time, ice
crystal measurement and position, reabsorption of water, the integrity
of muscle tissue, the condition of muscle protein, and the water re-
tention capacity are the factors responsible for water loss during food
thawing using ultrasound [23]. Myosin constitutes the largest propor-
tion of WYM protein and contains a rich helical structure [3]. Ultra-
sound treatment has been shown to improve the structural character-
istics of myosin, increasing the content of sulfhydryl groups and the
transformation of a-helices to looser (-sheet structures, which may
decrease dense aggregation and improve the water retention capacity of
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Fig. 2. Thawing curves of frozen WYM with different thawing treatments. UAT, ultrasound-assisted immersion thawing at different ultrasound powers (200, 400 and

600 W).
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Fig. 3. Thawing loss and cooking loss of frozen WYM with different thawing
treatments. UAT, ultrasound-assisted immersion thawing at different ultra-
sound powers (200, 400 and 600 W).

muscle proteins [8]. However, the myofibril structure is likely to be
badly damaged at 600 W, causing a massive loss of water in myofi-
broblasts during thawing and cooking. A previous study found similar
phenomena of thawing loss and cooking loss in the thawing of chicken
breast meat [31].

3.3. Effect of the UAT on the color, pH, and cutting force of WYM

Color is an important component of meat quality that also influ-
ences the consumers' willingness to buy meat [20]. The L*, a*, and b*
values of WYM were determined to estimate changes in the color of
these groups. The control and UAT-600 W samples had the highest L*
and b* values, which were higher than those of the UAT-400 sample by
about 17% and 27%, respectively. The sample treated with UAT-400 W
had the highest a* value which was higher than the control by about
14.31%. The L* intensification in meat after thawing was detrimental
because it was associated with free water spreading to the surface and
reflecting more light [32]. There are two potential mechanisms for UAT
thawing inducing a* value changes in meat: (1) the production of free
radicals promotes oxidation leading to instability of heme pigments; (2)
the chemical structures of the color pigments of myoglobin and he-
moglobin may be changed due to the thermal and acoustic effects of the
ultrasound [33]. Moreover, it is interesting that a recent research report
shows that the formation of extracellular space may be the major reason
for the increased L* and decreased a* value [34]. This finding is con-
sistent with the results of color and microstructure observed in our
experiments. Furthermore, lipid oxidation is the main reason for the
increase in the b* value of meat [35] and the degree of lipid oxidation
of different groups (Table 1) appears to be related to the b* value.
Stadnik and Dolatowski [34] studied the effect of different ultrasound
intensities on the color of beef and found a similar phenomenon.

The pH value can influence the color, cooking loss, and the cutting

Table 1
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force of the meat [24]. As shown in Table 1, the pH at UAT-400 W was
significantly (P < 0.05) lower than that of UAT-600 W and the control.
The TVB-N of the different groups are shown in Table 1, and the TVB-N
results showed that the change of pH in different groups might relate to
the degradation of nitrogenous substances during the thawing process
of frozen WYM [36]. Moreover, the pH may also be the main factor
causing the changes in thawing loss and cooking loss, which is closely
related to the water retention capacity of the meat protein [37].

Tenderness is an important quality attribute of meat and cutting
force is a commonly used index to evaluate meat tenderness. Table 1
shows that the UAT-400 W group presented a lower cutting force
(31.83 = 1.02 N), which indicated that UAT had a notable impact on
the meat tenderness. The cutting force of meat is closely related to the
moisture content and myofibrillar structure [38]. A suitable ultrasonic
power might modify the structure of the meat and reduce the cutting
force [32]. In addition, ultrasonic treatment increases the solubility of
the meat protein due to the destruction of lysosomes which release
tenderizing enzymes, which could increase the moisture content in the
meat. It is notable that the higher ultrasonic power did not reduce the
WYM cutting force. The enhanced water loss during thawing is the
main reason for the increase in the WYM cutting force at higher ul-
trasonic power. This phenomenon was consistent with the viewpoint of
a published study by Ma and Kim [39], in which slight damage to
myofibrils helped to reduce the meat cutting force; however, when the
damage was severe, the cutting force increased due to the decrease in
the water retention capacity.

