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This study investigated the effects of low-voltage electrostatic field (LVEF), electron beam irradiation (EBI), and modified at-
mosphere packaging (MAP) on protein and lipid oxidation of pigeon meat (PM) during chilled storage. The water-holding
capacity (WHC) and color reflected that the difference between the LVEF-treated (1.20kV/m) group and the fresh groups was the
smallest. The oxidation analysis of protein showed that the LVEF-treated group had smaller values of carbonyl concentration
(0.0551 + 0.0048 umol/g), larger values of sulfhydryl concentration (0.737 +0.0364 umol/g), and higher Ca**-ATPase activity
(30.10£1.52U/g) than the C4 group (0.0649+0.0013 ymol/g, 0.510+0.0225umol/g, and 25.18 +1.42U/g, respectively).
SDS-PAGE demonstrated the ability of LVEF to inhibit the hydrolysis and cross-linking of proteins. Meanwhile, the LVEF-treated
group had lower values of TBARs (2.26 + 0.0371 pg/kg) than the other groups and had a lower lipid oxidation level. In addition, the
fatty acids in the LVEF-treated group were similar to those in the fresh group and were beneficial to human health. In conclusion,

LVEF (1.20kV/m) could inhibit protein and lipid oxidation of PM during chilled storage.

1. Introduction

Pigeon meat (PM) is the fourth crucial poultry meat because
of its unique flavor and high value of nutrition [1]. It is worth
noting that the problem of imperfect PM preservation
technologies is also exposed with the increase in PM yield.
Outdated preservation techniques are more likely to con-
tribute to the oxidation of proteins and lipids, which can lead
to a decrease in the edible quality of meat. Proteins and lipids
are the main components of meat and the dominant con-
tributors to juiciness, tenderness, flavor, and aroma [2].
Proteins in meat have a wide variety of types and functions,

but oxidized proteins are all subject to aggregation or
degradation, altering the original construction of the protein
[3]. For example, oxidation can change the charge distri-
bution of amino acid residues and expose the hydrophobic
core of proteins, reducing the number of hydrogen bonds
between proteins and water molecules and leading to water
loss in meat [4]. In addition, disulfide bonds and carbonyl
groups formed as a result of protein oxidation can lead to the
cross-linking of proteins, resulting in decreased meat ten-
derness [5]. Oxidation of lipids should be noticed as well. It
has been found that phospholipids on cell membranes can be
oxidized, leading to leakage of cell contents, including
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reactive oxygen species (ROS), which refers to both free and
nonfree radicals of oxygen origin, such as OH™, O,7, and
H,0, [6]. This phenomenon exacerbates the oxidation of
meat, further contributing to the rupture of the cell mem-
brane [7]. In addition, lipid oxidation may transfer oxidative
stress to proteins and affect the PM quality through protein
oxidation [8]. Various preservation techniques have been
developed and applied to inhibit oxidation, including low-
voltage electrostatic field (LVEF), which is a technology that
imposes an electric field environment during food
processing.

LVEF is widely used to assist in the freezing or thawing
of meat and its products, which can inhibit protein oxidation
and improve WHC and tenderness, such as pork steaks [9],
beef steaks [10], and chicken breast [11]. The preservation
mechanism of LVEF is that the electrostatic field enables the
directional movement of ions with different charges and
increases the heat transfer coefficient, which is beneficial in
reducing the damage of ice crystals to muscle cells [12].
Therefore, the movement of charged ions in the presence of
LVEF may inhibit the production of ROS in PM and change
the charge distribution of biomolecules, reducing the
chances of proteins and lipids reacting with ROS to inhibit
PM oxidation. Modified atmosphere packaging (MAP) is
a preservation technique used to extend the shelf life of meat
by changing the type and proportion of filling gas [2].
Oxygen, carbon dioxide, and nitrogen are the most common
filling gases. Oxygen not only inhibits the growth of an-
aerobic microorganisms but also promotes the oxidation of
biomolecules. Therefore, adjusting the oxygen-to-carbon
dioxide ratio may inhibit this oxidation reaction and ex-
tend the shelf life of foods. Electron beam irradiation (EBI) is
a preservation technology that utilizes high-energy electron
beam processing of food, which is widely used to inactivate
microorganisms and extend the shelf life of food [5].
Therefore, this study was able to better demonstrate the
inhibitory effects of different nonthermal preservation
techniques on protein and lipid oxidation by using LVEF,
MAP, or EBI to preserve PM. This work can provide data to
support the promotion of nonthermal preservation
techniques.

This study aimed to determine the inhibitory effects of
LVEF, MAP, and EBI on PM protein and lipid oxidation
under chilling storage to identify an appropriate strategy for
PM preservation. Meanwhile, PCA and PLS-DA were used
to evaluate the effects of three preservation techniques on the
main fatty acid composition of PM. Based on the perspective
of inhibiting protein and lipid oxidation, this paper aimed to
find a suitable preservation method that could be used to
improve the water-holding capacity, color, and texture of
PM and to extend the shelf life of PM.

