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Abstract: This study aimed to investigate the relationship among physicochemical quality, water status and protein degradation of pork
samples during superheated steam (SHS) cooking. Pork samples were cooked with SHS (120, 150 and 180 C and traditional steam (TS) to
40, 60 and 80 C. The results showed that SHS cooking at 150 and 180 °C significantly reduced the values of lightness (L*), yellowness (b*),
cooking loss and increased the value of redness (a*). Moreover, SHS cooked samples had lower shear force, hardness and chewiness value
than TS cooked samples, indicating a better mouth feel quality. Low-field nuclear magnetic resonance (LF-NMR) analysis results showed
that relaxation time T5,, T,, and T; increased with SHS temperature, T, (TS-cooked) < T, (SHS-cooked), SHS had higher P,, values but
lower P,; values than TS. The secondary structure of pork protein cooked by TS tends to be loose than SHS, promoting more immobilized
water into free water. Furthermore, SHS led to a low exposure of hydrogen bonds and hydrophobic bonds which reduced protein

aggregation. The protein degradation and water status could explain the quality differences between SHS and TS cooked pork.
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1 Introduction

Pork contains high-quality proteins, vitamins, and mineral
compounds and amino acids which is essential for the human
body. It is frequently consumed after thermal treatment, as steaks,
burgers or roasts'. Nowadays, more and more consumers are
realizing that reducing the consumption of highly processed meat
products such as grilled and fried foods is crucial for a healthy diet.
Traditional steaming is a simple, convenient, healthy, smoke-free
cooking method which is becoming increasingly popular for
preparing pork in restaurants and households". It uses the steam
generated from boiling water as a heat transfer medium and can
better meet people’s requirements for healthy eating. However, the
common disadvantage of traditional steaming is long processing
time and usually requires large quantities of water which is energy
consuming.

Heating steam to a temperature above its boiling point is referred
to as superheated steam (SHS). SHS is a suitable heating medium in
food processing and it is an innovative technology that offers many
potential benefits to the food industry"”. Compared to traditional
processing methods, SHS has the advantages of high heat transfer
coefficients, low energy consumption, non-oxidative conditions,
and low environmental impact™. Recently, SHS technology has
been successfully applied to vegetables and fruit blanching and
drying, meat cooking and roasting, and bread baking”. Previous

studies indicated that SHS can improve the nutritional value in
terms of lipid in fish or meat products'”. SHS could also
significantly lower hazardous compounds in meat products" . In
addition, meat products processed by SHS were lighter in color and
had better textural properties compared with those processed by
conventional heating methods"”. It is well known that meat quality
attributes are directly related to heating medium, cooking
temperature and final cooking temperature, etc.l. Water
distribution and proteins degradation are vital in understanding the
other physical and chemical properties change"". Nevertheless, the
relationship between water distribution, protein degradation and
meat quality attributes after SHS cooking need research and further
exploration for improving the uniformity of products quality.

The objective of this study was to investigate the effects of SHS
cooking on qualities of pork samples and compare the meat quality
of the SHS cooking process with those of a TS cooking process.
According to Fang et al” and our pre-experiment, SHS at high
temperature can lead to intensive color which is undesirable for
steaming. Therefore, the temperature of SHS were determined 120,
150and 180 ‘C. The cooking loss, color, texture profile of meat
samples cooked with SHS and TS were characterized. The principal
component analysis (PCA) was used to explore the difference in
meat quality among the two cooking methods. Water status of pork
meats was determined using low-field nuclear magnetic resonance
(LF-NMR) technique. Meanwhile, Protein denaturation and
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degradation were evaluated by protein secondary structure,
hydrogen bonds, ionic bonds and hydrophobic interaction.

2 Materials and methods

2.1 Materials

Longissimus muscles from 9 pigs (Duroc x Landrace x Yorkshire)
were obtained from a supermarket in Beijing. Visible connective
tissue and fat were removed and Longissimus muscles of each pig
were sliced along the direction of muscle fibers into twelve meat
blocks (about (25 + 2) g, 5cm x 5 cm x 1 cm). Meat blocks from
the Longissimus muscle of same pig were equally assigned to 9
treatment groups, resulting in 9 replicates per treatment (n =9).

