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This paper examined the thermal gelation of yak myofibrillar protein (MP) incubated in a Fenton oxidation system
at different pH values for 24 h. The effect of protein oxidation on the gel properties at different pH levels was
explored by studying the water-holding capacity (WHC), solubility, texture, and other characteristics, while the
chemical force, rheological, and microstructural variation in these conditions were analyzed. The results showed
that protein oxidation negatively impacted the yak meat MP gel characteristics (p <0.05). Increasing the H,0O,
interval at different pH levels significantly decreased (p <0.05) the WHC, solubility, and texture of the protein gel,
the average reduction was 7.5%, 27.5%, 12.5% respectively. The H,O, concentration and pH level substantially
affected ionic and hydrogen bond formation (p <0.05). Oxidation had the most obvious impact on the gel
characteristics at pH 5.0. The MP gel displayed a loose, disordered microstructure with the lowest WHC, textural
strength, storage modulus (G'), and intermolecular protein force. Oxidation had the least impact on the gel
properties at pH 6.0. The MP gel exhibited the highest textural strength, G, and intermolecular forces, characterized
by a compact, orderly microstructure with small, uniformly distributed pores. The gel displayed the best WHC after

Introduction

Gelation, a crucial functional property of myofibrillar
protein (MP), affects the quality of meat products. Pro-
tein gelation involves the ordered denatured molecule
aggregation to form a continuous network [1]. Extensive
research on heat-induced gelation during food process-
ing is available since it is responsible for the structure of
many foods [2]. Thermal gelation is a complex process
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involving several steps, such as denaturation, dissocia-
tion-association, aggregation, and three-dimensional net-
work formation [3]. Denaturation is a prerequisite for gel
formation, causing partial protein unfolding and expos-
ing previously buried hydrophobic groups [4]. Exposed
residues in unfolded proteins interact through non-cova-
lent interactions, including hydrogen bonds, electrostatic
interactions, and disulfide bonds, leading to aggrega-
tion and the formation of complex network structures
[5] Aggregation is crucial during heat-induced gelation.
Gelation conditions can influence the shapes, sizes, and
molecular weights of aggregates, ultimately affecting net-
work structure and gel properties [6].

Intrinsic and extrinsic factors influence protein gela-
tion types and properties [6]. Intrinsic factors are related
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to the protein perse, including electrostatic interactions,
disulfide bonds, thiol-disulfide interchange, molecular
weight, amino acid composition, and hydrophobicity
[7]. Extrinsic factors include the environmental condi-
tions surrounding the proteins, such as temperature, pH,
ionic strength, protein concentration, salt type, and pres-
sure. pH is a primary factor affecting the gel structure
and properties, influencing the counterbalancing attrac-
tion and repulsion forces between the protein molecules
by changing the MP molecule charge. The force between
protein molecules can also be modified by adjusting the
protein isoelectric point (pI) to change the MP gel [5]. A
net protein pl charge equal to zero decreases the inter-
molecular electrostatic repulsion force. Therefore, the
aggregation speed of the denatured polypeptide chains
accelerates, reducing orderly aggregate formation, which
decreases the gel transparency and increases the coarse-
ness. The protein charge increases the further the sur-
rounding environment is from pl [8]. Therefore, a higher
net protein molecule charge increases the electrostatic
repulsion between the molecules, preventing the inter-
actions required for gel matrix formation [5, 6]. This
delays the association process between protein mole-
cules, increasing the protein gel transparency and intri-
cacy due to the sufficient precedence of protein aggregate
ordering.

Muscle protein oxidation generally occurs during
the processing and storage of meat and meat products,
mainly due to the presence of metal ions, myoglobin,
and fat oxidation products. Oxidation causes main pro-
tein chain (peptide bond) breakage, amino acid side
chain modification, and covalent protein molecule cross-
linking, changing the functional characteristics of the
protein, including gel, water retention, and emulsifica-
tion properties [4, 6]. In the predominant factors caus-
ing protein oxidation in meat and meat products, such
as lipid oxidation, metmyoglobin oxidation, and hydroxyl
radical oxidation, the «OH radical is the most reactive
free radical of oxygen and is primarily produced by the
Fenton reaction [9]. Therefore, hydroxyl radical-mediated
protein oxidation is generally studied to investigate the
structural modifications and functional property changes
of MP in meat products.

Due to the unique geographical environment, bio-
chemical yak meat components may differ significantly
from other species [10]. Yak meat is low fat and pro-
tein-rich compared to cattle [11]. Although many stud-
ies have suggested that the oxidation of different protein
types during food processing and storage significantly
impacts the protein gel properties, minimal research is
available regarding the effect of protein oxidation on the
heat-induced gel properties of yak MP. Therefore, exam-
ining the influence of oxidative modification on the ther-
mal aggregation characteristics of yak MP can reveal the
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underlying mechanism. This study assesses the impact
of protein oxidation of Fenton system-derived hydroxyl
radicals on the gel characteristics and thermal aggrega-
tion of yak MP and explores the relationship between the
gel properties and the protein structure.

Materials and methods

Materials

Frozen (-20 °C) yak meat, 8 kg was purchased from Natu-
ral Ranch in Hongxian, SiChuan, China. Samples were
packed in a vacuum bag in -20°C refrigerator and brought
to the laboratory. Ethylene glycol bis(2-aminoethyl)tet-
raacetic acid (EGTA), 2,4-Dinitrophenylhydrazine, 1,8-
ANS, and glutaraldehyde were purchased from Chengdu
Cologne Chemical Co. Ltd, Sichuan, China.