2. Materials and Methods

2.1. Sample and Material Preparation. The pigeons were
purchased from Shanghai Shen Yu Pigeon Breeding Pro-
fessional Cooperative for European Pigeons (Shanghai,
China), approximately 1 month old (161.0+11.6g). The
pigeon was slaughtered, cleaned, and had its viscera
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removed. After removing the head and neck, the pigeons
were transported to the laboratory within 2 hours under an
ice bath. Next, the pigeons were halved along the spine,
cleaned, wiped dry, and packed using a MAP-H360 Com-
pound Gas Preservation Packaging Machine (Suzhou Senrui
Preservation Equipment Co., Ltd., Jiangsu, China). The
sample number for each time point (0, 5, 10, 15, and 20 days)
for each treatment group (C4, MA, MB, MC, EA, EB, EC,
and LV) was 5. As shown in Figure 1, each treatment group
consisted of C4 (refrigerated storage only; the actual tem-
perature was 3 +1°C), MA (50% CO,+50% N,), MB (10%
0,+40% CO,+50% Nj), MC (20% O, +30% CO,+50%
N,), EA (2kGy), EB (4kGy), EC (8 kGy), and LV (1.20kV/
m). The treated samples were placed together in a cold store
(3 £1°C), and the temperature changes in the cold store were
monitored in real time. Test samples were taken from the
pigeon breast meat, and the obtained meat samples were
frozen at —80°C for the following testing.

N,, CO,, and O, were obtained from Shanghai Jiajie
Specialty Gases Co., Ltd. (Shanghai, China). EBI was
provided by Shanghai Suneng Fuzhao Technology Co.,
Ltd. (Shanghai, China). DENBA Japan Co., Ltd., provided
the LVEF device (model). The Protein Carbonyl Assay Kit,
the Total Mercapto Assay Kit, and the Tris-Tricine-
SDS-PAGE Gel Preparation Kit were purchased from
Beijing Solarbio Science & Technology Co., Ltd. (Beijing,
China). The CheKine™ Ca®*/Mg**-ATPase Activity Assay
Kit was purchased from Abbkine Scientific Co., Ltd.
(Hubei, China). 3-Color Prestained Protein Standards
(AG11919) were purchased from Accurate Biotechnology
Co., Ltd. (Hunan, China). The Chicken Thiobarbituric
Acid Reactor ELISA Kit was purchased from Jiangsu
Meimian Industrial Co., Ltd. (Jiangsu, China). Methyl
alcohol and heptane are used for HPLC reagents. The
other reagents are analytical reagents. All the reagents
were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Supelco 37 Component FAME
Mix was purchased from Shanghai Yuanye Bio-
Technology Co., Ltd. (Shanghai, China).

2.2. Physicochemical Parameters

2.2.1. Color. The color measurement was performed as
described by Wyrwisz et al. [13], with slight modifications.
Each group has 5 parallel samples, and each sample was
tested three times. The PM was measured by CM-5 color-
imeter (Hangzhou Ke Sheng Instrument Co., Ltd.) with the
following parameters: 8 mm measuring aperture, SCE, light
source D65, 10° standard observer, and white plate cor-
rection (L* =96.45, a* =—0.14, and b* =-0.28).

2.2.2. Storage Loss, Cooking Loss, and Centrifuging Loss.
Storage loss was calculated from the mass of the PM before
storage (recorded the mass as m,) and after storage (m,)
with the following equation:

Storage loss (%) = Mo =M o 100%. (1)
my
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FIGURE 1: Schematic diagram showing the experimental design (a) and picture of PM from each group on the 20th day (b). C4 (refrigerated
storage only), MA (50% CO, + 50% N,), MB (10% O, +40% CO, + 50% N,), MC (20% O, + 30% CO, + 50% N,), EA (2kGy), EB (4 kGy), EC

(8kGy), and LV (1.20kV/m).

Cooking loss was determined with slight modifications
according to the method of Li et al. [14]. PM (record the mass
as m,) was placed in polyethylene bags and vacuum sealed.
Next, the PM was boiled in 85°C water until the central
temperature reached 72°C. A needle temperature sensor was
pierced through a polyethylene bag into the PM to measure the
center temperature of the meat in real time. It was then cooled
to room temperature under running water and swabbed dry to
record the mass as m;, calculated as follows:

Cookingloss (%) = my — s

x 100%.
~ 6 (2)

The centrifuging loss was determined according to the
method of Wang et al. [15] with slight modifications. 1 g of
PM (recorded the mass as m,) was weighed in a 10ml
centrifuge tube and centrifuged at 20°C, 10,000 g, for 10 min.
The centrifuged PM was wiped dry and weighed as ms,
calculated as follows:

T 100%  (3)

Centrifuging loss (%) =
my

2.2.3. Texture Analysis. PM after the determination of
cooking loss was used to determine shear force [14]. Each
PM sample was trimmed into a rectangular shape (5cm
5cm * 2cm, length, width, and height), and the muscle
fibers were placed perpendicular to the direction of shear
force. The parameters of the texture analyzer (TA-XT Plus,
Stable Micro System, LOTUN SCIENCE Co., Ltd., China)
configured with A/MORS were as follows: pretest speed and
test speed were 1.5 mm/s, posttest speed was 10 mm/s, depth
was 8 mm, and trigger force was 20 g.

2.3. Determination of Carbonyl Concentration. The carbonyl
concentration of PM was determined using the Protein
Carbonyl Assay Kit (Beijing Solarbio Science & Technology
Co., Ltd., China; cat#BC1275). 0.1 g (accurate to 0.0001 g) of
pigeon breast meat was weighed, and 1 mL of extraction

buffer was added and homogenized in an ice bath for 1 min.
The sample was centrifuged at 5000 rpm for 10 min at 4°C.
The supernatant was used for the assay. The test solution was
prepared according to the instructions. Finally, the absor-
bance of the test solution was measured at 370 nm, and the
carbonyl concentration was calculated.