3.4. Effect of the UAT on the FAA, minerals, and vitamins of WYM

The FAA can produce volatile compounds through the Maillard re-
action and Strecker degradation, which contribute to the taste and
flavor of meat [40]. Changes in the FAA content of the WYM at various
treatments are shown in Table 2. Ultrasound treatment could sig-
nificantly (P < 0.05) increase the content of essential and non-es-
sential FAA. The degradation of proteins and peptides causes an in-
crease in FAA, and the Maillard reaction and loss with water cause a
decrease in FAA [41]. Study by Kang, Gao, Ge, Zhou, and Zhang [42]
showed that the cavitation caused by ultrasound in water can generate
free radicals, which can increase the level of protein degradation during
the thawing process of beef. However, the total FAA content of UAT-
400 W and UAT-600 W were not significant (P > 0.05). It was re-
ported that the high levels of ultrasound cause the water molecules to
produce OH™ leading to protein degradation while the H* in the water
might bind to negatively-charged free amino acids in the meat which
may cause the negatively-charged polar FAA loss with water [43].

Minerals and vitamins are very important for the human body's
metabolism, growth, development, and health. The mineral and vi-
tamin content of WYM at the different treatments are shown in Table 2.
Ultrasonic treatment increases mineral and vitamin retention in meat.
In addition, the mineral and vitamin content, except for Vitamin A and
Vitamin E, significantly (P < 0.05) increased as the intensity of the
ultrasound increased. The minerals and water-soluble vitamins in meat
can be lost with water during thawing and cooking [44]. The ultrasonic

Change in color, pH, cutting force, thiobarbital reaction materials (TBARS), and total volatile basic nitrogen (TVB-N) induced by ultrasonic power“'".

Samples Colour pH Cutting force (N) TBARS (mg/kg) TVB-N (mg/100 g)
L:‘r a:‘: bk

Control 29.51 + 0.74° 15.93 + 0.48° 3.77 = 0.04° 6.97 + 0.08" 35.47 + 1.17¢ 0.57 * 0.05" 1042 + 0.31°

UAT-200 W 27.94 + 0.12" 17.36 = 0.52" 3.42 + 0.09" 6.35 * 0.06" 31.61 + 0.90" 0.46 * 0.10° 8.47 + 0.33¢

UAT-400 W 25.27 + 0.37° 18.21 + 0.28° 3.01 = 0.04° 6.31 = 0.07" 33.83 * 1.02° 0.61 = 0.08" 6.69 + 0.24¢

UAT-600 W 29.66 + 0.24° 15.97 + 0.31¢ 3.84 = 0.06 6.84 + 0.09" 39.59 + 1.06" 0.79 * 0.06 11.65 + 0.15

@ UAT: ultrasonic-assisted thawing.

> Values followed by different small letters within the same column denote significant differences (P < 0.05).
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Table 2

Change in free amino acids content (FAA) induced by ultrasonic power.*"
FAA content (g/100 g) Samples

Control UAT-200 W UAT-400 W UAT-600 W

Essential FAA
Threonine 0.85 + 0.02° 0.96 + 0.02" 1.12 + 0.05° 1.14 + 0.04
Valine 0.81 + 0.04" 0.91 + 0.03" 0.92 + 0.07° 0.95 + 0.05"
Methionine 0.47 * 0.01¢ 0.53 * 0.04" 0.60 * 0.03" 0.60 = 0.02°
Isoleucine 0.84 = 0.01¢ 0.96 * 0.03" 1.04 + 0.01° 1.05 * 0.02°
Leucine 1.58 + 0.02° 1.75 + 0.01” 1.96 + 0.03° 1.99 + 0.02°
Phenylalanine 0.97 + 0.08" 0.99 + 0.04” 1.05 + 0.02° 1.05 *= 0.07°
Lysine 1.71 * 0.13° 1.92 + 0.07° 2.12 * 0.01° 2.11 + 0.03"
Total 7.24 = 0.17° 8.02 + 0.16" 8.81 + 0.18" 8.89 + 0.14"
Non-essential FAA
Aspartic acid 1.65 * 0.12° 1.85 + 0.17° 2.18 * 0.12° 2.24 = 0.11°
Serine 0.70 = 0.04° 0.78 * 0.02" 0.88 + 0.05 0.90 + 0.03"
Glutamic acid 2.63 = 0.13° 3.10 + 0.14" 3.51 + 0.11° 3.52 + 0.27°
Proline 1.45 * 0.04° 1.79 * 0.07° 1.66 + 0.01° 1.70 + 0.04"
Glycine 0.78 + 0.01¢ 0.85 * 0.04° 0.95 + 0.01" 1.02 + 0.02°
Alanine 1.12 + 0.14" 1.24 + 0.10° 1.24 + 0.12° 1.24 + 0.11°
Cysteine 0.09 * 0.01" 0.11 = 0.01° 0.12 * 0.01% 0.12 = 0.04"
Tyrosine 0.63 = 0.02° 0.70 + 0.01" 0.80 + 0.08" 0.84 + 0.03"
Histidine 0.90 + 0.04" 0.91 + 0.03" 1.01 + 0.02° 0.99 + 0.02°
Arginine 1.13 + 0.04° 1.32 + 0.05" 1.45 + 0.05° 1.46 + 0.01°
Total 11.08 = 0.11¢ 12.65 = 0.12¢ 13.80 = 0.07" 14.03 = 0.09"
Total FAA 18.32 + 0.41° 20.67 + 0.37" 22.61 + 0.43" 22,92 + 0.27°
EFAA/NEFAA 65.34 + 0.34° 63.40 + 0.14" 63.84 + 0.61" 63.36 + 0.74"