MP extraction

The MP was extracted from the longissimus dorsi yak
muscle using a method described by Zheng [12]. The
final MP was stored at 4 ‘C and used within 48 h. The
protein concentration was determined via the Biuret
method, using bovine serum albumin as a standard [2, 9].

MP oxidation

The MP (5 mg/mL) was oxidized(5 mmol/L, 10 mmol/L,
15 mmol/L, 20 mmol/L, 40 mmol/L, and 60 mmol/L)
using a method delineated by Xiong et al. [13] with slight
modifications. The MP solution (dissolved in 15 mmol/L
PIPES buffer, pH 6.0) was dispersed in a Fenton oxida-
tion system at a serial H,O, concentration (0.6 mol/L
NacCl, 0.01 mmol/L FeCl,, 0.1 mmol/L ascorbic acid, and
5 mmol/L, 10 mmol/L(Low oxidation environment), 15
mmol/L, 20 mmol/L(Medium oxidizing environment), 40
mmol/L, and 60 mmol/L(High oxidation environment)
H,0,, respectively), and incubated via continuous shak-
ing in air in the dark at 4 ‘C for 24 h. The final pH lev-
els were adjusted to 5.0, 6.0, 7.0, and 8.0(Acidic, neutral,
alkaline environment), respectively, using NaOH or HCI.
EDTA (1 mmol/L, final concentration) was added to ter-
minate the oxidation process. The protein solution was
dialyzed with deionized water at 4 C for 72 h to remove
the residual action agent, followed by lyophilization and
storage at 4 “C. The control group used deionized water
instead of H,O,.

MP gel Preparation

The MP (40 mg/mL) was dissolved in a 1 mM phosphoric
acid buffer solution (containing 0.6 mol/L NaCl) with
serial pH values (pH 5.0, 6.0, 7.0, and 8.0), after which the
protein concentration was adjusted to 40 mg/mL. Each
protein solution sample (20 mL and 5 mL, respectively)
was placed in a sample bottle and sealed with a flip-top
rubber plug. The bottles were heated from 25 C to 80 C
in a water bath, which was maintained for 20 min for gel
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formation. The gel was cooled in an ice water bath and
stored overnight in a 4 C refrigerator for subsequent
textural, whiteness, and scanning electron microscopy
measurements.

Carbonyl content

The carbonyl content was determined using 2,4-dini-
trophenylhydrazine (DNPH) according to a method
described by Jia [14]. Here, 1 mL of MP solution at a con-
centration of 4 mg/mL was placed in a 10 mL centrifuge
tube, after which 1 mL of 10 mmol/L 2,4-dinitrophenyl-
hydrazine (the solvent is 2 mol/L hydrochloric acid) was
added. The solution was left to react in the dark at 20 C
for 1 h (shaking every 15 min), after which a 1 mL 20%
trichloroacetic acid (TCA) solution was added and cen-
trifuged at 12,000 xg for 5 min. The supernatant was dis-
carded, and the precipitate was washed three times with
1 mL of ethyl acetate: ethanol (1:1, V: V). Then, 4 mL of
a guanidine hydrochloride solution(6 mol/L) was added
to the precipitate and dissolved in a water bath at 37 ‘C
for 15 min. After adding the reaction solution, the mix-
ture was centrifuged at 12,000 xg for 3 min to remove
insoluble substances, after which the UV absorbance of
the supernatant was measured at 370 nm. The carbonyl
content was calculated using a molecular absorbance
coefficient of 22,000 [L/(mol « cm)], expressed as nmol/
mg protein:

x10% % n

A
bonyl = ——— >
Carbonyl = =5 55000

A is the absorbance value of the sample, C is the MP con-
centration, D is the colorimetric optical path, and n is the
dilution factor.

Protein solubility

The MP sample solution at a final 1 mg/mL concentration
was centrifuged at 10,000 xg for 10 min. The soluble pro-
tein concentration was determined via the biuret method
using bovine serum albumin(BSA) as a standard. The
protein solubility was expressed as the ratio of the pro-
tein in the supernatant to the total protein in the aqueous
protein solution [5].

Surface hydrophobicity

The surface hydrophobicity of the MP samples was
determined via a technique delineated by Jian Huajun
[15], using 1-phenylaminonaphthalene-8-sulfonic acid
as a fluorescence probe. The 1-phenylaminonaphtha-
lene-8-sulfonic acid emitted minimal fluorescence in an
aqueous environment, increasing significantly in a hydro-
phobic setting. Therefore, the fluorescence intensity (FI)
variation of the 1-phenylaminonaphthalene-8-sulfonic
acid probe reflected the hydrophobicity changes in the
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surrounding microenvironment since the 1-phenylami-
nonaphthalene-8-sulfonic acid tended to combine with
the protein hydrophobic region. The FI was measured
using a fluorescence photometer (F-4700, Japan’s Nako
Office) at an excitation wavelength of 374 nm and an
emission wavelength of 484 nm. The initial slope of the
FI and protein concentration plot was calculated via lin-
ear regression analysis and used as an index for protein
hydrophobicity.

Intrinsic fluorescence

The endogenous fluorescence spectrum of the protein
was determined using a method delineated by Jiang et al.
[16]. with minor modifications. The MP concentration
was adjusted to 0.5 mg/mL using a phosphate buffer solu-
tion (20 mmol/L, pH 5.0, 6.0, 7.0, and 8.0) corresponding
to the pH value of the protein solution. The tryptophan
fluorescence spectrum was measured at an excitation
wavelength of 295 nm and an emission wavelength of
300—-400 nm using a fluorescence photometer (ASD Field
Spec Pro FR, Boulder Corporation, USA).