2.2 SHS and TS cooking experiments

The SHS cooking is carried out in the SHS oven (Naomoto 350,
Japan). A Schematic diagram of the SHS oven was shown in
Figure 1. The SHS oven is mainly consists of four parts: a steam
generator, a heater, a closed processing chamber and a controller.
During the SHS process, saturated steam generated from the steam
generator is heated by heaters to produce SHS and enters the
processing chamber from wupper and lower nozzles. The
temperature of SHS is controlled by the controller. In our study,
three temperatures in terms of 120, 150 and 180 ‘C was carried out.
The meat sample placed on the grid was put into the preheated
oven, the thermocouple probe was insert into the center of the pork
sample, and the sample was taken quickly when the center
temperature of the pork reaches 40, 60, and 80 ‘C.

| — Controller
Heater 0oo
—>
r Upper nozzles
VUL T e
| [
1 ' ' f ' * ' /—— Lower nozzles
—>
\—Steam generator / \J

Figure1 A schematic diagram of the SHS oven.

The steam cooking was conducted with a steaming pot (inner
diameter 24 cm, 1 kW) according to the method of Nieva-
Echevarria et al."”. Add boiling water (3 L, 98 ‘C) to the pot, put the
meat pieces on the steaming grid, and heat the pork with the steam
generated by boiling water. When the center temperature of pork
reaches 40, 60 and 80 ‘C, take samples quickly.

After cooking, the meat samples were placed in a self-sealing bag
and soaked in ice water for 10 min to terminate the reaction. When
measuring the indicators, the samples were wiped dry gently with
filter paper, and stored the remaining samples at -80 C.

2.3 Color measurement

The color of meat samples was measured using Chroma Meter
CR-400 colorimeter (Minolta, Osaka, Japan). The colorimeter was
calibrated using a standard whiteboard. The cooked samples were
cut in the center perpendicular to the longitudinal direction of
muscle fibers. The brightness (L*), redness (a*) and yellowness (b*)
values of fresh cut surface of samples were measured. For each
sample 3 points were selected randomly.
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24 Cooking loss

The weight of the initial pork sample 1, and the weight of the pork
sample after cooking m,; were recorded. The cooking loss were
calculated using the following formula:

my(g) —m(g)

x 100
my(g)

cooking loss (%) =

2.5 Textural profile analysis (TPA) and shear force

TPA was evaluated using a TA-XT Plus analyzer (Stable Micro
System, UK). The pork sample was cut along the direction of
muscle fiber into 1 cm X 1 cm X 1 cm. The P35 probe was used to
compress the meat piece twice. The speed before the test was
2.0 mm/s, the speed during the test was 1.0 mm/s, the speed after
the test was 2.0 mm/s, and the compression distance was 60%.

For measuring shear force, the pork sample was cut along the
direction of muscle fiber into 3 cm x lem x 1 cm. Then the meat
piece was cut by Warner Bratzler probe along the direction
perpendicular to the muscle fiber. The cutting position is 0.5 cm
away from the edge of the sample. The speed before the test is
5 mm/s, the speed during the test is 10 mm/s, and the speed after
the test is 10 mmy/s. Shear force is the peak force, and the result is
expressed in Newton.

2.6 Acquisition of transverse relaxation signals in LF-NMR
LF-NMR analyzer (PQ-001, Niumag Electric Corporation,
Shanghai, China) was used for the measurement of transverse
relaxation time (7). Each meat sample was individually placed into
25 mm NMR glass tubes. The T, measurements were measured
with CPMG sequence at 32 C with 7-value for 12 and 24 ps with
90° and 180° pulse from 4 000 echoes.

2.7 Extraction of myofibrillar protein (MP)

Extraction of MP was carried out as described by Hughes et al.",
with minor modifications. Five gram of the cooked pork sample
was mixed with 50 mL 0.03 mol/L phosphate buffered saline (pH
7.0) and homogenized using an Ultra Turrax T25 (IKA,
Germany) for 2 min. The homogenate was centrifuged for 20 min
at 10 000 x g at 4°C and the MPs were extracted from the
precipitate by homogenizing with 40 mL extractant solution
containing 8 mol/L urea and 1% (m/V) f-mercaptoethanol for
2 min. The homogenate was recentrifuged as above and the
supernatant was filtered with Whatman 1 filter paper at 4 C, and
the filtrate was MP.