2.4. Determination of Sulfhydryl (SH) Concentration. The
sulfhydryl concentration of PM was determined using the
Total Mercapto Assay Kit (Beijing Solarbio Science &
Technology Co., Ltd; cat#BC1375). 0.1g (accurate to
0.0001 g) of pigeon breast meat was weighed, and 1 mL of
extraction buffer was added and homogenized in an ice bath
for 1 min. The sample was centrifuged at 8000 g for 10 min at
20°C. The supernatant was used for the assay. The test so-
lution was prepared according to the instructions. The
standard curve was plotted according to the standard
(glutathione) provided in the kit and the instructions, and
R*>0.99 was required. Finally, the absorbance of the test
solution was measured at 412 nm, and the sulthydryl con-
centration was calculated based on the standard curve.

2.5. Determination of Ca’*-ATPase Activity. The CheKine™
Ca®*/Mg’*-ATPase Activity Assay Kit (Abbkine Scientific
Co., Ltd., China; cat#KTB1810) was used to measure the
Ca®*-ATPase activity of PM. 0.1 g (accurate to 0.0001 g) of
pigeon breast meat was weighed, and 1 mL of extraction
buffer was added and homogenized in an ice bath for 1 min.
The sample was centrifuged at 8000 g for 10 min at 4°C. The
supernatant was used for the assay. The test solution was
prepared according to the instructions. Finally, the absor-
bance of the test solution was measured at 660 nm, and the
Ca®*-ATPase activity was calculated.

2.6. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electropho-
resis (SDS-PAGE). Myofibrillar proteins (MPs) were pre-
pared according to Hirasaka et al. [16], with some



modifications. 0.02 g of PM was weighed into 200 yL protein
extraction solution and homogenized on ice for 3 min. Then,
the sample was centrifuged at 12000 rpm for 20 min at 4°C to
obtain the supernatant. The protein concentration was de-
termined by the biuret method [17]. Then, protein profiles of
MPs of PM were analyzed by SDS-PAGE, based on the
method described by Liu et al. [18]. SDS-PAGE with 5%
stacking gel and 12% separating gel was used. The protein
(1 mg/mL), mixed with the sample loading bufter (with or
without 1 M -mercaptoethanol (ME)) at the ratio of 4:1 (v/
v), was heated in boiling water for 5 min. An aliquot of 10 yL
of samples was loaded onto the gel. Then, the gel was
subjected to electrophoresis at a voltage of 80 V for 25 min
and 120V for 45 min. The gel was immersed in a stained
solution (0.25 g/L Coomassie Brilliant Blue R-250 dissolved
in 25% ethanol (v/v) and 8% acetic acid (v/v)) for 5h and
then immersed in a destained solution (25% ethanol (v/v)
and 8% acetic acid (v/v)) for 3 h.

2.7. Thiobarbituric Acid-Reactive Substance (TBAR) Assay.
The Chicken Thiobarbituric Acid Reactor ELISA Kit
(Jiangsu Meimian Industrial Co., Ltd., Jiangsu, China) was
used to determine the concentration of TBARs in PM.
According to the instructions of the kit, the sample to be
tested and the detection antibody HRP were added to the
microtiter wells of the enzyme plate coated with TBAR
antibody, prewarmed (37°C, 60min), and washed thor-
oughly. The absorbance (OD) was measured at 450 nm using
the substrate TMB as the chromogenic reagent, and the
concentration of TBARs in the test sample was calculated
from the linear regression curve of the standard. The
standard curve was plotted according to the standard pro-
vided in the kit and the instructions, and R*>0.99 was
required.

2.8. Determination of Fatty Acid. The fatty acid contents of
the PM sample were analyzed following the method de-
scribed by Jo et al. [19]. In brief, 2 g of minced PM was mixed
with 100 mg of pyrogallol, 2 mL of internal standard solution
(1,2,3-triundecanoyl glycerol, for GC), 2 mL of 95% ethanol,
and 10 mL of 8.3 M HCl and hydrolyzed for 40 min at 80°C.
The hydrolyzed sample was extracted three times with
a mixture of ether and petroleum ether in equal proportion.
Next, the extract was evaporated to dryness, and sodium
hydroxide and methanol were added to generate the fatty
acid methyl ester. Then, heptane (for HPLC) was added to
extract the fatty acid methyl ester, and anhydrous sodium
sulfate was used to remove water. Finally, the supernatant
was obtained after centrifugation.

The supernatant was detected by gas chromatography-
mass spectrometry (GC-MS) equipped with a flame ioni-
zation detector (GC:TRACE 1300; MS: ISQ 7000; Thermo
Fisher Scientific, Waltham, Massachusetts, USA) and cap-
illary GC column (DB-5MS, 30m x 0.25mm X 0.25 ym)
(Agilent Technologies, Palo Alto, USA). The injection vol-
ume of the sample was 1 yL, and helium was used as the gas
carrier. The injector temperature was 270°C. The split flow
was 5 mL/min, and the split ratio was 5. The constant flow
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was 1 mL/min. The GC heating program was as follows: 90°C
for 1 min; 8°C/min up to 170°C; 5°C/min up to 240°C; and,
finally, 25°C/min up to 290°C and held for 7 min. The mass
spectra were recorded in electron impact (EI) ionization
mode at 70 eV. The ion source temperature was 250°C, the
transfer line temperature was 280°C, and the scans were
carried out at intervals of 0.2 s in the range of 33~550 amu
ion mass-to-charge ratios (m/z).

2.9. Statistical Analysis. The number of experimental sam-
ples in parallel was 5. The results were taken as the mean of 5
data. Different statistical methods such as one-way ANOVA,
Duncan’s test, principal component analysis (PCA), and
partial least-squares regression discriminant analysis (PLS-
DA) were applied to the data set. One-way ANOVA and
Duncan’s test were conducted using SPSS version 20. The
histograms were constructed using Origin version 2018.
PCA and PLS-DA were conducted using MetaboAnalyst 5.0.