Secondary structure (fourier-transform infrared
spectroscopy)

The freeze-dried protein samples were mixed with KBr
and ground. They were then examined via Fourier infra-
red spectroscopy (ASD Field Spec Pro FR, American
Boulder, Inc.) using a technique described by Kang [17],
with slight modifications. The samples were scanned in
a range of 400—-4000 cm™! at a resolution of 4 cm™!. The
PeakFit 4.0 software was used to analyze the data from
1600 cm™! to 1700 cm™! for Gaussian fitting. The relative
secondary MP structure percentages were determined
using the individual integrated sub-peak areas.

Rheological MP gel

The dynamic rheological properties of the MP gel were
measured using a rheometer(DISCOVERY HR-1 Rota-
tional Rheometer, TA Instruments in United States).
The gel samples were placed between the parallel plate
(25 mm radius, 1 mm gap), covered with a cap, and sealed
with silicone oil to prevent moisture evaporation dur-
ing the procedure. The temperature was scanned from
25°C-80°C at a rate of 1°C min~! and a constant oscilla-
tion frequency of 1.0 Hz. The elastic modulus G’ change
during the heating process was measured [18].

Characteristic of MP gel

Gel strength

The textural properties of the protein gel were deter-
mined using a texture analyzer (TA.XT-Plus, Stable
Micro Systems) with P/50 and P5 probes (5 mm in diam-
eter). The pre-test and post-test speed was 10 mm/s,
while the test speed was 0.5 mm/s. The pushing distance
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was 10 mm, and the trigger force was 5 g. The maximum
sustained compression force was described as the gel
strength(g).

Water-holding capacity (WHC)

The WHC was determined using a method delin-
eated by Delles et al. [19]. Gel samples with M, weights
were packed with filter paper. After centrifuga-
tion at 4000 g for 10 min at 4 C, the gel presented M,
weights. The WHC was defined using the following
equation: WHC = %ﬁ x 100%

Microstructure (SEM)

The gel was sampled and fixed using methods described
by Han Minyi [20]. The gel samples were cut into 5-mm
(I cm*1 cm) cubes and fixed with 2.5% glutaraldehyde
in a 0.1 M phosphoric acid buffer solution (pH 7.3) at 4
C for 24 h. After 3-min rinses with cold a 0.1 M sodium
phosphate solution (pH 7.3), 2.5% glutaraldehyde in a
0.1 M phosphoric acid buffer solution (pH 7.3) was used
for secondary fixation at 4 C. Next, the samples were
washed three times for 3 min with a 0.1 M phosphoric
acid buffer solution (pH 7.0), followed by 15-min dehy-
dration cycles with 50, 70, 80, and 90% ethanol solution,
respectively. Finally, it was dehydrated by soaking in etha-
nol (100%) for 3 times consecutively. The freeze-dried
samples were affixed to the sample table with double-
sided tape and sputter-coated with approximately 10 nm
thick gold film using an ion sputtering instrument. Three
fields of each sample were observed using a scanning
electron microscope (Thermo Scientific Apreo 2 C, Sey-
mour fly).

Intermolecular interaction

The hydrophobic interactions, ionic bonds, disulfide
bonds, and hydrogen bonds were measured at different
pH values (5.0, 6.0, 7.0, and 8.0) using methods delineated

Table 1 The effect of different H,0O, concentrations (mmol/L) on
the MP carbonyl content (nmol/mg) at pH value

H,0, pH values

concen- 5 6 7 8

tration

(mmol/L)

0 273+0.15%% 2714025 270+040% 272+020°
5 443+018%  417+035° 364+035% 3.97+0272
10 529+0.16°°  491+0.10%% 44140155 422+0.305
15 593+021" 547+030" 494+0.23%“ 476+0405
20 6494030 6.13+040" 560+031% 547+0.16%%
40 744+0.10"¢  665+050"° 6.13+040" 6.02+0.135%
60 7984015  704+0.18" 6644028 652+0215"

A-G Different letter within the same column indicate statistically different
(p<0.05)

a-d pifferent letter within the same row indicate statistically different (p <0.05)
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by Nina [21]. Here, 2 g protein gel samples were placed in
five test tubes, followed by the addition of 10 mL of five
solutions: SA (0.05 mol/L NaCl), SB (0.6 mol/L NaCl),
SC (0.6 mol/L NaCl+1.5 mol/L urea), SD (0.6 mol/L
NaCl +8.0 mol/L urea), SE (0.6 mol/L NaCl+8.0 mol/L
urea +0.05 mol/L B-Mercaptoethanol), respectively. The
samples were homogenized at 5,000 rpm for 2 min. The
subsequent homogenates were stirred at 4 “C for 60 min
and centrifuged at 10,000 g for 15 min. The protein con-
tent of the supernatant was determined using the Biuret
method. The intermolecular forces were defined using
the following equation:

Tonic bond = protein content of SB sample
— protein content of SA sample

Hydrogen bond = protein content of SC sample
— protein content of SB sample

Hydrophobicinteraction = protein content of SD sample
— protein content of SC sample

Disul fide bond = protein content of SE sample
— protein content of SD sample

Statistical analysis

The data were analyzed using Statistics software (SPSS
25.0, Chicago, IL, USA). All data were expressed as the
means t standard deviation. The significant differences
(p<0.05) between the means were identified via Duncan’s
multiple-range tests. All experiments were performed in
triplicate. The figures were plotted using Origin 8.5.