2.8 Attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR) and secondary structure

ATR-FTIR was performed to assess secondary protein structure.
ATR-FTIR is an infrared spectroscopy technique used for analyzing
solid and liquid samples. It combines the advantages of attenuated
total reflection technology and Fourier transform spectroscopy
technology, and can obtain high-quality infrared spectra without
any sample processing™’. In this study, ATR-FTIR of the samples
were recorded using a Bruker Tensor 27 spectrometer (Bruker
Optics, Germany) equipped with an ATR accessory. Pork sample
MP was taken and placed on the ATR attachment for scanning.
The spectral scanning range was set at 400-4 000 cm”, and the
resolution was 4 cm™. Peak Fit 4.12 software (SPSS Inc., Chicago,
IL, USA) was used to analyze the obtained infrared spectrum.
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2.9 Measurement of chemical forces

The chemical forces were determined by the method of Yu et al"’,
with minor modifications. The four following denaturing solutions
were selected for cleaving specific bonds: 0.05 mol/L NaCl (SA),
0.6 mol/L NaCl (SB), 0.6 mol/L NaCl + 1.5 mol/L urea (SC),
0.6 mol/L NaCl + 8 mol/L urea (SD). Two grams of pork sample
were homogenized in 10 mL of each denaturing solutions with
Ultra Turrax T25 (LK.A., Germany) for 1 min. The homogenates
were stirred at 4 ‘C for 2 h, and then centrifuged at 10 000 x g for
10 min. Protein concentration in supernatants were determined by
the Lowry method. Ionic bonds were determined by difference
between SB and SA, hydrogen bonds were determined by
difference between SC and in SB, and hydrophobic interactions
were determined by difference between SC and in SB.

210 Statistical analysis

SPSS Version 22.0 software (SPSS Inc., Chicago, IL, USA) was used
for statistical analysis. Data are presented as the mean + standard
deviation (SD). One-Way analysis of variance (ANOVA) using
Duncan adjustment was used to analyze the differences among
different internal temperatures for the same cooking method and
the differences in different cooking methods at the same internal
temperature. The statistical significance was defined as P < 0.05.

3 Results and discussion

3.1 Internal color, cooking loss

Table 1 shows the changes in internal color and cooking loss of
pork samples cooked to different temperatures by TS and SHS at
120,150 and 180 ‘C. It was found that L* and b* of TS and SHS
cooked samples gradually increased with the increase of internal
temperature, whereas a* decreased. Chotigavin et al.” also observed
an increase in the L* and b* but a reduction in the g* during
cooking. The L* value is related to the moisture content of the
sample, and during the cooking process, the moisture in the sample
continuously migrates to the surface, causing an increase in the
L * value. The value of a* is related to the state of myoglobin in the

sample. There is no significant difference in color between pork
cooked by SHS at 120 ‘C and TS. Pork samples cooked by SHS at
150 and 180 °C had significant lower value in L* and b* but higher
value in a* compared with that cooked by TS, suggesting less
myoglobin degradation by use of SHS cooking.

Cooking loss of pork was no significant difference (P > 0.05)
between TS and SHS at 40 “C. At an internal temperature of 60 C,
pork cooked by SHS at 150 and 180 C caused less (P < 0.05)
cooking loss (7.47% and 7.46%) than those cooked by SHS at 120 C
and TS (8.35% and 8.78%). Similarly, at an internal temperature of
80 C, SHS cooked samples at 120 C and TS showed higher
(P < 0.05) cooking loss (21.89% and 22.05%) than those cooked by
SHS at 150 and 180 C (15.95% and 14.26%). In addition, the
cooking loss significant increased with increasing internal
temperature (P < 0.05). This phenomenon possible attributed to the
denaturation of the pork protein after heating. The structure of the
protein was destroyed and the hydrophobic groups was gradually
exposed. Therefore, as the central temperature increases, the
cooking loss gradually increases. On the other hand, SHS resulted
in the less damage of the organizational structure of pork proteins,
making it more difficult to convert from immobilized water to free
water, resulting in less cooking loss.

3.2 Shear force, texture

The pork samples cooked by TS and SHS showed variation in shear
force and texture properties (Table 2). The value of shear force
gradually increased with increasing internal temperature. The SHS
cooked samples with 60 and 80 ‘C internal temperature showed
lower values in shear force compared to TS cooked samples,
indicating that SHS cooked meats were tender than TS cooked
meats. However, at an internal temperature of 40 ‘C, SHS cooked
samples showed higher shear force values. This is probably due to
TS cooked meats uneven, the steam generated from the boiled
water will flow upward and mainly heat the top surface of the
meats, while SHS cooked meats uniformly, hard film formed at
both top and bottom surface of meat at the beginning of the
heating, which need more cutting force, resulting in a higher shear
force value.

Table 1 Changes in internal color and cooking loss of pork samples cooked to different internal temperatures by TS and SHS at 120, 150 and 180 C.