3. Results and Discussion
3.1. Physicochemical Parameters

3.1.1. Color. The changes in color under nonthermal tech-
nologies were evaluated using L*,a*,andb* values. As
shown in Table 1, a* value (redness value) showed a grad-
ually rising trend among all groups due to the oxidation of
myoglobin (Mb). The proportion of three forms of Mb was
a key factor affecting PM color [20]. Brown methemoglobin
(MMb) was the final oxidation product of Mb, which could
considerably decrease the red color of PM. On the 20th day,
the a* values tended to decrease in all groups, with the LV
group having the highest a* values, which was related to the
increase in the relative proportion of high iron myoglobin in
PM. There was no significant difference in the b* value
between all groups (p > 0.05), but it was higher than that of
the fresh group (0 d). Research has shown that the b* value
was positively correlated with the level of lipid oxidation
[21]. The b* value change in PM indicated that all groups
were oxidized during chilled storage. The L* value contin-
uously increased with the extension of storage time. The
exudate of the PM could form a water film on the surface of
the meat, which increases the L* value [22]. It was worth
noting that the three nonthermal technologies did not
significantly impact the L* value (p>0.05).

3.1.2. WHC. Water loss could affect the weight, appearance,
and sensory properties of meat products [23]. The effect of
nonthermal technologies on the WHC of PM is shown in
Figure 2. With the extension of storage time, the storage loss
increased in all groups (Figure 2(a)), which revealed that the
WHC of PM was decreasing. It was noteworthy that the
storage loss of the LV group (6.89 + 0.38%) was significantly
higher than that of the other groups (p <0.05). This phe-
nomenon was due to changes in the static charge of muscle
filaments in the electrostatic field, reducing the distance
between muscle filaments [4]. The centrifuging loss showed
an increasing trend (Figure 2(b)), which indicated
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TaBLE 1: Effect of nonthermal technologies on the color of PM.
Color Group 0d 5d 10d 15d 20d

C4 17.73 + 1.40°> 16.67 + 1.940°° 18.30 + 1.89° 16.55+ 1.19%

MA 17.74 + 1.40°> 16.19 + 1.30%°¢ 16.59 + 1.82%¢ 15.79 + 2.50°¢

MB 19.49 + 1.98° 17.91 +1.55° 15.88 + 1.34%¢ 12.10 +1.84°

+* value MC 15784073 16.83 + 1.37°%¢ 17.00 + 1.45% 22.53+1.72° 15.85+0.57%¢
EA SOED 15.33 + 1.99° 15.53 4 0.97°¢ 16.62 + 1.04*¢ 16.40 + 1.57%¢

EB 18.72 + 1.79%° 15.29 + 0.52°¢ 16.18 +1.35% 14.93 + 1.47°

EC 15.56 +0.92¢ 15.31 £0.42%¢ 15.39+0.73¢ 14.54 + 1.12°

LV 16.52 + 1.70%% 14.49 +0.39° 17.22 + 1.07%¢ 17.16 £ 1.22°

C4 17.24 + 2.48° 16.64 +2.01° 18.78 +2.21° 17.29+2.19°

MA 17.40 +2.67° 16.86+0.92° 18.55+ 1.03% 17.23 +2.08°

MB 17.05+2.12° 18.65+0.84° 17.05+2.12° 1823+ 1.17°

. MC 17.04 +1.82° 16.12 +0.70° 19.64+1.11° 18.22+0.51°
b* value EA 14.03£1.95 15.75 +2.28 16.97 + 0.42% 18.36 + 1.71° 19.35+2.37%
EB 16.24 + 2.59° 16.21 +1.03* 17.74 +2.05° 17.22 +1.21°

EC 16.41 +0.81° 16.57 + 1.10° 17.57 +2.18 17.03+0.74°

LV 15.98 + 1.89° 1543+ 1.86° 17.61 £2.16* 17.88 + 1.38°

C4 41.97 £1.22° 40.59 + 1.82% 41.63 +1.04° 4216 +1.52%°
MA 4115+ 1.23° 41.28+2.16% 42,56+ 1.30° 42.89 + 2.86%°

MB 40.54 + 1.43* 4131 +2.61° 41.90 +2.14° 4573 + 1.49°
. MC 40.92 +2.86* 39.32+1.70° 40.20+ 1.35° 4320+ 1.28%¢
L value EA 36.25+3.09 39.43 + 3.06° 42.12+1.77° 42.89 +2.01° 44.52 +0.61
EB 38.72 £3.75° 40.23+2.25° 41.81+1.25° 4235 +2.24%
EC 41.30 +1.55° 4130 +1.85° 42.97 +3.14° 43.17 £2.22%¢

LV 38.72 +1.94° 40.73 +3.09 40.16 + 3.44° 4133+3.13°

Note. Different lowercase letters (a to ¢) indicate that there are significant differences among the treatment groups on the same day (p < 0.05). C4 (refrigerated
storage only), MA (50% CO, + 50% N,), MB (10% O, +40% CO, + 50% N,), MC (20% O, + 30% CO, + 50% N,), EA (2 kGy), EB (4 kGy), EC (8 kGy), and LV

(1.20kV/m).
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FiGure 2: Effect of nonthermal technologies on the WHC of PM. Different uppercase letters (A to C) indicate that there are significant
differences among the treatment groups on the same day (p <0.05). C4 (refrigerated storage only), MA (50% CO, +50% N,), MB (10%
0,+40% CO,+50% Ny), MC (20% O, +30% CO,+50% N,), EA (2kGy), EB (4kGy), EC (8kGy), and LV (1.20kV/m).