Results and discussion

Carbonyl content

The degree of protein oxidation can be expressed by
changes in carbonyl content [17]. As shown in Table 1,
the carbonyl content of yak MP increased significantly
(p<0.05) at a higher H,0, concentration. The main and
side chain groups of the protein were primarily oxidized
via free radicals, which converted the main peptide chain
and aliphatic amino acid side chain groups into pro-
tein alkoxy radicals via hydrogen abstraction, oxygen-
ation, hydrogenation, and single electron reduction [22].
The alkoxy radicals of the main polypeptide chain can
undergo cleavage by either a-amidation or the diamine
pathway to produce a large number of carbonyl groups
[23]. The alkyl oxygen free radicals of the aliphatic amino
acid side chain are directly decomposed into carbonyl
compounds, breaking the protein peptide chain. Car-
bonyl compounds can also form directly via molecular
rearrangement to increase the carbonyl content [24].
Therefore, the carbonyl content is generally used as an
indicator to measure the degree of protein oxidation. The
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carbonyl content concentration at higher oxidant con-
centrations was considerably lower at pH 7.0(6.64) and
8.0(6.52) than at pH 5.0(7.98) and 6.0(7.04), indicating
that the MP was more vulnerable to -OH attack near the
pl at the same oxidant concentrations. That’s because the
stability of the protein structure is decreased near pl, and
the a-helical structure was mostly converted to 5-sheet,
protein becomes at the dispersed state, protein is more
susceptible to -OH attack [17].

Solubility

Protein solubility is mainly affected by the interaction
between protein molecules (such as hydrophobic interac-
tion and disulfide bonds) and protein-water interaction
(such as ion-dipole and dipole-dipole) [25]. The pro-
tein solubility increases as the protein-water interaction
improves and decreases with enhanced protein-protein
interaction [9, 10]. Table 2 shows the changes in the
MP solubility when exposed to different treatments. At
the same oxidant concentrations, the protein solubility
increased significantly at a higher pH (p < 0.05),when the
pH is increased from 5.0 to 8.0, the solubility increases by
30%. No electrostatic repulsion was evident between the
protein molecules due to a lower net charge near the MP
pI (about 5.3), which enhanced the protein-protein con-
tact due to hydrophobic interaction, leading to protein
aggregation or precipitation. The approach of protein
molecules causes intermolecular cross-linking via pro-
tein oxidation. Oxidation aggravated the degree of insol-
uble protein aggregation, causing a higher MP solubility
loss at pH 5.0 than that at other pH levels, as shown in
Table 2. A pH far from the pl increased the negative MP
charge, and reduced the interaction between the electro-
static repulsion molecules. In the same pH conditions,
higher H,O, concentrations significantly decreased the
MP solubility compared with the control group (p <0.05).
This was mainly due to the covalent cross-linking caused
by protein oxidation, forming insoluble aggregates. The
protein solubility decreased further as the number of
insoluble aggregates increased with the degree of oxida-
tion [26].
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Table 2 The solubility of the MP treated with H,0,
concentrations at different pH levels(%)
H,0, pH values
concen- 5 6 7 8
tration
(mmol/L)
0 21334025 2299+054% 3290+0.25"° 33.59+0.3"
5 2029+03%  2084+0.58% 3096+0.50%° 32.76+0.19%
10 1945+048 2056+047° 2846+0.32%° 31.31+065%
15 176540352 19.87+02°° 2756+0.35"° 31.24+0.23%
20 17244052 1945+032% 25694052 2943+04%
40 1447403 1932+0255 2528+03®  29.16+0.23%
60 1233+035% 1721+05  2444+043°0 27.94+0347

A=G Different letter within the same column indicate statistically different
(p<0.05)

2-d Different letter within the same row indicate statistically different (p <0.05)

Surface hydrophobicity

Surface hydrophobicity is used to evaluate the changes
in chemical and physical protein states [27]. The hydro-
phobic amino acid content on the protein surface reflects
the degree of protein denaturation and hydrophobic
force [28]. As shown in Table 3, in series pH conditions,
the protein surface hydrophobicity increased signifi-
cantly compared with the control group at a higher oxi-
dant concentration (p <0.05), with a growth rate of about
26.2%(pH 5.0), 29.5%(pH 6.0), 25.0%(pH 7.0), 21.8%(pH
8.0) (growth rate=Surface hydrophobicity(Ogy-O,)/
Oyp). The naturally folded structures of native MPs con-
tain hydrophobic residues, especially non-polar aromatic
amino acids, with fewer hydrophobic groups, conse-
quently reducing the surface hydrophobicity. Higher
surface hydrophobicity indicated a change in the spatial
structures of the MP molecules, causing MP unfolding
and exposure of the buried hydrophobic groups. This
caused irreversible protein denaturation after aggregate
formation due to hydrophobic interaction. In addition,
oxidation modified the amino acid residues on the globu-
lin surface, resulting in complex surface hydrophobicity
changes [5]. The hydrophobic side chains of Met were
converted into hydrophilic groups. Lys e-NH, oxida-
tion to electroneutral carbonyl derivatives reduced the

Table 3 The effect of H,0, concentrations at different pH levels on the surface hydrophobicity of the Yak meat MP

H,0, concentration (mmol/L) pH values
5 6 7 8

0 383.64+7.127 285.58+4.20%° 24521 +4.125 23899+4.51%
5 42537+3.10% 298.2+4.38™ 268.71+461%° 241724226
10 427.01+855P 3106+267% 27021 +7.11¢P¢ 252.52+6.39™
15 430.81+9.25% 335.19+11.03%° 272.79+3.12% 271.1+1.70%
20 45526+3.18% 3452441543 282.05+1.015% 276.09+4.29%
40 455.49+7.10% 35842+ 5.08%° 285.71+2.258¢ 283.64+3.415¢
60 484.23+5.34" 369.92+6.63"° 306.69 +2.78"° 291.13+341Ad