Group Internal treatments (C) L* a* b* Cooking loss (%)

40 59.27 £+ 1.69* 6.53 £0.51" 4.92 + 0.54* 4.48 + 0.04*

TS 60 76.76 + 0.49** 5.54 + 0.79* 8.48 +0.35" 8.78 +0.21"

80 81.33 £0.79* 4.93 +0.50" 10.33 + 0.45* 22.05 £ 0.08*

40 58.21 £2.51 7.06 £ 0.16* 5.30 + 0.59** 4.47 £ 0.19%

SHS 120 'C 60 75.68 + 1.70"" 6.62 +0.16™ 9.31 £ 0.42* 8.35 + 0.20*
80 80.51 +0.38* 5.32+£0.25" 10.00 + 0.38* 21.89 £0.10*

40 55.11 £0.28* 7.75 £0.21* 3.66 £ 0.41¢ 4.43 £ 0.40*

SHS 150 C 60 74.08 + 0.55" 6.85+ 0.10™ 9.39 + 0.04* 7.47 + 0.65"
80 78.82 + 1.04*® 6.64 + 0.50" 10.97 £ 0.15* 15.95 + 1.20*°

40 51.49 + 1.12 8.14 £ 0.14* 2.97 £0.18* 3.95 + 0.50*

SHS 180 C 60 71.04 £ 1.63 7.18 £ 0.02** 4.88 £ 0.09" 7.46 £ 0.40™
80 75.08 + 0.46 7.02 +0.15* 8.98 £ 0.30 14.26 + 0.60°°

Note: Different uppercase letters (A-C) indicate significant difference between different cooking methods at same internal temperature (P < 0.05); Different
lowercase letters (a—c) indicate significant difference between different internal temperature for same cooking method (P < 0.05). Values are presented as

mean + SD.
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Table2 Shear force and texture properties of pork samples cooked to different internal temperatures by TS and SHS at 120, 150 and 180 C.

Group tem;?:aetriael ) Shear force (N) Hardness (g) Cohesiveness  Springiness (%) Gumminess Chewiness

40 3.43 +£0.32" 9067.36 £ 614.71 0.43 £0.02*¢ 40.45 + 0.96¢ 4283.06 + 492.14< 1700.19 £ 65.52¢

TS 60 5.67 £ 0.10** 11 341.36 + 77.92* 0.57 +0.01** 42.50 +1.97%  5454,06 +1102.73* 2507.68 + 117.63"*

80 5.95+0.62* 15 356.79+ 1 332.12**  0.59 £ 0.01***  58.64 + 2.05** 9 049.66 + 602.85**  5141.06 + 135.36**

40 4.17 £0.13" 11 213.00 + 705.68™ 0.52 +£0.19" 40.45 + 1.61< 5741.97 + 240.63 2284.25 + 146.62**

SHS 120 'C 60 5.17 £ 0.51**® 8 773.88 + 452.88< 0.58 + 0.01* 45.18 + 1.40" 5303.28 £ 67.30* 2175.03 £ 155.12"
80 5.66 £ 0.594% 12 172.62 + 726.47*° 0.60 £ 0.01** 55.73 £ 2.05" 7 639.84 £ 216.62" 4001.66 + 232.82*°

40 3.77 £ 0.20"® 9 859.22 + 674.64" 0.48 £0.01* 45.65 + 0.71" 5673.32 + 813.16™* 2 050.22 + 165.22"

SHS 150 C 60 5.17 £ 0.51*% 9879.02 + 812.26" 0.57 +0.11" 4330+ 1.14* 521095+ 1007.47°*  2195.12 £ 50.53"
80 5.66 £ 0.59* 11 935.52 + 241.48 0.59 + 0.04° 52.69 + 1.88® 7 008.38 £ 505.60°* 3 515.96 + 304.19*°

40 3.29 +£0.36" 9 166.49 + 594.79"" 0.46 £ 0.03* 43.39 + 0.81"* 4 855.23 + 504.84"¢ 1988.98 + 72.39®
SHS 180 C 60 4.72 £ 0.35" 9572.27 £ 178.14"¢ 0.57 +0.01** 4326 + 1.86™ 5248.85 + 445.44"  2264.17 + 198.21**"
80 5.16 £ 0.10® 10 869.90 + 789.21°®  0.59 £ 0.01**® 54.40 + 2.95 6 568.58 + 286.25* 3507.74 + 136.84°

Note: Different uppercase letters (A-C) indicate significant difference between different cooking methods at same internal temperature (P < 0.05); Different
lowercase letters (a—c) indicate significant difference between different internal temperature for same cooking method (P < 0.05). Values are presented as

mean + SD.