a weakening of the interaction force between muscle and
water, and the oxidative denaturation of proteins was closely
related to this process. The results showed that the centri-
fuging loss was generally higher in the EBI-treated groups
(EA group was 19.31+1.12%, EB group was 21.97 + 0.60%,
and EC group was 21.36 +0.42%) than that of the other
groups (p <0.05). Because the ROS produced by irradiation
led to the oxidation of protein [24], protein oxidation ex-
posed its internal hydrophobic core, weakening the in-
teraction force between protein and water molecules and
increasing the centrifugal loss rate. In addition, the lowest
centrifuging loss was observed in the LV group
(15.36 £ 0.62%) because LVEF could cause resonance phe-
nomena of water molecules and proteins within the muscle,
reducing the loss of water from the muscle. The results of the
cooking loss rate of PM are shown in Figure 2. The lowest
cooking loss (39.15 + 1.35%) was observed in the LV group
on the 20th d, which indicates that the low-voltage elec-
trostatic field is more effective in stabilizing the equilibrium
of protein intermolecular and protein-water molecule
interactions.

3.1.3. Tenderness. The tenderness of meat had a major
impact on consumer satisfaction and was usually de-
termined by the shear force value. As shown in Table 2, an
increasing trend of tenderness was found in all groups
during chilled storage, which might be due to cellular au-
tolysis or protein breakdown by spoilage microorganisms.
On the 5th day, the MC and EC groups showed a signifi-
cantly lower shear force than the C4 group (p < 0.05), which
indicated that the tenderness of PM (MC and EC groups)

increased. It was noteworthy that the shear force of the EA
group was significantly higher than that of the other groups
(p<0.05). This phenomenon was due to the lower irradi-
ation dose of the EA group, which caused ROS generated in
the cells, leading to the cross-linking of proteins and re-
ducing the tenderness of the PM [5]. As the irradiation dose
increased (e.g., in the EB and EC groups), the concentration
of ROS in the cells increased. In this case, protein cross-
linking also occurred, and autolysis occurred in many
muscle cells, which reduced the tightness of the muscle and
made the PM more tender [25]. Until the 20th day, the shear
force of the samples (LV group) was lower than that of the
other groups (p <0.05), implying that LVEF was able to
induce an increase in the tenderness of PM. In contrast, the
shear force of the EA and EB groups was higher than that of
the other groups, which was the result of the constant ox-
idation of proteins by ROS generated by irradiation.

3.2. Protein Oxidation

3.2.1. Carbonyl Concentration of PM. The carbonyl group
was the most widely used indicator of protein oxidation and
was one of the main factors contributing to the deterioration
of meat quality [26]. Figure 3(a) demonstrates the effect of
nonthermal technologies on the carbonyl concentration of
PM. The result showed that the carbonyl concentration of
PM increased with time, and the carbonyl concentration was
0.0441 ymol/g on 0d. During the first 5d, the carbonyl
concentrations of the EB and EC groups increased, which
were significantly higher than those of the other groups
(p<0.05). The maximum carbonyl concentration of each
group (C4, MA, MB, MC, EA, EB, EC, and LV) reached
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TaBLE 2: Effect of nonthermal technologies on the shear force of PM.

Group od (N) 5d (N) 10d (N) 15d (N) 20d (N)

C4 11.89 4 0.64* 11.75+ 1.28%% 9.93+0.83° 10.63 +0.73%
MA 11.90 + 0.99* 11.09 +0.80°> 10.74+0.31° 10.46 + 1.01°
MB 12.25 +1.01° 10.15 +0.88° 10.41 + 0.66™ 11.38 +0.90°
MC 11774073 10.78 + 0.98° 12.68 +1.08¢ 11.42 +0.80° 11.42+0.97°
EA A= 13.80+ 1.03¢ 12.01 +1.18%¢ 11.44+0.72° 12.16 + 1.08¢
EB 12.01 + 0.71° 11.05 + 1.10%¢ 11.20+ 1.53¢ 12.68 +0.74¢
EC 10.85 + 0.66° 12.85 +1.20¢ 11.39+0.83¢ 11.77 +0.88"
LV 11.52 +0.83% 10.46 + 0.85"° 10.27 +0.94%° 10.14 + 1.06%

Note. Different lowercase letters (a to d) indicate that there are significant differences among the treatment groups on the same day (p < 0.05). C4 (refrigerated
storage only), MA (50% CO, +50% N), MB (10% O, +40% CO, + 50% N,), MC (20% O, + 30% CO, + 50% N,), EA (2kGy), EB (4kGy), EC (8 kGy), and LV
(1.20kV/m).

Carbonyl concentration (umol/g)

0.08

0.06

0.04

0.02

XXX KRR KR KKK XXX KXKA

Gy
=
g :
L g ol
I
: S 2
g K
- i E‘ o
3 S 84
X < X
] il 2 :
S !
4
o
!
15
Storage time (days)
Lo/ MA L2/ Ma
L o
BB e B30 e

Figure 3: Continued.