@ UAT: ultrasonic-assisted thawing.

> values followed by different small letters within the same row denote significant differences (P < 0.05).

treatment could reduce the water loss of meat, which may account for
the observation that the minerals and water-soluble vitamins of the
ultrasonic treatment groups were higher than those in the control. Vi-
tamin A and Vitamin E are fat-soluble vitamins, which are less affected
by water loss [45].

3.5. Effect of the UAT on the volatile compounds of WYM

The heatmap (Fig. 4 A) shows all volatile compounds identified in
the WYM. There were about 66 volatile compounds in WYM, which
were divided into hydrocarbons, alcohols, aldehydes, esters, ketones,
acids, and others. The total volatile compound content of UAT-400 W
was significantly (P < 0.05) higher than those in the other groups
(Table 3 and 4).

There were 9, 10, 10, and 7 types of hydrocarbons, including sa-
turated and unsaturated hydrocarbons, detected in the control, UAT-
200 W, UAT-400 W, and UAT-600 W groups, respectively. In addition,
the hydrocarbon content the ultrasonic treatment groups was sig-
nificantly higher than that in the control. Hydrocarbons usually have
high odor thresholds, so the perception of their aroma is negligible
[41]. However, some hydrocarbons are important intermediate mate-
rials for heterocyclic compounds [46]. It is possible that some hydro-
carbons in the UAT-600 W group might transform into other sub-
stances, which might be responsible for the decrease in hydrocarbon
content.

The degradation of lipids in meat produces alcohols, which have a
higher odor detection threshold and contribute less to the aroma of
meat [47]. With increasing carbon chain length, however, alcohols can
produce unique aromas [30]. In our study, the alcohol content in the
control group was significantly (P < 0.05) higher than that in the
lower ultrasonic treatment group. The content of 1-octanol, which has a
distinctive aroma, was the highest in the control, UAT-200 W, and UAT-
400 W groups while the content of 2-ethylhexanol was highest in the
UAT-600 W group. Some alcohols, such as 2-butanol, 2-ethylhexanol,
trans-2-octen-1-ol, n-heptanol, 4-ethylcyclohexanol, and lauryl alcohol
increased with the degree of lipid oxidation during thawing, while 1-
dodecanol either decreased or, conversely, may have been oxidized to

aldehydes or esters [43].

Aldehydes have a lower taste threshold and are the main com-
pounds contributing to the odor of meat [41]. There are two sources of
aldehydes: (1) oxidation of lipids, and (2) Strecker degradation of FAA
[47]. The content of aldehydes in the UAT-400 W group was sig-
nificantly (P < 0.05) higher than in the other groups, which might be
due to lipid oxidation and Strecker degradation. Owing to the further
oxidation of aldehydes to acids, the content of aldehydes in the UAT-
600 W group was significantly (P < 0.05) lower than in the UAT-
400 W group.

