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ategies for quality defects and
oxidation of pale, soft and exudative (PSE)-like
chickenmeat: effects of domestic cooking and core
temperature

Tianyi Yang, a Rui Liu,*a Lun Yang,a Wenxue Yang,b Keyue Li,a Man Qin,a

Qingfeng Ge, a Hai Yu,a Mangang Wua and Xiaoyan Zhou*a

This study compared the quality, oxidation, and microstructure of high-market-share PSE-like chicken

meat (PSE) after domestic cooking with those of normal chicken meat (NOR). Cooking techniques

included steaming (ST), boiling (BO), roasting (RO), and microwaving (MV) at 60, 70, and 80 �C. The
results indicated that PSE-induced chicken breasts were of poor quality, with significantly higher cooking

loss rates (NOR: 22.1% vs. PSE: 26.2%) and shear force (NOR: 50.4 N vs. PSE: 69.2 N) than normal

chicken meat. In addition, PSE-like chicken meat showed higher oxidative sensitivity and more severe

muscle fiber structure damage. Among the four cooking techniques, RO increased meat toughness

(NOR: 78.5 N vs. PSE: 98.3 N) and intensified excessive protein oxidation and aggregation in PSE chicken

breast most significantly, manifested by the increased malondialdehyde (NOR: 0.46 vs. PSE: 0.57, mg

kg�1 meat) and carbonyl (NOR: 11.2 vs. PSE: 13.4, nmol mg�1 protein), reduced tryptophan and thiols

(NOR: 41.3 vs. PSE: 33.7, nmol mg�1 protein), and prominent protein cross-linking such as Schiff bases

and disulfide bonds during heat treatment (p < 0.05). BO was the second most destructive technique,

while MV caused the least impact (p > 0.05). Principal component analysis indicated a correlation

between oxidative damage and meat quality, which was attributed to variations of the PSE and normal

samples by BO, RO, and ST treatments. Thus, MV is suggested to be a promising and effective cooking

method in reducing the differences in quality and oxidation attributes between PSE and normal chicken

meat.
1. Introduction

Global production and consumption of poultry meat, especially
chicken, have grown rapidly over the past few decades. Chicken,
which constitutes more than 90% of the demands in the poultry
market, is considered an excellent source of protein and
a healthier dietary alternative than red meat.1 The quality of
chicken meat, manifested by color and water holding capacity,
is particularly important to consumers and industrial compa-
nies. Due to the breeding and feeding of genetic varieties, rapid
muscle growth of chickensmay result in meat quality defects. In
particular, PSE-like chickens receive much attention for their
pale appearance and exudative loss.2 Currently, many efforts of
pre-mortem management and standardized post-mortem
treatments have been performed to reduce PSE-like poultry
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meat.3 It has been reported that PSE-like meat accounts for
more than 40% of the unprocessed poultry products sold in the
market and is directly available to consumers for domestic
cooking.4,5 However, the differences between PSE-like chicken
and normal meat aer being purchased for domestic cooking
deserve to be investigated.

Tiwari and O'Donnell6 classied meat cooking methods into
several categories, including dry (roasting), moist (boiling and
steaming), and novel heating (microwaving), all of which were
frequently used in domestic cooking. Each cooking method has
its own characteristics, including heat transfer method and
medium as well as cooking time and temperature, which are
essential for developing the sensory and textural qualities of
meat.7,8 It has been reported that steaming, boiling, and
microwaving can lead to protein denaturation, muscle ber
contraction, and collagen dissolution, resulting in tender
meat.9,10 Roasting is thought to denature myobrillar proteins
and increase the contraction and dehydration of collagen,
leading to tougher meat.7 Furthermore, the different processing
methods lead to changes in the structure of the meat, thus
affecting the quality and palatability of the nal product.8
RSC Adv., 2022, 12, 7485–7496 | 7485
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Studies have shown that boiling, with an internal temperature
ranging from 40 to 95 �C, contributes to increasingly dense and
compact ber arrangements of duck and chicken meat.11 In
contrast, longitudinal and lateral shrinkage of chicken muscle
bers aer microwave cooking is signicantly lower than that
aer roasting and steaming, and the destruction and loss of
protein matrix are less.6,12

Cooking can also induce a cascade of chemical and physical
changes, including the oxidation of meat, whichmay potentially
impact human health. Oxidation of protein in the diet may
represent a human disease risk factor through increase in
oxidative stress.13 Meat heating has been proved to induce
protein oxidation, including the gain of carbonyl derivatives,
reduction of thiol groups, loss of tryptophan uorescence,
accumulation of Schiff base (SB) structures, and formation of
intra- and intermolecular cross-linking.14 Moreover, the extent
of protein oxidation in cooked meat is also associated with
organoleptic characteristics of meat, including water loss,
texture changes, and avor formation.15 It has been docu-
mented that PSE-like chicken breasts are more susceptible to
protein hydrolysis and endogenous antioxidant enzyme activity
during storage than normal meat.16,17 However, there is no
report on the extent of oxidation in PSE-like chicken aer
domestic cooking. Thus, it is crucial to clarify the occurrence,
intensity, and consequences of PSE-induced chicken meat
protein oxidation during cooking.

This study aims to investigate the quality, microstructure,
and meat oxidation of PSE-like chicken meat by different
domestic cooking methods at core meat temperatures of 60, 70,
and 80 �C, and compared with normal chicken meat. The
primary outcome of this paper can give the basis for gaining
important practical guidelines when consuming PSE-like
chicken in domestic cooking collections.

2. Materials and methods
2.1 Meat samples and cooking methods

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Yangzhou
University and approved by the Institutional Animal Care and
Use Committee (IACUC) of the Yangzhou University Animal
Experiments Ethics Committee (permit number: SYXK (Su)
IACUC 2016-0020). A total of 200 eight-week-old broiler
chickens were acquired from a Chinese commercial meat pro-
cessing plant (Jiulian Inc., Qingdao, Shandong, China). Aer
slaughter, the chicken breasts (pectoralis major muscle) were
removed from the carcass and then transported to the labora-
tory at 4 �C. Lightness (L*) and pH values were measured at 24 h
post-mortem to classify PSE-like and normal meat. According to
previous reports,2–5 the samples with 5.7 < pH24 h < 6.1, 46 < L*24 h

< 53 were categorized as normal meat and the samples with
pH24 h < 5.7, L*24 h > 53 were categorized as PSE-like meat.