5]

)

10
Storage time (days)




®©
(=}
1

N
(=}
1

fox)
(=]
1

[
(=]
1

Ca’*-ATPase activity (U/g)
© ~
(=] (=}
1 1
%8 .0 X

[ ]
(=]
1
e’

e

—_
(=]
1
XX

&I FTETTELTIE

DTO70TOTOTOTOTOTOTOTOTOTOTO

e

(=]

Journal of Food Biochemistry

Storage time (days)

[ e

U] ma
R mB

XXX
(RS MC

F1GURE 3: Changes in the (a) carbonyl and (b) sulthydryl group concentrations of PM and (c) Ca®"-ATPase activity of PM during chilled
storage. Different uppercase letters (A to E) indicate that there are significant differences among the treatment groups on the same day
(p <0.05). C4 (refrigerated storage only), MA (50% CO, + 50% N,), MB (10% O, +40% CO, + 50% N,), MC (20% O, + 30% CO, + 50% Ny),

EA (2kGy), EB (4kGy), EC (8kGy), and LV (1.20kV/m).

0.0649 ymol/g, 0.0444 ymol/g, 0.0715 ymol/g, 0.0541 ymol/
g, 0.0664 ymol/g, 0.0715umol/g, 0.0918 ymol/g, and
0.0551 ymol/g during chilled storage, respectively. The
lowest carbonyl concentrations were found in groups MA,
MG, and LV. The carbonyl concentration of samples treated
with MAP or LVEF was consistently lower than that of the
C4 group. This phenomenon indicated that MAP and LVEF
could effectively inhibit protein oxidation. The carbonyl
concentration of the EBI-treated groups was significantly
higher than that of the other groups before 15d (p <0.05).
This phenomenon meant that EBI could accelerate the
oxidation of proteins. In addition, on the 20th day, the
carbonyl concentrations of the MB and LV groups were
significantly lower than those of the other groups (p <0.05).
Meanwhile, the carbonyl concentrations of the MB, EC, and
LV groups decreased rapidly from 15d to 20d (p <0.05).
The main reason for the change in carbonyl concentration
might be the increase in the exudate loss.

The main cause of carbonyl formation was ROS, which
attack amino acid side chains and polypeptide backbones
[27]. The carbonyl concentration of the EBI-treated groups
was higher than that of the other groups. This was attributed
to the fact that EBI produced more ROS than other groups.
EBI interacts with water molecules, causing the dissociation
of water molecules to produce hydroxyl radicals (-OH),
while hydroxyl radicals interact with oxygen molecules to
produce more ROS than in the C4 group [5]. The carbonyl
concentrations were lower in the MAP-treated groups (MA,
MB, and MC groups) than that in the C4 group. This was
attributed to the fact that CO, in MAP could be an acceptor
of electrons, inhibiting electron transfer and producing

fewer ROS than in the C4 group [28]. However, LVEF could
alter the charge distribution of biomolecules, inhibit cellular
metabolism, and reduce ROS production [29]. The forma-
tion of carbonyl functional groups was usually accompanied
by cross-linking and fragmentation of the protein [30].
Although the carbonyl concentration was less than 2 ymol/g
in all groups, cross-linking still occurred and affected the
color, water-holding capacity, and tenderness of PM [2].

3.2.2. Sulfhydryl Concentration of PM. Sulthydryl functional
groups were one of the most active functional groups in
proteins [31]. As shown in Figure 3(b), sulthydryl con-
centration decreased during chilled storage, and the fresh
group was 1.45umol/g. On the 5th day, the sulthydryl
concentrations of the EC groups were significantly lower
than those of the other groups (p <0.05) because the higher
ROS concentration significantly increases the oxidation rate
of sulfhydryl groups. The LV group had a higher sulthydryl
concentration in all groups and showed significant differ-
ences at 10d and 15d (p<0.05). On the 20th day, the
highest sulthydryl concentration was found in the EA and
LV groups (p<0.05). It was indicated that LVEF could
effectively inhibit the oxidation of the sulthydryl functional
groups. The C4 group showed the greatest decrease in
sulfhydryl concentration from 10d to 15d, while the other
groups occurred from 15d to 20 d. This phenomenon might
be because the C4 group could accumulate ROS faster.
Notably, there was no significant difference between the
groups (C4, MA, MB, and MC) on the 20th day. This
phenomenon might be due to the number of sulthydryl
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functional groups that could participate in the reaction
having reached a threshold.

During chilled storage, the sulthydryl groups of cysteine
were oxidized by ROS to disulfide bonds (-S-S-), resulting in
a decrease in sulfhydryl concentration [32]. Disulfide
bonding was one of the common ways of protein cross-
linking and a key marker of sulfhydryl oxidation [6]. Cross-
linking of proteins could alter the conformation and
function of MPs, which, in turn, affects the quality of PM.
Therefore, a higher sulthydryl concentration could maintain
the better quality of PM.

3.2.3. Ca®*-ATPase Activity of PM. Ca**-ATPase activity
could reflect the integrity and superior quality of MPs [33].
As shown in Figure 3(c), the Ca?*-ATPase activity of PM
showed a significant decrease during chilled storage
(p <0.05). This phenomenon indicated that the quality of
MPs decreases continuously with storage time, especially in
the first 5days. This phenomenon was associated with
conformational changes in myosin globular heads, increased
protein-protein interactions, and ionic strength [34]. The
Ca**-ATPase activity of the fresh group was 67.66 + 3.25 U/
g. The sink rate of each group (C4, MA, MB, MC, EA, EB,
EC, and LV) about the Ca**-ATPase activity was 51.27%,
56.82%, 54.61%, 53.62%, 61.66%, 60.39%, 62.93%, and
51.84%, respectively. The EBI-treated groups showed the
fastest decline during the first 5th day (p < 0.05), which was
mainly due to the ability of irradiation to produce ROS faster
and change the conformation of proteins. From the 5th day,
the Ca**-ATPase activity showed a slow decline in each
group. On the 20th day, the enzyme activity of the LV group
was significantly higher than that of the other groups
(p<0.05), while the enzyme activity of the EBI-treated
groups remained the lowest but showed no significant
differences between the C4 and MAP-treated groups
(p>0.05). The Ca®"-ATPase activity was closely related to
the sulthydryl groups in the globular head of myosin [35].
Oxidation of the sulthydryl functional groups at the active
site of the Ca®*-ATPase would lead to a decline in enzyme
activity. The results showed that LVEF could effectively
inhibit the oxidation of the sulthydryl functional groups and
the decrease of Ca**-ATPase activity and could maintain the
better structure and function of MPs. It might be that the
LVEF changes the charge distribution on the MPs, in-
terfering with the interaction of enzymes or polar molecules
with MPs [29].