A-G Different letter within the same column indicate statistically different (p <0.05)

a-d pifferent letter within the same row indicate statistically different (p <0.05)
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positive charge, decreasing the hydrophilicity. Further-
more, the Michael addition between Lys, Cys, and His
and lipid oxidation products a- and S-unsaturated alde-
hydes caused long-chain alkanes to attach to the pro-
tein side chains, increasing the hydrophobicity [29]. The
surface hydrophobicity of the MP treated with oxidant
(pH 5) was significantly higher than in the other groups
(p<0.05). Oxidized protein unfolding may outweigh
aggregation, increasing the surface hydrophobicity. A
higher pH increased the intermolecular repulsion force,
reduced the aggregation behavior of proteins driven by
hydrophobic interaction, and decreased the hydropho-
bicity [26].
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Intrinsic fluorescence

The loss of intrinsic tryptophan fluorescence typically
indicates conformational protein change [30]. As the
oxidant concentration increased, a wavelength blue shift
occurred in the Amax emission of each group, from the
initial 342 nm to 339 nm, accompanied by intrinsic FI
loss, compared to the control sample (Fig. 1). Tryptophan
displays the lowest single electron oxidation potential of
protein amino acids. It is sensitive to -OH and is easily
oxidized into tryptophan free radicals. It combines with
molecular oxygen to form tryptophan peroxidative free
radicals and, ultimately kynurenine, decreasing endog-
enous FI [31]. The Amax is related to the tryptophan
microenvironment. When tryptophan residues are trans-
ferred from an aqueous to a hydrophobic setting, their

‘ . ‘ — H,0, concentration —&— 0 —&— 5 —— 10
H,0, co_ncentmtmn =0 ——5 410 90 — 15 2 40 60 (mmol/L)
. — 15 —6— 20 —— 40 —— 60 (mmol/L) — ;
60 -
80
b5t
850 £ 10
g o
o w
7 £ 60
o 40 3
H =]
= =50
) 2
B % 40
5 c
s jrod
;g 20 Eg 30
10 2
10
0 1 1 1 " 1 1 1 | 1
320 340 360 380 400 320 3 340 360 380 400
pH=5 wavelength (nm) i~ wavelength (nm)
H,0, concentration —=— 0 —— 5 —— 10 00 - H,0, concentration —=— 0 —=— 5 —— 10
40 —— 60  Cmmol/L) —5— 15 —— 20 —— 40 —— 60 (mmol/L)

- 15 —— 20

intrinsic fluorescence
intrinsic fluorescence

" 1 " 1 " 1 " 1
320 340 360 380 400
pH=7 o
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320 340 360 380 400
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Fig. 1 The effect of series H,0, concentrations at different pH levels on the intrinsic MP fluorescence. Significant differences are evident between the

treatment groups regarding blue shift and intrinsic Fl loss (P <0.05)
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fluorescence spectra experience a blue shift, while a red-
shift occurs during transference from a hydrophobic to
an aqueous environment [25]. The Trp fluorescence spec-
tra blue shift indicated that the initially exposed trypto-
phan residues in the MP were embedded in the oxidized
MP aggregates due to protein aggregation [32]. At high
oxidant concentrations, the intrinsic FI loss was signifi-
cantly higher in the pH 5.0 group than in the other pH
groups (p <0.05), indicating the destruction of more tryp-
tophan by oxidation near the pl. This confirmed that the
MP near the pI was more vulnerable, which was consis-
tent with the carbonyl content results. The pH alteration
induced the different electronic configurations of the aro-
matic compound molecules or ions, leading to different
FIs [33]. The Trp FI varied at each pH value.

Secondary structure (FT-IR)

The main peptide chain breakage and covalent cross-link
formation caused by protein oxidation is always accom-
panied by internal protein structural changes [34, 35].
Since proteins display characteristic absorption bands
in the infrared region that reflect changes in the func-
tional groups of protein structures, FT-IR was used to
detect structural changes after oxidation. The relative
content of the various secondary structural elements in
the yak muscle MP, a-helices, 3-sheets, S-turns, and ran-
dom coils were calculated and listed in Table 4. Higher
H,O, concentrations at the same pH values significantly
increased the random coils(p <0.05), suggesting a sub-
stantial decline in the total secondary structure propor-
tion of the oxidant-treated MP. The S-sheets increased
significantly (p<0.05), while the a-helices and S-turns
displayed a substantial decrease (p<0.05). The second-
ary structure decline could be attributed to the unfold-
ing of the protein molecule structure and the exposure of
the buried groups. Furthermore, reactive oxygen species
changed the secondary protein structure by weakening
the hydrogen bonds [36]. Therefore, the MP a-helices
gradually unfolded, rearranging the polypeptide chain
to form S-sheets. At the same oxidant concentration, the
oxidant-treated MP at pH 5.0 and pH 6.0 presented more
S-sheets and fewer a-helices than the pH 7.0 group.