Connective tissues in chicken breasts were trimmed, and
these breasts were sliced (6 cm length � 5 cm width � 2 cm
height) in the myobril direction. Each slice weighed approxi-
mately 95 g � 5 g. The 45 PSE-like and normal chicken breast
pieces were equally divided into ve groups. The rst group was
7486 | RSC Adv., 2022, 12, 7485–7496
uncooked and assigned as the control group (RW). The other
four groups were cooked by steaming (ST), boiling (BO), roast-
ing (RO), and microwaving (MV), respectively, according to the
methods of Hu et al.15 and Mitra et al.14 No additional ingredi-
ents were added to avoid interference. With the steaming
treatment, the chicken breasts were evenly placed on a stainless
steel tray and then sealed in a steamer (Midea, Zhejiang, China),
and the gas cooker (TH28b, Fotile, China) was set at 100 �C.
Boiling treatment was performed by rstly placing the chicken
breasts into food-grade vacuum-packaged bags (PA/PE-70,
Jiangsu Taili Packaging Products Co., Ltd, Jiangsu, China) and
then immersing them in the water in a stainless-steel pot. The
temperature of the induction cooker (EC30, Supor, China) was
set to 100 �C. For roasting treatment, the chicken breasts were
roasted on grid-shaped bakeware in a forced-air convection
oven (SCC61WE, RATIONAL, Germany) preheated to 250 �C.
Microwaving treatment was performed using a microwave-
applicable tray in a microwave oven (W25800-01AG, Fotile,
China), with the power of 800 W (the cooking program is shown
in Fig. 1).

The core temperature of the meat during cooking was
monitored in real-time by inserting a ber optic sensor (SSN-22,
WenYu, China) into the geometric center of the chicken breast
muscles. The nal temperature was recorded by a Testo 176 T4
data logger tted with a T-Type external probe and was further
conrmed by a hand-held thermometer (A61, UNI-TREND,
China). Once the core temperature reached 60, 70, and 80 �C,
the samples were immediately removed from each container
and cooled in an ice-cold water bath (4 �C). Aer the surface
liquid was drained, the cooked chicken breasts were weighed to
calculate the cooking loss, which was expressed as the
percentage of the weight difference between the pre- and post-
cooling over the pre-cooking weight. Aer the quality parame-
ters of chicken breasts were obtained, the cooked meat was
homogenized using a grinder (C-010, Joyoung, China). The
minced meat was then stored at �80 �C until biochemical
analysis including the carbonyl, total thiols (SH), disulde
bonds (S–S), thiobarbituric acid reactive substances (TBARS),
tryptophan, Schiff base (SB) and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE).
2.2 Evaluation of pH, color, and Warner–Bratzler shear force
(WBSF)

The pH of the pre-and post-cooking chicken breasts was
measured by the plug in pH meter (Testo 205, China). Firstly,
the pHmeter was calibrated by using the pH standard buffers of
4.0, 7.0, and 10.0 (Sangon Biotech Co., Ltd, China) to complete
a three-point calibration. Then the probe was inserted into the
center of the meat. The pH values were recorded for each
sample at ve different sites. The color of cooked and raw
samples was determined using a reectance colorimeter (CR-
400, Konica, Minolta, Japan) with a light source of D65 and
a measuring diameter of 8 mm. The lightness (L*), redness (a*),
and yellowness (b*) were recorded. The WBSF was determined
according to the method of Chao et al.11 Five rectangular meat
slices (1 cm � 1 cm � 5 cm) were cut from the cooked meat
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Cooking schematic of PSE-like and normal chicken breast under different cooking methods. Abbreviation: (RW) indicated raw meat, (N)
indicated normal chicken breast, and (P) indicated PSE-like chicken breast.
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along the ber direction and sheared perpendicular to the
muscle ber direction using an HDP/BS adaptor (blade) on the
texture analyzer (QTS-25, Northeast Agricultural University,
China). The testing speed was 100 mm min�1, and the trigger
force was 10 g. The WBSF was obtained as the maximum force
during shearing and expressed in N.
2.3 Protein carbonyl content (PCC)

Protein carbonyl content is generally considered as protein
oxidation markers,8 with higher levels of PCC indicating greater
oxidation of the protein. The protein carbonyl content was
determined using the commercial kits (A087, Nanjing Jian-
cheng Bioengineering Institute, Nanjing, China), and the steps
were referred to the operating instructions of the kit. The
absorbance was measured at 370 nm and the PCC was
expressed as nanomoles of 2,4-dinitrophenylhydrazine (DNPH)
per milligram of protein.
2.4 Total thiols (SH) and disulde bonds (S–S) detection

The contents of the total SH and S–S groups were determined
according to the method of Cui et al.18 Specically, the cooked
meat was homogenized using a homogenizer (T25 digital
ULTRA-TURRAX Disperser, IKA, MA, USA), and the meat
samples (0.3 g) were homogenized three times in 4.5 mL of 2%
sodium dodecyl sulfate (SDS), each at 10 000 rpm for 30 s,
cooling for 15 s between bursts. The homogenates were
centrifuged at 4000 � g for 20 min at 4 �C. Protein concentra-
tion was determined by the BCA Protein Assay kit (Thermo
Fisher Scientic, IL, USA). For determination of SH group levels,
© 2022 The Author(s). Published by the Royal Society of Chemistry
0.5 mL of chicken breast homogenate was mixed with 2.5 mL of
Tris–Gly–urea buffer (86 mM Tris, 0.09 M glycine, 5 mM EDTA,
8 M urea, pH 8.0) and 0.02 mL of 4 mg mL�1 5,50-dithiobis-2,20-
nitrobenzoic acid (DTNB). Aer incubation at 25 �C for 30 min,
the absorbance at 412 nm (A412) was recorded. The SH group
level was calculated by the following formula: SH group level
(mmol g�1 proteins) ¼ 73.53A412 � D/C, where D was the dilu-
tion coefficient and C (mg mL�1) was the protein concentration.