There were eight types of ester and five types of acid in WYM.
Higher ester contents were detected in the ultrasound groups compared
with the control group. In the ultrasound groups, the content of esters
increased significantly (P < 0.05) with increasing ultrasonic power,
which might be caused by the degradation of hydrocarbons [41]. The
UAT-600 W group had the highest acid content, followed by the con-
trol, UAT-200 W, and UAT-400 W groups. This may be because some
aldehydes were oxidized to acids. However, esters and acids are low in
volatility and contribute only weakly to the flavor of meat [48].

Ketones have high detection thresholds and minor contributions to
meat flavor; however, some ketones are intermediates in the formation
of heterocyclic compounds [49]. The content of ketones in the ultra-
sonic treatment groups was significantly (P < 0.05) higher than that in
the control group, with no significant (P > 0.05) differences among
the ultrasound groups. There might be two reasons for this phenom-
enon: (1) the cavitation effect produced by ultrasound causes de-
gradation of proteins and FAA; (2) the thermal effect of ultrasound
causes lipid oxidation [50]. Zou et al. [43] found that the ketone con-
tent of beef increased with ultrasound power, which differed from our
results. This might be due to some ketones being converted into inter-
mediates of heterocyclic compounds under high-power ultrasonic con-
ditions [51].

Other compounds with low levels and high thresholds were also
detected, but these are unlikely to have any great effect on the aroma
perception of WYM. The results of the volatile compounds showed that
appropriate sonication was effective for better flavor production in
WYM.
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Fig. 4. The heat map (A), volatile compounds contents (B), score-plot of PLS-DA analysis (C) and associated VIP score (D) of different treatment. PLS-DA, Partial least

squares discrimination analysis; VIP, variables important in the projection.

Table 3

Change in minerals content induced by ultrasonic power™".
Minerals (mg/100 g) Samples

Control UAT-200 W UAT-400 W UAT-600 W

K 263.55 + 12.55° 301.27 + 4.31° 307.21 + 7.23" 321.51 + 5.66°
Ca 29.76 + 1.37¢ 37.44 + 1.14" 38.21 + 1.07" 41.92 + 1.26"
P 206.03 + 8.13" 209.27 + 9.24° 237.26 + 10.36" 245.40 + 11.46"
Fe 34.27 * 1.41° 34.21 * 2.11° 36.95 * 6.24" 37.32 * 5.81°
Zn 7.31 * 1.03° 8.44 + 0.33™ 9.27 * 1.06" 11.45 + 0.81°
Mg 3041 + 1.61° 35.27 + 3.13" 41.63 * 2.44" 42.33 * 3.24°
Mn 0.16 + 0.03" 0.18 + 0.02" 0.21 + 0.01%° 0.24 + 0.02°
Cu 0.19 + 0.04” 0.26 + 0.03" 0.24 + 0.07° 0.26 * 0.01°

@ UAT: ultrasonic-assisted thawing.

b values followed by different small letters within the same row denote significant differences (P < 0.05).
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Table 4

Change in vitamins content induced by ultrasonic power™".
Vitamins (ug/100 g) Samples

Control UAT-200 W UAT-400 W UAT-600 W

Vitamin A 9.94 + 0.62¢ 11.80 * 1.25° 13.25 + 1.08" 16.30 * 1.33°
Vitamin B, 271.54 + 7.22" 277.31 + 2.25" 292.69 * 5.74" 297.26 * 3.72%
Vitamin B, 1788.97 * 126.04° 2427.26 + 141.28" 2990.74 = 105.42" 3009.26 *+ 113.55"
Vitamin Bj 6073.59 + 130.72¢ 6585.67 + 393.04¢ 7336.45 + 232.52" 8037.38 + 351.54"
Vitamin Bg 1047.89 + 74.13" 1191.78 + 65.62" 2073.29 * 30.91° 2061.34 * 19.44"
Vitamin Bg 259.67 + 12.16" 312.29 * 49.217 310.41 * 16.28" 326.69 * 24.88"

Vitamin By,

3394.87 * 304.42"

3369.23 *= 206.74"

3322.12 *= 142.78"

3422.18 = 83.62"

Vitamin E 9.45 = 1.12"

14.54 + 2.04°

15.37 + 1.17° 16.38 * 1.06"

& UAT: ultrasonic-assisted thawing.

b values followed by different small letters within the same row denote significant differences (P < 0.05).