Rheological properties

The G’ typically represents elasticity and reflects the dif-
ferent stages of protein unfolding and aggregation, as well
as gel strength. Figure 2 shows the G’ changes in the yak
meat MP gel after different oxidation treatments. The G’
values of all the gel samples were relatively stable during
the initial low-temperature heating stage. Subsequently,
the G’ showed three gelation phases during the heating
process after 45 C at pH 6.0, 7.0, and 8.0. This rheologi-
cal transition was widely observed during MP and myo-
sin gelation, evidenced by the stepwise structural changes

Table 4 Effects of H,0, concentrations on the secondary structure of MP at different pHs(transmittance)

H,0,

B - corner

a- Helix

No regular curl

B - Folding

5

(mmol/L)

36824105 34.41+0.74*°
3402+073% 3069+094%°

2537+132%°  24.14+043% 34924065 34.21+022%
316440525 3174410454 3313+1.325 2863+0565°

20284105/

18.94+0.66"

15604051 1695+1.08%° 13.72+0.69%

1663+0.79%° 17.97+0.87°%

1439+0.08%°
17.71+1.020%

272940940 24824048  2655+0.77"

31.59+0.83%

31.69+064% 32.96+046%

1873+0.77%  2356+090% 2279+1.13%

1802+0.17%

1843+0.60"

32.15+031°% 30,00+1.07°%P 26.85+0.54°°  27.64+0.72°

347240955

2186061

22944029

17.82+1.03% 16.34+1.09

18.13+£0.99P% 18.18+0.507° 18.14+0.95%% 2030+ 1.79P2
19.26+1.03% 196240735 20,02+0.58° 21.95+1.945%

2855+0.14BCc
28.87+0.465¢

30.91+1.105° 27.15+0.19%¢
31.06+0.50°% 27.53+0.68°

10
15
20

16.77£0.77°°¢ 16210557 21.55+040° 2064+057°% 3123+1.13%% 31.29+0378% 32.15+0.89°% 26.71+0.385

15.48+0.99°¢

35.13+0.815¢

30394021 30.69+049%* 3169+0.62°7 26.13+087°

19.83+042%

21.02+066°°

2027+1.11%

15424045
15.10+£0.91%

2294+0.11%

19.90+1.05% 20.55+0.68%°

20.61+0.828%°
2259+0.24"8% 20424066 21.25+1.01°80 2308+091"5

32.28+1.13% 2839+061%  2936+0.22%

355240575

29.77+0.43°%% 3029+0.72°% 2730+0.88°% 24.84+0.99PP

17211218

144140725

3044+ 0494

37.04+0.15%° 29024063

38.84+062"° 3095+0.78"
A-E Different letter within the same column indicate statistically different (p <0.05)

36.98+0.68"

40
60

1362+046 1980+069™ 1537+0087 2845+051% 277040737 24.89+0.567 2297+0.96%

1382+0.88%

2664+005°° 2155+054"° 2244+142°° 2419+1.16"

31.05+0.64"

39.22+0.78"

2~ Different letter within the same row indicate statistically different (p <0.05)
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Fig. 2 Changes in storage modulus (G') changes of MP gels after treating
8.0 (D)

and interaction between MPs, notably myosin. Except for
the pH 5.0 group, a higher G’ was evident as the temper-
ature increased from 45 ‘C to 50 ‘C, with the first peak
at about 50 C. Yan et al. showed that the denaturation
and dissociation resulting from hydrogen and disulfide
bond cleavage were accompanied by hydrophobic inter-
action and disulfide bond association [32]. Dissociation
MP decreased the G; while association increased this
value. The flat plateau region of the MP G’ suggested
the absence of dissociation or association. Furthermore,
no gel structure formation was evident during the initial
heating stage. During the post-heating phase, the initial
increase was attributed to heavy meromyosin unfolding
and myosin head cross-linking, resulting in a weak gel
structure [35]. The rapid aggregate formation and promi-
nent G’ increase were mainly attributed to enhanced
hydrophobic interactions as the temperature rose. After
declining dramatically to a minimum at 58 C in the pH
6.0, 7.0, and 8.0 groups, the G’ increased steadily after
subsequent heating. Xiong et al. [12]indicated that the
rheological transition (peak) could be ascribed to initial
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with different H,O, concentrations at pH 5 (A), pH 6.0 (B), pH 7.0 (C), and pH

myosin head association due to S1 subfragment denatur-
ation (42 C to 48 C) and the temporary protein network
disruption due to subsequent myosin tail unfolding (the
rod subfragment) (50 'C to 55 C). The peak G’ values of
all the groups declined gradually as the oxidant concen-
trations increased, suggesting that oxidation cross-link-
ing and aggregation in MP occurred prior to denaturation
and dissociation, decreasing thermal protein polymeriza-
tion. During the third phase (58°C to 85°C), the rapid G’
increase reflected the formation of a strong, tight three-
dimensional structure via protein cross-linking and
aggregation. Oxidation markedly decreased the G’ over
the entire temperature range in all the pH groups as the
MP was converted into a gel, suggesting that the pro-
tein oxidation weakened the three-dimensional network
structure of MP gels. This was consistent with the gel
strength results. Since oxidation was highest as the MP
neared the pl, the gel structure was distorted so severely
that no peaks appeared in the G’ curve, while the G’ value
was lowest in the pH 5.0 group.
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Table 5 Effects of H,O, concentrations on the gel strength of the Yak MP gel at different pH levels
H,0, concentration (mmol/L) pH values
5 6 7 8

0 53.46+0.74"¢ 61.46+0.50" 5862+093"° 57.16+0.94"°
5 51.01+0.27% 59.77+0.73% 57.00+0.33/80 55.54+0.25"¢
10 50.79+0.67% 5841+0.93% 56.44+0.92%° 5364+027%
15 50.03+0.295P 57.97 +0.44% 55.64+0.77%@ 52.24+1835P
20 49.90+0.545 56.79+ 065 5432+056°° 50.01+0.88°¢
40 4862+052P¢ 5567+0.82°% 53.29+0.75%° 50.00+0.65°¢
60 47284104 5405+1.14% 50.86+ 1.05% 4920+0.70°°¢
A-E Different letter within the same column indicate statistically different (p <0.05)
a-C Different letter within the same row indicate statistically different (p <0.05)
Table 6 Effects of H,O, concentrations on the WHC of the Yak MP gel at different pH values
H,0, concentration (mmol/L) pH values