To determine the level of the S–S group, 0.2 mL of chicken
breast meat homogenate was added to 1.0 mL of Tris–Gly–urea
buffer and 0.02 mL of mercaptoethanol. Aer incubation at
25 �C for 1 h, 10 mL of 12% (w/v) trichloroacetic acid was added
and incubated for 1 h. Then the mixture was centrifuged at 3000
� g for 10 min. The pellet was dissolved in 3 mL Tris–Gly–urea
buffer and 0.03 mL 4 mg mL�1 DTNB. Aer incubation at 25 �C
for 30 min, the absorbance of the samples was recorded at
412 nm. The S–S group level was calculated according to the
following formula: S–S group level (mmol g�1 chicken proteins)
¼ 73.53A412 � D/C � SH group level.
2.5 Thiobarbituric acid reactive substances (TBARS)

The TBARS values were assessed by the method of He et al.19

with slight modications. The minced cooked meat (2.0 g) was
homogenized twice with 10 mL of 17.5% (v/v) trichloroacetic
acid solution at 25 000 rpm for 10 s with a 30 s interval on ice
using a homogeniser (T25 digital ULTRA-TURRAX Disperser).
Aer the homogenate was ltered through with 8 mm lter
paper, 1.0 mL of 0.02 M thiobarbituric acid solution was added
to the ltrate and incubated in a boiling water bath for 40 min.
RSC Adv., 2022, 12, 7485–7496 | 7487
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Aer cooling in cold water, the solution was centrifuged at 2000
� g for 5 min at 4 �C. The supernatant was then collected and
mixed with 1.0 mL of chloroform. The upper layer was collected
for the absorbance measurement at 532 nm and 600 nm using
a microplate reader (Multiskan FC ThermoFisher Scientic,
USA). The TBARS content were calculated using the following
formula: TBARS (mg kg�1) ¼ (A532 � A600)/155 � (1/2) � 72.06
� 1000, where 155 and 1000 was the molar extinction coefficient
(1.55 � 105 M�1 cm�1), 1/2 was the meat weight (2 g � 1/2), and
72.06 was the relative molecular mass of malondialdehyde
(MDA). The values were expressed as mg of malondialdehyde
per kg of meat.

2.6 Fluorescence measurements of tryptophan and schiff
base structures (SB)

The uorescence emission of Schiff bases and tryptophan was
detected with reference to Gatellier et al.20 and Carvalho et al.16

Specically, the meat sample (1.0 g) was homogenized (T25
digital ULTRA-TURRAX Disperser) with 5 mL of phosphate
buffer solution (20 mM, 0.6 M NaCl, pH 6.5) for 30 s. Then 2 mL
of homogenate was removed, and 8 mL of solvent (dichlor-
omethane : ethanol (2 : 1, v/v)) was added with vortex for 30 s.
Aer centrifugation of the mixture at 4000 � g for 10 min at
25 �C, the upper phase was collected for uorescence intensity
(FI) measurement by transferring 200 mL of supernatant to a 96-
well plate. The emission spectra were scanned using a micro-
plate reader (Innite M200 Pro Multifunctional Enzyme
Labeler, Tecan, Switzerland). The emission spectrum of tryp-
tophan was recorded from 300 nm to 400 nm with an excitation
wavelength of 285 nm. The emission spectrum of the Schiff base
was recorded from 400 nm to 600 nm with the excitation
wavelength at 360 nm. The uorescence intensity was expressed
in arbitrary units.

2.7 Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)

The SDS-PAGE was performed according to Yu et al.21 with
minor modications. Specically, the meat sample (0.3 g) was
homogenized with 4.5 mL of 2% SDS buffer at 10 000 rpm for 3
� 30 s and cooled for 15 s between bursts using a homogenizer
(T25 digital ULTRA-TURRAX Disperser). The homogenate was
centrifuged at 4000 � g for 20 min at 4 �C to obtain the super-
natant. Protein concentration was determined and adjusted to
4 mg mL�1 with distilled water. The protein suspension was
mixed with an equal volume of the sample loading buffer
(100 mM Tris–HCl, 20% glycerol (w/w), 4% SDS (w/w), 0.05%
bromophenol blue (w/v) with and without 5% b-mercaptoetha-
nol (v/v)). The mixture was boiled at 100 �C for 3 min and stored
at �80 �C until electrophoresis.

Subsequently, 20 mg of total protein was loaded onto an SDS-
PAGE gel consisting of 4% stacking gel and 10% separating gel.
Gels were run on a Bio-Rad Mini-Protean II electrophoresis unit
(Bio-Rad Laboratories, Hercules, CA, USA) at 90 V for 30 min,
and then at 120 V until the indicator line reached the bottom of
the gel. Gels were stained with colloidal Coomassie brilliant
blue solution (10% (v/v) glacial acetic acid and 0.025% (w/v)
7488 | RSC Adv., 2022, 12, 7485–7496
Coomassie brilliant blue R-250) for 1 h. Then gels were
destained with 10% (v/v) methanol and 10% (v/v) glacial acetic
acid for 24 h and scanned with the scanner Gel Doc XR+ system
(Bio-Rad Laboratories, Hercules, CA, USA).
2.8 Microstructure detection

The slices of raw and cooked samples were cut into 1 cm� 1 cm
� 0.5 cm along the myobril direction. The slices were xed in
2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.3 for 2 h at
room temperature. The test specimens were then rinsed with
distilled water and gradually dehydrated (twice) in series solu-
tions of 25, 50, 70, 95, and 100% ethanol, each incubated for
1 h. Samples were dried in liquid nitrogen and trimmed into
0.5 cm � 0.5 cm � 0.1 cm using a razor blade. The specimens
were mounted on aluminum stubs and coated with gold (10�2

bar and 40 mA). The microstructure of the meat was examined
by a scanning electronmicroscope (Gemini SEM 300, Carl Zeiss,
Germany) with an accelerating voltage of 15 kV. Micrographs
were captured at 400� magnication.
2.9 Statistical analysis