3.2.4. SDS-PAGE Analysis. The SDS-PAGE results of the
MPs are shown in Figure 4. The intensity of the major MP
bands contained actin at 43kDa, troponin T at 38kDa,
tropomyosin at 35kDa, and troponin T+ at 30 kDa. As the
total protein quantity loaded into each lane was constant, the
changes in the intensity of protein bands could be attributed
to hydrolysis or cross-linking of the protein [10]. In the
presence (Figure 4(a)) or absence (Figure 4(b)) of ME, there
was no difference in protein intensity between the fresh and
LV groups. This phenomenon revealed that LVEF inhibited
the cross-linking or degradation of proteins. In the absence

of ME, the intensity of actin decreased in the group (C4, MA,
MB, MC, EA, EB, and EC). In contrast, in the presence of
ME, the intensity of the bands recovered in each group,
indicating that cross-linking of actin occurred during chilled
storage. The same phenomenon was observed in troponin T
in the EBI-treated groups, which might be due to the cross-
linking of troponin T in the EBI-treated groups being
disulfide bonds. However, the protein intensity of troponin
T in the MAP-treated groups was still different compared
with the fresh groups. This phenomenon was attributed to
Schiff base adducts or the formation of carbon-carbon co-
valent bonds [36]. Similarly, the results of the tropomyosin
and troponin T+ bands showed that cross-linking of pro-
teins with non-disulfide bonds occurred during chilled
storage. In the presence of ME, some bands (25-100kDa)
had improved intensity, indicating that disulfide bonds were
partially responsible for protein cross-links.

3.3. Lipid Oxidation

3.3.1. TBARs Analysis. TBARs were an indicator of sec-
ondary oxidation products such as malondialdehyde (MDA)
and were formed during lipid oxidation, and they are com-
monly used to assess the oxidative rancidity of lipids [37]. The
results in Figure 5 showed that lipid oxidation of PM
deepened with storage time. On the 5th day, the TBAR value
of the C4 group increased rapidly from 2.17 ug/kg to 2.68 ug/
kg, significantly higher than that of the other groups
(p <0.05), whereas the lowest TBAR values were found in the
EC and LV groups (p < 0.05). After that, the TBAR values of
each group (C4, MA, MB, MB, EA, EB, EC, and LV) showed
different levels of increase and reached 3.06 ug/kg, 3.18 ug/kg,
3.03 ug/kg, 2.85 ug/kg, 3.09 ug/kg, 2.41 ug/kg, 3.10 ug/kg, and
2.25 ug/kg. Throughout the storage process, the TBAR value
of the LV group was significantly lower in all groups
(p <0.05). This phenomenon indicated that LVEF was better
able to inhibit lipid oxidation. A decrease in TBAR values was
found on the 20th day because lipid oxidation could disrupt
the biofilm structure of cells and release ROS into the tissue
fluid, which was eventually lost with the exudate. It has also
been reported that the ROS were released into the tissue fluid
and reacted with more proteins and lipids, accelerating
protein and lipid oxidation [6]. The LV group had the lowest
values of TBARs, which was consistent with its lower carbonyl
concentration. It has been reported that electric fields could
alter the charge distribution of tubulin in eukaryotic cells,
causing an induced dipole moment and disrupting its
function in eukaryotic mitosis [29]. Therefore, the lower
TBAR values in the LV group than in the other treatment
groups throughout the storage period might also be related to
the fact that LVEF decreased the activity of enzymes (e.g.,
lipoxygenase) associated with lipid oxidation.

3.3.2. Fatty Acid Analysis. The lipid and fatty acid content of
meat was a key determinant of its quality characteristics,
such as color, texture, and flavor. It has been found that
animal species, preservation methods, and cooking methods
could influence the lipid and fatty acid content of meat [38].
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FIGURE 4: Representative SDS-PAGE patterns of PM during chilled storage. Samples were prepared in the (a) presence and (b) absence of
20% (v/v) 1 M ME. C4 (refrigerated storage only), MA (50% CO,+50% N,), MB (10% O,+40% CO,+50% N;), MC (20% O, +30%
CO,+50% N,), EA (2kGy), EB (4kGy), EC (8kGy), and LV (1.20kV/m).
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FIGURE 5: Changes in lipid oxidation of PM. Different lowercase letters (a to d) indicate that there are significant differences among the
treatment groups on the same day (p <0.05). C4 (refrigerated storage only), MA (50% CO, + 50% N,), MB (10% O, +40% CO, + 50% N,),
MC (20% O, +30% CO,+50% N,), EA (2kGy), EB (4kGy), EC (8 kGy), and LV (1.20kV/m).