5 6 7 8
0.00 77.24+0.18"° 79.23+1.60"° 8295+1.52/ 83.94+1.17"
5.00 75.65+0.96" 78.84+0.38"° 80.10+1.33% 8242+062"%
10.00 75.1841.27/8¢¢ 77.17 +1.55/80¢ 79.24+ 106520 81.10+0.62%
15.00 7487 +16148¢ 75.89+0.865¢ 78.84+0818P 80.82+0.13%
20.00 7427 £1.70"80 75.36+0.9550P 77.97 +1,0980a 79.09+0.25P2
40.00 7346+ 1645 7431+139° 76.27 +0.52P% 78.98+ 040"
60.00 72.05+1.33% 7301407795 75290630 775440175

A-D Different letter within the same column indicate statistically different (p <0.05)

a=¢ Different letter within the same row indicate statistically different (p <0.05)

Gel strength

Gel strength is a vital index that can reflect the texture
and sensory quality of meat products [37]. Table 5 shows
the gel strength of the yak meat MP gel. A higher H,O,
concentration in the same pH conditions significantly
decreased (p<0.05) the gel strength of the oxidant-
treated MP. As the H,0O, concentration increased from
0 mmol/L to 60 mmol/L, the gel strength decreased
by approximately 11%(pH 5.0),12%(pH 6.0),13%(pH
7.0),14%(pH 8.0) in each pH group compared with the
unoxidized group. Wu et al. indicated that oxidative
modification by peroxyl radicals decreased the disulfide
content of soy protein [38]. Disulfide bonds are cru-
cial for maintaining protein gel structure [39]. Oxida-
tion induced covalent cross-linking between the MP
molecules, causing degeneration and complete protein
unfolding. This facilitated spherical aggregate and disor-
dered gel structure formation, uneven pore distribution,
and increased compactness, as observed via SEM. The
gel strength of the MP samples was highest at pH 5.0 at
the same oxidant concentrations since the MP near the pI
was more vulnerable to -OH attack.

WHC

The WHC indicates the protein water binding ability
and is a crucial feature of heat-induced gels, commonly
used to objectively assess meat product quality. Table 6
shows the WHC changes in the MP gels after different
oxidation treatments. The WHC results were consistent

with the gel strength findings. Higher H,0O, concentra-
tions in the same pH conditions significantly decreased
(p<0.05) the gel WHC. Compared with the control
sample, the WHC of each pH group decreased by about
6%(pH 5),8%(pH 6),9%(pH 7),7%(pH 8) when the H,0O,
concentration reached 60 mmol/L. The molecular struc-
tural changes in the protein after oxidation disturbed the
orderly MP aggregation during the gel process, adversely
affecting the three-dimensional network structure of the
gel, resulting in a looser structure and larger pores that
reduced the WHC. Xia et al. [40] found that the oxida-
tive modification of pork muscle MP by metal-catalyzed
hydroxyl radicals significantly decreased the WHC.
Xiong [13] suggested lower MP WHC decreased the pro-
tein solubility and sulfhydryl during protein oxidation.
The yak meat MP gel displayed the lowest WHC at pH
5.0, which improved significantly at pH levels far from
the pl, especially at pH 8.0.

Microstructure

The porosity and coarseness of the yak meat MP gels
were observed via scanning electronic microscopy.
Coarseness is typically used to evaluate the homogeneity
of the formed protein aggregates, while porosity assesses
the distribution sparseness of single-row aggregates.
Figure 3 shows the three-dimensional network struc-
ture of the control samples and partial oxidant-treated
samples, revealing distinctive differences between the
various MP gels. The SEM micrographs showed that the
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pHS5.0/H,0,=0mmol/L

pH5.0/H,0,=5mmol/L

pHS5.0/H20,=60mmol/L

pH6.0/H20,=0mmol/L
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pH8.0/H,0,=0mmol/L

pHS8.0/H,0,=60mmol/L

Fig. 3 The scanning electron microscopy micrographs of the MP gels after different oxidation treatments at 7000x magnification

untreated gel samples of three pH groups exhibited com-
pacted networks with small, evenly distributed pores.
The morphological characteristics of the MP gel struc-
tures were altered after protein oxidation with 5 mmol/L
H,0, (Fig. 3). The MP gel networks in all the pH groups

appeared rough with large aggregates, forming a more
continuous fibrous structure with many unevenly distrib-
uted pore voids and spaces. Further oxidative MP modi-
fication with 60 mmol/L H,O, resulted in the formation
of filamentous, irregular network structures with coarser,
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Table 7 The influence of different H,O, concentrations on the MP gel interaction at different pH levels
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H,O, lonicbond Hydrogen bond

5 6 7 8 5 6 7 8
0 0.035+0001Ac  0.094+0.001Aa  0.085+0.003Ab  0.079+0.005Ab  0.074+0.002Ac 0.100+0.003Aa  0.094+0.007Ab  0.092:+0.004Ab
5 0.032+0002Ad  0.087+0.002Ba  0.073+0.003Bb  0.068+0.002Bc  0.064+0.004Bc 0.096+0.001ABa 0.092+0.003ABb 0.087+0.003ABb
10 0024+0002Bc  0.074+0003Ca  0.066+0003Cb  0.065+0.003BCb 0.055+0.001Cc 0.094+0003BCa 0.086+0.007BCb 0.082:+0.005BCb
15 002+0001Bb  0.069+0.003CDa 0.063+0.004CDa 0.062+0.006Ca  0.047+0.005Dc 0.090+0.003CDa 0.085+0.003Cb  0.076+0.003Cb
20 0016+0.004BCc 0.066+0002DEa 0.059+0.007Db  0.053+0.003Db  0.040+0.003Ec 0.087+0.002Da  0.076+0.001Db  0.073+0.007Cb
40  0011+0.001CDc 0.064+0.002DEa 0.052+0.002Eb  0.048+0.004Eb  0.037+0.004Ec 0.081+0.003Ea  0.073+0.002DEb 0.069+0.006Db
60  0.006+0.005Dc  0061+0.002Fa  0.047+0.002Eb  0.041+0.004Fb  0.035+0.003Ec 0.075+0.009Fa  0.068+0.004Eb  0.063+0.004Db
H,0, Disulfide bonds Hydrophobic interactions