Data were expressed as the means � standard deviation, and
three independent triplicates were performed for all experi-
ments. Comparisons were performed using mixed model anal-
ysis, and differences between individual means were assessed
using the t-test (SPSS v.23.0). p < 0.05 was considered as
a signicant difference. Principal component analysis (PCA)
was performed using the SIMCA soware (v.14.1).
3. Results and discussion
3.1 pH

The pH value is considered as an important parameter to
distinguish normal raw chicken and PSE-like chicken meat due
to the difference in post-mortem glycolysis.16 As shown in Table
1, there were signicant differences between normal and PSE-
like meat cooked with different methods (p < 0.05). The pH in
the MV group (p < 0.05) was signicantly higher than that in the
other three groups, which had no signicant difference in pH (p
> 0.05). In addition, compared with raw meat, the pH value
increased signicantly (p < 0.05) when the core temperature was
heated to 60 �C. No further increase was detected as the core
temperature increased to 70 and 80 �C (p > 0.05).

The increase in pH of meat during cooking was mainly
associated with protein denaturation and charge changes due to
the loss of acidic groups and accumulation of alkaline groups.22

Becker et al.23 reported that the pH of pork loins was closely
related to heating time when they were cooked in a steam
convection oven at low temperatures of 53 �C and 58 �C for 20 h.
In the present study, samples cooked at low temperatures have
less protein denaturation and smaller pH values than those
cooked at high temperatures. Moreover, it was found the pH
value of the meat cooked for a long time was lower than that of
the meat cooked for a short time.24 This nding is in agreement
with the result in the current study that the MV group, which
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Change of pH and color under chicken breast from normal (N) and PSE-like (P) with different cooking methods and core temperaturesa

Attribute Core temperature (�C) Treatment

Cooking method

Steaming Boiling Roasting Microwaving

pH 60 N 5.94 � 0.02Ab 5.95 � 0.03Ab 5.95 � 0.03Ab 6.07 � 0.03Aa

P 5.72 � 0.02Bb 5.74 � 0.03Bb 5.71 � 0.05Bb 5.88 � 0.05Ba

70 N 5.92 � 0.03Ab 5.94 � 0.03Ab 5.97 � 0.03Ab 6.10 � 0.04Aa

P 5.69 � 0.02Bb 5.71 � 0.03Bb 5.73 � 0.05Bb 5.84 � 0.05Ba

80 N 5.93 � 0.02Ab 5.91 � 0.03Ab 5.94 � 0.03Ab 6.09 � 0.04Aa

P 5.75 � 0.02Bb 5.72 � 0.03Bb 5.75 � 0.05Bb 5.89 � 0.05Ba

L* 60 N 82.56 � 0.24Db 81.01 � 0.85Db 79.87 � 0.68Cc 87.36 � 0.44Aa

P 84.72 � 0.66Bb 83.77 � 1.29Cb 82.82 � 0.05Bc 87.56 � 0.12Aa

70 N 84.86 � 0.37Bb 83.10 � 0.88Cb 82.01 � 0.04Bc 87.86 � 0.48Aa

P 86.57 � 0.14Ab 86.52 � 0.27Ab 84.85 � 1.06Ac 87.25 � 0.78Aa

80 N 86.52 � 0.93Ab 86.57 � 0.31Ab 85.33 � 0.15Ac 87.66 � 0.80Aa

P 83.22 � 0.23Cb 84.51 � 0.90Bb 81.96 � 0.27Dc 87.85 � 0.56Aa

a* 60 N 3.22 � 0.23Ab 3.14 � 0.10Ab 2.98 � 0.42Ac 3.44 � 0.16Aa

P 2.74 � 0.33Bb 2.68 � 0.04Bb 2.52 � 0.12Bc 3.16 � 0.17Ba

70 N 2.72 � 0.12Bb 2.63 � 0.18Bb 2.41 � 0.27Bc 2.89 � 0.26Ba

P 2.30 � 0.26Cb 2.27 � 0.17Cb 2.03 � 0.09Cc 2.57 � 0.18Ca

80 N 2.06 � 0.13Cb 2.16 � 0.38Db 1.82 � 0.08Dc 2.53 � 0.23Ca

P 1.78 � 0.04Db 1.80 � 0.29Eb 1.47 � 0.16Ec 2.42 � 0.18Ca

b* 60 N 14.48 � 0.52Db 14.52 � 0.35Eb 15.41 � 0.44Ea 13.82 � 0.26Ec

P 16.86 � 0.88Bb 16.63 � 0.34Cb 17.64 � 0.66Ca 15.54 � 0.23Cc

70 N 15.49 � 0.56Cb 15.70 � 0.36Db 16.94 � 0.31Da 14.85 � 0.21Dc

P 17.31 � 0.09Bb 17.27 � 0.12Bb 18.95 � 0.47Ba 16.03 � 0.22Bc

80 N 16.02 � 0.19Cb 16.40 � 0.38Cb 17.66 � 0.52Ca 15.04 � 0.57Cc

P 18.44 � 0.12Ab 18.95 � 0.51Ab 19.87 � 0.25Aa 17.36 � 0.24Ac

a Note: (L*): lightness value, (a*): redness value, and (b*): yellowness value. Capital letters indicated the signicant differences were found with in
the same columns (p < 0.05). The lowercase letters indicated the signicant differences were observed within the same row (p < 0.05).
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was cooked for a shorter time, presented a higher pH value than
the other three groups.
3.2 Color

Color is an important indicator to characterize the quality and
freshness of raw meat and the doneness of cooked meat.7 As
presented in Table 1, there were signicant differences in the
color attributes of normal and PSE-like chicken meat between
the four cookingmethods. TheMV treatment had the highest L*
and a*, followed by steaming and boiling while roasting pre-
sented the lowest value. Consistent with the raw samples,
normal chicken breasts possessed higher a* and lower L* than
PSE-like meat by steaming, boiling, and roasting treatments (p <
0.05). When cooked by microwaving, there was no signicant
difference in L* between PSE-like and normal chickens (p >
0.05) but a signicant difference in a* and b* values (p < 0.05).