The PCA diagram of the fatty acid composition in the sample
is shown in Figure 6(a), with the differences between PCl
and PC2 being 59.1% and 23%, respectively. The results
showed that the differences between the C4, MA, EA, EB,

EC, LV, and fresh (0d) groups were the most minor, in-
dicating that the preservation conditions represented by
each treatment group could effectively inhibit the hydrolysis
or oxidation of fatty acids. Similar situations also occur
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FiGUure 6: PCA and PLS-DA of fatty acids in PM on the 20th day of chilled storage. (a) Principal component analysis (PCA); (b) variable
importance projection (VIP) score of fatty acids in PM on the 20th day. The colored boxes on the right represent the relative concentrations
of fatty acids on the 20th day. C4 (refrigerated storage only), MA (50% CO,+50% N;), MB (10% O, +40% CO,+50% N,), MC (20%
0,+30% CO,+50% N,), EA (2kGy), EB (4kGy), EC (8kGy), and LV (1.20kV/m).

between the MB and MC groups. Notably, there was a sig-
nificant difference in fatty acid composition between the
MB, MC, and fresh groups (p <0.05). Changes in carbon
dioxide content may cause this phenomenon. To gain
a better understanding of the differential fatty acid com-
position among different treatment conditions, PLS-DA was
performed (Figure 6(b)). VIP>1 was a commonly used
criterion for screening differential metabolites [39]. Six fatty
acids showed significant differences during PM preservation,
including oleic acid (C18:1n9c), linoleic acid (C18:2n6c¢),
stearic acid (C18:0), palmitic acid (C16:0), elaidic acid (C18:
1n9t), and linolelaidic acid (C18:2n6t). Both palmitic acid
and stearic acid are saturated fatty acids, but they exhibit
opposite properties within the organism. Stearic acid (C18:0)
could reduce both cardiac and cancer risks in humans.
However, palmitic acid has been associated with increased
low-density lipoprotein cholesterol, which could increase
the risk of developing cardiovascular disease (CVD) in
humans [38]. Previous studies have shown that palmitic acid
is the most abundant saturated fatty acid, which decreases
with increasing storage time [40]. The C4, MA, and LV
groups had the lowest palmitic acid relative content among
the treatment groups. The relative content of palmitic acid
was the highest in the EBI, MB, and MC groups. Oxygen in
the MB and MC groups prompted the production of ATP in
muscle cells [41], which provided energy for the beta-
oxidation of fatty acids and might have increased the rel-
ative content of palmitic acid. The ability of EBI to attack the

olefinic bond structure in fatty acids accelerates the lipid
autoxidation reaction, which together with beta-oxidation
might have increased the relative content of palmitic acid
[42]. Cis fatty acids are often considered beneficial for
normal metabolism in the body. Both oleic acid and linoleic
acid are examples of cis-unsaturated fatty acids. Studies have
shown that oleic acid in human alpha-lactalbumin made
lethal to tumors (HAMLET) could induce apoptosis in
tumor cells [43]. Linoleic acid is an essential omega-6 fatty
acid that can be metabolized into EPA in the human body.
Recent studies have indicated that EPA could influence
signaling pathways related to certain diseases and improve
human immune function [44]. The fresh group had the
highest linoleic acid content but showed a decreasing trend
during storage. This was related to the fact that PUFA was
easily oxidized by enzymes or external factors (e.g., oxygen
and irradiation) [45]. The LV group had the highest linoleic
acid content among the treatment groups, followed by the
MB group. LVEF was able to inhibit the production of ROS
and reduce the oxidation of linoleic acid. The ester bond
between glycerol molecules and fatty acid ester bonds can be
hydrolyzed during storage to increase the fatty acid content
[46]. Therefore, the linoleic acid content in the MA group
was lower than that in the MB and MC groups, because
oxygen might prompt the production of ATP, which pro-
vided energy for the hydrolysis of lipids [41]. However, the
increase in oxygen content likewise accelerated the oxidation
of linoleic acid, making the linoleic acid content of the MB
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group higher than that of the MC group. Some studies have
demonstrated a close association between trans-fatty acids
and the occurrence of cancer and cardiovascular diseases
[47]. Compared with the retention time of fatty acid methyl
ester standards, linolelaidic acid (C18:2n6t) and elaidic acid
(C18:1n9t) were considered trans-fatty acids. Among them,
elaidic acid had the largest VIP value. The relative amount of
elaidic acid was highest in the MB and MC groups, again
probably due to the hydrolysis of lipids. A comprehensive
evaluation of six different fatty acids showed that the group
treated by LVEF had the highest fatty acid quality.

4. Conclusions

Under chilled conditions, PM inevitably underwent oxi-
dation of proteins and lipids, leading to the deterioration of
the meat. This paper explored the inhibition effect of
nonthermal technologies on protein and lipid oxidation of
PM. Compared with other nonthermal technologies, LVEF
could better stabilize the color and reduce the water loss of
PM. During chilled storage, groups treated with LVEF had
better tenderness than the other groups. Moreover, LVEF
could reduce the oxidation of proteins by inhibiting the
increase in carbonyl concentrations and decreasing the
sulthydryl concentrations of PM. The LVEF treatment
avoided the degradation and cross-linking of the main
proteins in the PM. The results of lipid oxidation showed
that LVEF was more effective than MAP and EBI in
inhibiting the increase in TBAR levels. Fatty acid analysis
showed that the fatty acids of the samples treated with LVEF
were similar to those of the fresh samples. The concentra-
tions of the six differential fatty acids in the LVEF-treated
group were beneficial to human health. In conclusion, the
LVEF treated (1.20kV/m) under chilled storage could re-
duce protein and lipid oxidation of PM, maintaining the
functional and structural stability of proteins and lipids and
inhibiting the rapid deterioration of PM quality. This study
provided the basis for the industrial application of LVEF to
maintain quality stability during PM chilled storage.
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