5 6 7 8 5 6 7 8
0 0.629+0057%  1395+0.028%  0827+0010°  0877+0.084%°  1591+0.022° 3.383+00837  3.118+0.051%  2.385+0027™
5 0.64240.026™°  1405+0.032%  0.886+0.080%°  0904+0.061%°  1.752+0038% 3623+0.0297  3.360+0.064°  2.688+0.043®
10 067740030  1433+0058%%  0.92+0.050°° 0.983+0090%  1.841+0.086°% 3.685+0.068°%  3401+0.098°  2.834+0.063"°
15 075540011 1459+0056"%  0.945+0012%°  0996+0.064%°  1876+0.022° 3.75140073%® 3451+0061%°  2.920+0.051°
20 0786+0.045%C 1556400215  0953+0.012%°  1.086+0.064°°  1.893+0.080° 376440024  3641+0.025%  3.029+0.054%
40 0825400145  1569+0.044%%  0997+0.0417%°  1118+0025%°  2073+0.090% 3.879+0.032%  3.736+0.065"°  3.090+0.060%°
60 0.92240.020%  1606+0.054*  1097+0.035"°  1.153+0.032*° 239540034 4.000+0.039%  3.773+0.083"°  3.195+0.009*°

A-F Different letter within the same column indicate statistically different (p <0.05), * Different letter within the same row indicate statistically different (p <0.05)

inhomogeneous large pore distribution (Fig. 3). The
microstructural formation in MP gels depends on the
relative speed of protein aggregation and expansion. Slow
aggregation is conducive to the full denaturation and
expansion of protein molecules, forming highly exten-
sible straight-chain molecules, slowly combining to form
linear aggregates [41]. When the speed of globulin aggre-
gation exceeded that of protein expansion, the oxidized
protein cross-linking and aggregation occurred prior to
total denaturation and unfolding, leading to spherical
aggregate and disordered gel structure formation, uneven
pore distribution, and increased compactness. The gel
strength tests, WHC measurements, and rheological
measurements indicated that the pH 5.0 group might
exhibit more cross-linked strands due to oxidized pro-
tein aggregation. The protein gel displays the worst WHC
and hardness at pH 5.0, optimal hardness at pH 6.0, and
optimal WHC at pH 8.0. Therefore, the microstructures
of the protein oxidation (5 mmol/L and 60 mmol/L) sam-
ples were observed at the three typical pH levels via scan-
ning electron microscopy.

Intermolecular interaction

The stability of the three-dimensional protein gel struc-
ture is closely related to the chemical force, which
requires the combined action of hydrophobic interaction,
hydrogen bond, disulfide bond, ionic bond, and other
forces [42]. As shown in Table 7, hydrophobic interaction
represents the primary force for maintaining yak meat
MP gel, followed by disulfide, hydrogen, and ionic bonds.
A higher H,O, concentration significantly decreased
(p<0.05) the ionic and hydrogen bond content while sub-
stantially increasing the disulfide bonds and hydrophobic

interaction. This was mainly because -OH-oxidized pro-
tein exposed the amino acid side-chain groups, which
increased the protein hydrophobicity and hydrophobic
interaction (p <0.05). During oxidation, the charge group
properties were modified, or the ionizable group under-
went a chemical reaction, such as the Lys amino group,
which reduced the ionic bonds. Furthermore, the sec-
ondary structure changes caused by oxidation weakened
the hydrogen bond force [20]. At a higher H,0, concen-
tration, the sulthydryl group of the cysteine side-chain
was oxidized to form a disulfide bond, resulting in cross-
linking and aggregation between the protein molecules
[39] and increasing the disulfide bond content. Since the
protein was near the plI at pH 5.0, the number of positive
and negative charges carried by the protein molecules
were basically equal, and the various forces between
the proteins were lower than in the other pH groups,
decreasing the textural hardness of the protein gel. pH
deviation from the pI (pH 6.0) significantly increased the
various protein interactions, which decreased as the pH
level continued to rise. This may be because the protein
surface charge further increases as the pH moves fur-
ther away from the pl. The electrostatic repulsion force
increases the distance between the protein molecules
and the degree of protein hydration, reducing protein
interaction.

Conclusion

Protein oxidation has a significant negative impact on the
characteristics of yak meat MP gel. Myofibrillar protein
(MP) determines the sensory properties, functional prop-
erties and nutritional quality of meat products. Metal
ions, enzymes, ferrous heme and lipids in muscle are easy
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to oxidize and produce reactive oxygen species, which
can induce the oxidation of myofibrillar protein, thus
affecting the gel properties, water retention and interfa-
cial properties of meat products. In this study, a hydroxyl
radical simulation system was established to explore the
effects of different oxidation degrees at different pH on
MP structure and gel properties of yak meat from the
perspective of molecular structure, fully explore the
mechanism and essence of protein oxidation, and provide
a theoretical basis for further research on the correlation
of protein oxidation in meat and meat products.
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