Cooked meat displayed an off-white, grey, or brown
appearance, depending on the extent of myoglobin denatur-
ation and ferrihemochrome formation during cooking.25 The
amount of ferrihemochrome was largely affected by the initial
pH value of meat.16 The lower pH value of PSE-like chicken
breasts than that of normal meat was mainly due to more
protein denaturation and water loss, which promoted the
formation of ferrihemochrome. Besides, PSE-like meat showed
higher L* and b* values and a lower a* value compared with
normal meat. Myoglobin denatured fastest at 55–65 �C and
continued to denature at 75–80 �C, which explained the greatest
© 2022 The Author(s). Published by the Royal Society of Chemistry
color change at 60 �C, and a* value decreased signicantly as
the core temperature increased to 70 �C. In addition, it was
observed that the color attributes of a* and L* in the normal
sample at 70 �C were not signicantly different from those of
the PSE sample at 60 �C (p > 0.05). The core temperature of 70 �C
was regarded as a safety standard for cooked meat.25 During the
cooking of PSE-like chicken, using appearance as the only
indicator might cause visual errors for consumers.
3.3 Cooking loss and Warner–Bratzler shear force

As shown in Fig. 2, the values of cooking loss and shear force
presented an upward trend with the increase of the core
temperature. Among the different cooking methods, the RO
treatment had the highest cooking loss rate (NOR: 26.9% vs.
PSE: 31.8%) and shear force (NOR: 78.5 N vs. PSE: 98.3 N), fol-
lowed by the BO and ST treatments, and the lowest was found in
the MV treatment (p < 0.05). As expected, except for the MV
treated samples (p > 0.05), PSE-like samples possessed signi-
cantly higher cooking loss (NOR: 22.1% vs. PSE: 26.2%) and
shear force (NOR: 50.4 N vs. PSE: 69.2 N) than normal samples
under the other three cooking methods (p < 0.05). The ST-
treated PSE-like samples showed a sharp drop in shear force
at 80 �C (NOR: 52.5 N vs. PSE: 18.9 N), and the difference was
signicant for the normal samples (p < 0.05).

The water loss in meat was closely related to the cooking
method.26 The RO treatment required a higher temperature and
more time to reach the corresponding core temperature than the
RSC Adv., 2022, 12, 7485–7496 | 7489
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Fig. 2 The cooking loss (a), shear force value (b) of PSE-like and normal chicken breast after cooking by roasting (RO), microwaving (MV),
steaming (ST) and boiling (BO) at core temperature of 60, 70 and 80 �C. (RW) indicated raw meat, (N) indicated normal chicken breast, and (P)
indicated PSE-like chicken breast. Capital letters indicated that there were significant differences between treatment groups with different core
temperatures under the same cooking method (p < 0.05). The lowercase letters indicated that there were significant differences between
treatment groups with different cooking methods at the same core temperature (p < 0.05).
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MV treatment, resulting in a higher cooking loss rate and shear
force in the RO group than in the MV group. This result is
consistent with the ndings of Półtorak et al.9 and Yarmand and
Homayouni,27 who concluded that microwave heating could
shorten cooking time, reduce cooking loss, and improve meat
tenderness. In a previous study, the cooking loss was also
signicantly higher in PSE-like broiler breast llets (26.2–26.4%)
compared with normal broiler (21.0–23.0%) by roasting.4 It
should be noted that the cooking loss of the PSE-like chicken
group treated by MV at 70 �C and 80 �C was not signicantly
different from the normal chicken group (p > 0.05), probably due
to the small sample size and the short cooking time. Another
study has shown that low-temperature and high-speed heating
might reduce the water loss rate of PSE-like chicken breasts.25

The change in the tenderness of cookedmeat ismainly caused by
heat-induced changes in muscle structure and protein denatur-
ation during cooking. Heating can dissolve collagen, leading to
a decrease in the shear force of the meat, and in contrast, heating
can also denature myobril protein, leading to stricter meat and
increased shear force.28 It was believed that the difference inmeat
tenderness between PSE-like and normal chicken breasts was
caused bymore damagedmyobril in PSE-like meat (indicated in
Section 3.7), which was consistent with the report of Desai et al.17

However, the ST-treated PSE-like samples appeared to have
a sharp drop in shear force at 80 �C, possibly due to the inuence
of the heat transfer medium and the weak myobril structure of
raw PSE-like chicken.29 The water vapor and water molecules
from steaming might directly penetrate into the muscle ber
tissues. High temperatures and humid air greatly damagemuscle
ber tissues, resulting in a decrease in shear force.
3.4 Cooking-induced protein oxidation sensitivity and
damage

The cooking process is one of the main factors that induce
protein oxidation.30 As expected, cooking signicantly increased
7490 | RSC Adv., 2022, 12, 7485–7496
the carbonyl content and decreased the tryptophan and thiols
content as the core temperature increased (Fig. 3a, c, and d, p <
0.05). Among these groups, the RO group had the highest
carbonyl content (NOR: 11.2 vs. PSE: 13.4, nmol mg�1 protein),
followed by BO and ST groups, while the MV group showed the
lowest carbonyl content (NOR: 5.1 vs. PSE: 5.6, Fig. 3a). Corre-
spondingly, the MV treatment produced the highest tryptophan
uorescence and thiols content (NOR: 73.9 vs. PSE: 68.8, nmol
mg�1 protein), followed by ST and BO, and the RO group (thiols,
NOR: 41.3 vs. PSE: 33.7) possessed the lowest (Fig. 3b, p < 0.05).
PSE-like chicken breast from the ST, BO, and RO treatment
groups presented signicantly higher carbonyl content and
lower tryptophan and thiols content compared with the normal
chicken breast (p < 0.05). However, there was no signicant
difference between the two chicken groups by the MV treatment
(p > 0.05), suggesting that the MV treatment exhibited minimal
impact on the difference in protein oxidation between PSE-like
and normal chicken breast. Malondialdehyde (MDA) is a signa-
ture product of lipid oxidation and can react with amino acid
side chains, leading to the formation of carbonyl groups.31 As
shown in Fig. 3b, cooking signicantly in-creased the MDA
content as the core temperature increased (p < 0.05). The
highest MDA content was observed in the BO treatment (NOR:
0.54 vs. PSE: 0.68, mg kg�1 meat), followed by the ST treatments
(NOR: 0.48 vs. PSE: 0.60) and RO treatments (NOR: 0.46 vs. PSE:
0.57), while the lowest MDA content was found in the MV
treatments (NOR: 0.42 vs. PSE: 0.44). In normal and PSE-like
chicken samples, the ST and BO treatments caused the great-
est difference in MDA content (p < 0.05), followed by the RO
treatment (p < 0.05), while the MV treatment caused insigni-
cant differences (p > 0.05).