3.6. PLS-DA analysis of volatile compounds

The volatile compounds were analyzed by PLS-DA to acquire a
greater depth of understanding of the different groups as this method is
more effective in discriminating the groups based on the volatile
compounds in food than principal component analysis [52]. Fig. 4C and
D show the PLS-DA results of the four groups. The highest-ranking
components accounted for 86.5% of the total variance, indicating that
the changes in the volatile compounds among the different groups
allow good discrimination and predictability in the model [53]. The
first component of the cultivars accounted for 60.6% of their total
variation. The control group and the ultrasonic treatment groups were
successfully distinguished. The UAT-400 W group was separated from
other groups when the second component accounting for 25.9% of their
total variation was considered. Variables important in the projection
(VIP) can help us understand the differences in the volatile compounds
in the different groups. As shown in the VIP plots (Fig. 4D), the VIP
values for 2,4-heptadienal, 2,4-ethylhexanol, heptanal, hexyl butyrate,
L-alanine-ethy, hexadecanal, 1-pentadecanal, 1-octanol, hexanoic acid,
2-nonanone, 2-butanol, 1-dodecanol, dibutyl phthalate, 3-3,3-dimethyl
and 2-trans-dodecenal were greater than 1, suggesting that these vola-
tile compounds were the contributors in the UAT groups and the control
group [54], and 2,4-heptadienal showed the highest VIP, which in-
dicate that 2,4-heptadiena is the key biomarker of the different groups.
The PLS-DA has been widely used in screening different sets of char-
acteristic biomarkers. Zhou et al., (2020) screened acetic acid, 3-me-
thyl-butanoic acid, and 3-methyl-butanal from 36 volatile compounds
by PLS-DA as key biomarkers in normal ham and defective ham and the
results were shown to be accurate by the Odor/Taste active values test
[55]. Gong et al., (2019) found that the hexanoic acid and hexanal
screened by PLS-DA can accurately determine whether ‘Fuji’ and ‘De-
licious’ apples are infected by Penicillium expansum [52]. The above
studies demonstrate the accuracy of PLS-DA in selecting key biomarkers
among differently treated samples.

3.7. Microstructure of thawed WYM

The cavitation produced ultrasound often causes changes in the
microstructure of meat. The effect of UAT on the microstructure of
WYM during thawing was evaluated in this study. As shown in Fig. 5,
the muscle fiber membrane of the control sample was damaged, and the
boundaries between the adjacent muscle fibers were blurred. The
muscle fiber membrane and boundaries were clear when the ultrasonic
power was at 200 W and 400 W. Following the use of ultrasonic power
at 600 W, the muscle fiber membranes were more severely ruptured
than the control and the boundaries had disappeared. Fig. 5 E shows the
muscle fiber area and muscle fiber space in the different treatment
groups. The UAT-400 W group had the greatest muscle fiber area and
the smallest muscle fiber space. This result is not consistent with the
observation of Sir et al. [56] that ultrasonic treatment can increase the

muscle fiber space of beef. However, a recent study showing that grass
carp muscle treated by proper ultrasound power can reduce muscle
fiber space supports our results [57].

4. Conclusions

The effects of different power levels of ultrasound at a 20 kHz fre-
quency on the thawing rate and quality of white yak meat (WYM) were
investigated. Ultrasound-assisted thawing (UAT) could significantly
reduce of thawing time due to cavitation effects. UAT can also reduce
the damage to WYM quality during thawing, although this did not hold
when the ultrasonic power was 600 W. An appropriate ultrasonic power
(UAT-400 W) can effectively reduce the thawing loss of WYM, helping
to avoid mineral and water-soluble vitamin loss during thawing and
leading to a decrease in the cutting force and L* value. Meanwhile,
samples treated with UIT-400 W had the most complete microstructure,
consistent with the findings that the UAT-400 W group had the lowest
cooking losses and highest a* values. Furthermore, the degree of lipid
oxidation in the UAT-400 W group was lower than in the other groups
with consistent b* values. The overall content and type of volatile
compounds in the UAT groups were higher than those of the control.
The key biomarker of the different groups selected by PLS-DA was 2,4-
heptadienal. Therefore, it is proposed that the application of UAT-
400 W treatment increases the thawing efficiency and minimizes the
unwanted changes induced by thawing in WYM.
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