As mentioned above, PSE-induced chicken breast showed
higher oxidative sensitivity, and the heat treatment process
exacerbated the increase in protein oxidation in PSE-induced
chicken breasts, which in turn led to greater oxidative damage
to the meat. In RW samples, the depletion of tryptophan and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The carbonyl value (a), thiobarbituric acid-reactive substances (b), tryptophan fluorescence intensity (c) and total thiols value (d) of PSE-
like and normal chicken breast under different cooking methods and different core temperatures (including raw meat samples). Abbreviation:
RW: rawmeat, RO: roasting, MV: microwaving, ST: steaming, BO: boiling. (N) indicated normal chicken breast, and (P) indicated PSE-like chicken
breast. Capital letters indicated that there were significant differences between treatment groups with different core temperatures under the
same cooking method (p < 0.05). The lower letters indicated that there were significant differences between treatment groups with different
cooking methods at the same core temperature (p < 0.05).
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thiols and the increase in carbonyl and TBARS content were
more severe in PSE-induced chicken breasts than in normal
samples. Tryptophan and thiol residues from sulfurcontaining
amino acids are preferred targets of reactive oxygen species
(ROS), and hence are particularly susceptible to oxidative reac-
tions. In addition, PSE-induced chicken breasts have a lower
pH, which may promote the oxidative cycle of iron and enhance
protein carbonylation.16,30 Moreover, there is an indirect reac-
tion between lipid oxidation (TBARS) and protein oxidation,
leading to a greater degree of protein carbonylation formation.31

Similar results showed that PSE-induced chicken breasts had
higher protein hydrolysis and lower endogenous antioxidant
enzymes activities, which was related to protein oxidation
sensitivity.16 This result suggests that PSE-induced chicken
breasts have a higher oxidative sensitivity before and during
cooking, causing a higher degree of oxidative damage than
normal chicken breasts.

During cooking, heat treatment led to a further increase in
protein oxidative sensitivity and oxidative damage in PSE-like
meat. The difference was constantly inuenced by the cooking
techniques and can be manifested by a signicant difference
© 2022 The Author(s). Published by the Royal Society of Chemistry
in protein cross-linking and aggregation between PSE-like and
normal meat. The phenomenon may be due to the loss of
natural antioxidant properties of the meat in the early stages
of heat treatment and the generation of free radicals at sus-
tained high temperatures.15,30 High temperature can destroy
the cellular structure of the meat, exposing it to oxygen and
triggering a continuous attack of ROS.32 Under a continuous
attack of heat-induced ROS, lipid oxidation was increased
(Fig. 3b), and in turn, free radicals generated by lipid oxida-
tion were transferred to proteins, thus promoting the degree
of protein oxidation.31 As the core temperature increased,
cooking methods resulted in signicant differences in the
cooking loss. Tryptophan and thiols might be affected and
lost during cooking, possibly leading to a decrease in trypto-
phan and total thiols (Fig. 3c and d). In addition, the oxidation
of tryptophan and thiols is due to the release of catalytic iron
in the heme molecule and the inactivation of enzymes
induced by high temperatures during cooking, and the
amount of ferrihemochrome pigment is largely inuenced by
the initial meat pH.16 The oxidative breakage of the porphyrin
ring occurred during heating, and heme iron (one of the pro-
RSC Adv., 2022, 12, 7485–7496 | 7491
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oxidants) was released, which promoted the Fenton/Fenton-
like oxidation reaction and accelerated the deterioration of
protein oxidation.15 This also resulted in greater protein
oxidative damage in PSE-induced chicken breasts. In the
current study, RO caused the highest degree of protein
oxidation, while MV showed the lowest, corresponding to the
difference in core temperature and increase rates. However,
except for the RO group, the highest MDA content was
detected in the BO group. Utrera et al.33 reported that roasting
at 170 �C for 18 min reduced the MDA content in the beef patty
compared with the raw beef patty. Hu et al.15 also reported that
roasting caused the least MDA in sturgeon meat compared
with steaming, boiling, frying, and microwaving. It was sug-
gested that the decrease in MDA content in the RO group was
due to the further conversion of lipid oxidation products such
as aldehydes to volatile compounds at relatively high
temperatures and prolonged heating.34 For normal and PSE-
like samples, the differences in the degree of protein oxida-
tion caused by the ST and BO treatment were prominent, but
not signicant for the MV treatment. Sobral et al.1 indicated
that meat cooked by microwaving to a core temperature of
85 �C showed little impact on the formation of carbonyl
groups, which was consistent with this study. Differences in
carbonyl, tryptophan and thiols content are solid evidence
that cooking methods and processes largely affect protein
oxidative damage.
Fig. 4 The disulfide bond (a) and Schiff base (b) of PSE-like and norma
temperatures (including rawmeat samples). Abbreviation: RW: rawmeat,
normal chicken breast, and (P) indicated PSE-like chicken breast. In (b), th
line (—) represented PSE-like chicken breast. Capital letters indicated th
different core temperatures under the same cooking method (p < 0.0
between treatment groups with different cooking methods at the same

7492 | RSC Adv., 2022, 12, 7485–7496
3.5 Protein cross-linking

Both Schiff base (SB) and disulde bond (S–S) are indicators for
protein cross-linking in cooked meat.35 As shown in Fig. 4a and
b, the contents of disulde bonds gradually increased as the
core temperature increased, both signicantly higher than the
raw meat (p < 0.05). The highest content of disulde bonds was
in the RO treatment, followed by the ST and BO treatments,
while the MV treatment showed the lowest (p < 0.05). The
content of disulde bonds of PSE-like chicken meat was
signicantly higher than that of normal meat under ST, BO, and
RO treatments. The SB in cooked meat had a characteristic
absorption peak at 412 nm in uorescence emission spectra, as
shown in Fig. 4b. The PSE-like chicken meat treated with RO
showed the highest uorescence intensity of SB at 60–80 �C
than other cooking treatments. The MV, ST, and BO treatments
showed comparable uorescence intensity to SB at 60 �C, but
showed gradual differences at 70 �C and 80 �C, suggesting
a higher degree of protein cross-linking during prolonged
cooking. Compared with normal meat, cross-linking was more
pronounced in PSE meat.

The uorescent products (SB) and disulde bonds are
believed to contribute to the formation of insoluble protein
aggregates, leading to shrinkage, water loss, and toughness of
meat during cooking.32 Consistent with Hu et al.,15 roasting
generated higher SB content than boiling, steaming, micro-
waving, and frying cooking, which can be attributed to possible
l chicken breast under different cooking methods and different core
RO: roasting, MV: microwaving, ST: steaming, BO: boiling. (N) indicated
e dotted line (- - - -) represented normal chicken breast, and the solid
at there were significant differences between treatment groups with
5). The lower letters indicated that there were significant differences
core temperature (p < 0.05).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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interactions between protein and lipid oxidation products. In
the current study, the high content of SB and disulde bonds in
the RO treatment corresponded to the high cooking loss and
meat shear force. Several studies showed that the formation of
protein cross-linking in muscle had been considered a relevant
mechanism for meat toughening.32 In addition, raw PSE-like
chicken meat had slightly higher SB and S–S levels than
normal meat, conrming that proteins in PSE-like meat have
higher oxidative sensitivity and produce some cross-linking. It
has been reported that there is a link between protein carbon-
ylation and Schiff bases,30 while the loss of thiols leading to the
formation of disulde bonds.16 In cooked meat, PSE-like
chicken also showed more protein cross-linking and differ-
ences. It is worth emphasizing that the degree of disulde bond
growth with increasing core temperature is not as great as the
extent of thiols depletion (Fig. 3d and 4a). This result suggests
that the growth of disulde bonds does not explain the total
depletion of thiols, implying that the oxidation of thiols at least
partially follows a mechanism other than disulde bond
formation and is continuously inuenced by cooking
conditions.
3.6 SDS-PAGE

Non-reduced and reduced SDS-PAGE was performed to observe
changes in protein aggregation by cooking at 70 �C (Fig. 5).
Compared with the reduced gels, the remarkable changes in
protein bands were the loss of myosin heavy chain (MHC) and
the increase in protein aggregation at the top of the non-
reduced gels. It was consistent with MHC being distinctively
intolerant to heating.36,37 Compared to the RW sample, MV had
the least effect on protein prole, while RO, BO, and ST
signicantly affected the degree of protein aggregation by
showing with the top bands. Moreover, myosin heavy chain
(MHC) was apparently lost in the BO and ST samples under non-
reduced conditions, while most of the lost MHC was recovered
under the reduced conditions. Unlike BO and ST, less missing
MHC was recovered in RO samples in reduced gel, indicating
the differences in cooking methods signicantly affected the
degree of protein aggregation at the same core temperature. The
Fig. 5 The SDS-PAGE of protein samples by roasting (RO), microwaving (
the (a) and (b) indicated the reduced and nonreduced gel by adding a
protein standard marker, RW: raw meat, N: normal chicken breast, P: PS

© 2022 The Author(s). Published by the Royal Society of Chemistry
performance of PSE-like meat was constantly inuenced by the
cooking method. Furthermore, protein cross-linking is associ-
ated with the aggregation of meat protein during cooking,
including dityrosine, Schiff bases, disulde bridges, and
protein carbonylation.30 At the beginning of cooking, protein
aggregation has little effect due to low protein oxidation and low
cross-linking of disulde bonds formed by cysteine oxidation.
With the constant inuence of cooking temperature, time, and
medium, excessive protein oxidation can lead to the formation
of other covalent bonds (Schiff bases), which further promote
protein aggregation. Compared with MHC, actin was more
stable during heating, and there was almost no obvious change
in the protein bands between the different cooking treatment
groups. This result is consistent with other reports that the
action bands showed no visible changes before heating at
140 �C for 20 min.36 The different observations in SDS-PAGE
may be due to different degrees of protein oxidation, which is
evident in carbonyl content, thiols content, disulde bond
content, and Schiff base content (Fig. 3 and 4).
3.7 Microstructure analysis

The meat quality was largely determined by the integrity and
shrinkage of myobrils during cooking.27 As shown in Fig. 6, the
cross-section of meat cooked at 70 �C showed shrinkage and
dissolution, losing their original arrangement of muscle cells
compared with the RW sample. A signicant difference could be
found between raw samples of normal and PSE-like chicken
meat. PSE-like samples had larger gaps between muscle ber
tissues, which is consistent with the poor water retention and
loose texture of PSE-like chicken meat, and it is constantly
affected during cooking. It can be seen that the gaps between
muscle cells were larger in the RO and ST treatment groups
compared with other cooking methods. PSE-like samples pre-
sented more disruption of muscles than normal meat, while the
MV treatment showed less effects.

The heat transfer principle of the ST treatment was the heat
convection and transfer of water vapor, which directly impacted
the muscle surface, cooled, and gathered on the surface. Water
vapor would invade the muscle tissue structure and dissolve
MV), steaming (ST) and boiling (BO) to the core temperature of 70 �C. In
nd without adding b-mercaptoethanol, respectively. Abbreviation: M:
E-like chicken breast, MHC: myosin heavy chain.
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Fig. 6 The transverse microstructure of PSE-like and normal chicken breast under different cooking methods and at 70 �C. In the picture, the
subscript number of 1 represented normal chicken breast, and subscript number of 2 represented PSE-like chicken breast. The capital of R, A, B,
C, and D indicated raw meat, steaming, boiling, roasting and microwaving, respectively.
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muscle ber tissue, resulting in a reduction in shear force. The
RO treatment was done in an air convection oven, in which heat
was transferred by convection of dry-hot air to replace moisture.
High temperatures and dry air disrupted the connections
between muscle bers and exacerbated the loss of tissue
alignment, causing a severe loss of moisture and increased
shear forces of the meat. BO and MV treatments show less
damage to muscle tissues. Under the two treatments, myobrils
are still tightly attached to the muscle membrane. Boiling in
a sealed bag allows indirect contact and penetration of water
into the muscle with relatively less effect on the tissue structure.
Even so, the microstructure of boiled PSE-like meat showed that
the muscle structure disintegrated during heating, and the
tissue also experienced slight swelling, and myobril tissue was
dissolved to a certain extent. The MV treatment had little effect
on the microstructural differences between the cooked meat
cross-sections of PSE-like and normal samples. Microwave
heating is characterized by short startup time and fast heating
rates due to the geometric and dielectric properties of the
heated material.38 The principle of the microwave was that the
electromagnetic waves generated by the magnetron in the
microwave oven cause the water molecules in the food to
vibrate. Water accounted for 74% of chicken meat with a high
dielectric coefficient, and it was also the main substance that
absorbed MV-treated energy.39 Without the intervention of an
external heat transfer medium, the high-efficiency magnetic
eld vibrates the water molecules inside the muscle, achieving
a high cooking efficiency with tissue structure remained intact.
This result highlights that differences in the heat transfer
method and medium are also important factors affecting the
meat quality at the same core temperature.
3.8 Dependencies between meat quality and protein
oxidation

The meat quality and oxidation properties of normal and PSE-
like samples by cooking at a core temperature of 60, 70, and
80 �C were investigated using PCA analysis (Fig. 7). Strong links
7494 | RSC Adv., 2022, 12, 7485–7496
were found between cooking methods, core temperatures,
protein oxidative damage, and meat quality. Meat quality and
oxidative damage indicators were in the same quadrant, indi-
cating a high correlation between oxidative damage and meat
quality (Fig. 7a). Furthermore, the changes in protein carbonyl,
thiols, Schiff base, and disulde bonds were highly consistent
with the trends in shear force at the same core temperature for
different cooking methods. The increases in disulde bonds
and Schiff bases are oen thought to promote the strength-
ening of protein structures in muscle tissue, leading to the
mechanism of meat toughening.32 This phenomenon suggests
that protein oxidation plays a role in meat tenderness. In
Fig. 7b, as the core temperature increased, the mapping point of
cooked meat that was completely separated from the RW
samples moved forward from le to right in PCA plots. The
change indicated that the meat quality and oxidation prole
were largely inuenced by the heating temperature. Among the
cooking methods, the RO treatment was clearly scattered from
other groups, showing the most signicant impact on meat
quality and oxidation prole. Although roasting can signi-
cantly improve the color and avor of meat,10 it can also result
in higher cooking loss rates (Fig. 2a), higher oxidation levels
(Fig. 3 and 4), and toughness of the meat (Fig. 2b). When the
maximum upper limit temperature was the same, BO and ST
cooking showed different distributions of the PCA mapping
points, indicating that the heat transfer medium and heat
transfer method were key factors affecting meat quality and
oxidation. These factors can cause serious damage to the tissue
structure of PSE meat (indicated in Section 3.7). The moving
amplitude of PCA mapping points under MV treatment is lower
than the other three cooking methods, and the points are
relatively concentrated. The mapping points of PSE-like and
normal samples were very close by the MV treatment at 70 �C
and 80 �C. This distribution indicated that the difference in
meat quality and oxidation between normal chicken and PSE-
like chicken caused by microwave cooking was the smallest.
Through this experiment, the importance of the heating time
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The principal component analysis diagram (PCA) of various indexes of normal chicken breast and PSE-like chicken breast under different
cooking methods and different core temperatures. In the (a) and (b) indicate the PCA of various indexes and the PCA of different cooking
methods and different core temperatures, respectively. Abbreviation: M: protein standard marker, RW: raw meat, N: normal chicken breast, P:
PSE-like chicken breast, MHC: myosin heavy chain.
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and the absence of external heat transfer medium intervention
in reducing oxidative damage and quality deterioration of
cooked meat can be emphasized. Moreover, the PSE samples
mostly differed from normal samples and showed a clear
distance in the PCA plot, implying the importance of raw meat
quality on cooked meat.

4. Conclusions

In this study, meat quality, oxidation prole, and microstructure
of PSE-like chicken breast aer the cooking with four methods
and under three core temperatures were comprehensively inves-
tigated and compared with those of normal chicken breast.
Results showed that PSE-like chicken breast had an inferior meat
quality and a higher oxidative sensitivity compared to normal
chicken meat. The heat treatment exacerbated the increase in
protein oxidation and meat quality defects in PSE-like chicken
breasts. Moreover, the differences in cooked PSE and normal
chicken were constantly inuenced by cooking methods. There is
also a relationship between oxidation and quality, which is more
evident in the PSE samples. In addition to cooking temperature
and time, the heat transfer methods and the heat transfer
medium also signicantly affect the quality of PSE meat. Roasting
exhibited convection of dry air at high temperatures, resulting in
© 2022 The Author(s). Published by the Royal Society of Chemistry
most cooking losses, meat toughness, excessive oxidation and
aggregation of the proteins. Due to the longer times of steaming
and boiling, conduction and convection heat transfer and the
heat transfer medium (water vapor) caused greater damage and
dissolution to the myobrils. Microwave cooking involves no
external heat transfer medium and has a faster heat transfer rate,
resulting in little effect on the microstructure and oxidation
characteristics of the cooked PSE-like chicken. This study sug-
gested that microwaving is a preferable domestic cooking method
for PSE-like chicken, which reduces the difference in meat quality
and oxidation prole between PSE-like and normal chicken meat.
In practice, this study will help to better elucidate the relationship
between oxidation prole and meat quality, and provide
consumers with recommendations for consuming PSE-like meat.
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