Texture such as hardness, springiness, chewiness, etc. are
important quality characteristics of meat, which have significant
impact on consumers’ eating experience. In our study, pork texture
is highly related to cooking method and internal temperature.
Hardness, springiness, cohesiveness, gumminess and chewiness
increased significantly (P<0.05) with increasing internal
temperature. At an internal temperature of 40 ‘C, hardness was no
significant difference (P > 0.05) between the SHS and TS cooking.
Meats cooked by TS at 60 °C internal temperature had a higher
(P < 0.05) hardness ((11 341.36 + 77.92) g) than those cooked by
SHSat 120, 150 and 180 °C ((8 773.88 + 452.88), (9 879.02 +
812.26) and (9 57227 + 178.14) g, respectively). Similarly, TS
treatmentat 80 ‘C internal temperature caused higher (P < 0.05)
hardness ((15 356.79 + 1 332.12) g) than those cooked by SHS at
120,150 and 180 ‘C ((12 172.62 + 726.47), (11 935.52 + 241.48),
and (10 869.90 + 789.21) g, respectively). At 80 ‘C internal
temperature, TS cooked meats had significant higher (P < 0.05)
springiness ((58.64 + 2.05)%) than those cooked by SHS at 120, 150
and 180 °C ((55.73 + 2.05)%, (52.69 + 1.88)%, and (54.40 + 2.95)%,
respectively). Furthermore, cohesiveness was no significant
difference (P > 0.05) between the SHS and TS cooking. At 80 C
internal temperature, SHS cooked pork had lower (P < 0.05)
gumminess and chewiness than TS cooked pork. Rahman et al.”"

found that there was a significant positive relationship between
hardness and chewing ability. The lower the chewiness value, the
lower the force required for chewing, and the better the taste of the
sample, indicating SHS cooked meat had better mouth feel quality.
The differences in texture properties between SHS and TS cooked
meat is probably related to the changes in internal chemical forces
and conformation of pork protein during heating. Therefore, it is
necessary to further study the internal chemical forces and
conformational changes of proteins.

3.3 PCA result

PCA was used to further characterize the difference in meat quality
cooked to different internal temperatures among the TS cooking
and SHS cooking as shown in Figures 2A-C, respectively.
Parameters of meat quality attributes including color, textual
properties, and cooking loss were included in the PCA model. The
total contribution rates of the first 2 PC1 and PC2 were 76.7%,
66.1% and 77.4% respectively.

Atan internal temperature of 40 “C, there were clear separation
among samples after different cooking methods (Figure 2A),
indicating significant difference in meat quality. The SHS cooking
at150 and 180 C gathered in green and blue circle respectively
showing with less cooking loss and a more red appearance.

5.0 (A SHS 120 C WM SHS 150 ‘C 5.0 (B SHS 120 C WM SHS 150 ‘C 5.0 Ite SHS 120 ‘C MM SHS 150 C
(A) I SHS 180 C TS ( )- SHS 180 ‘C TS (C) mm sus1s0C TS
25 251 2.5 F =
) < < P
< & . 2|
8 0.0 F ) Gooing los ?‘, 0.0 é 0.0 ‘(b«\»g“%‘:?}%zz!;ﬁa E?‘ e
[\ Springines N N Chefines® | A5
2 g S
=257 =25 -2.5 & :
-5.0 J -50 L L L J -5.0 L L L J
-50 =25 0.0 2.5 5.0 -50 -25 0.0 2.5 5.0 -50 =25 0.0 2.5 5.0

PCI (40.3%)

PCI (43.7%)

PCI (62.6%)

Figure2 PCA score plots of meat quality cooked by TS and SHS at 120, 150 and 180 C. (A) Internal temperature of 40 ‘C; (B) Internal temperature of 60 ‘C;

(C) Internal temperature of 80 C.
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TS cooking and SHS cooking at 120 ‘C showing higher value of
cooking loss and lightness, whereas SHS cooking at 120 ‘C has the
highest value of hardness, cohesiveness, gumminess and chewiness.
In contrast, PCA of meat quality for 60 C internal temperature
(Figure 2B) showed relative short distance from pink, purple and
green circle, suggesting similarities in meat quality. The blue area
was the SHS cooking at 180 ‘C, which was scattered from other
groups and it was exhibited with the lowest value of cooking loss,
and the highest value of redness. At 80 C internal temperature
(Figure 2C), Groups of TS cooking and SHS cooking at 120 C are
in the 2 and 3" quadrants and had a relative short distance,
indicating similar meat quality. SHS cooking at 150 and 180 °C are
in the 1* and 4™ quadrants respectively, suggesting higher SHS
temperatures were associated with less cooking loss and shear force,
and a more red appearance.

3.4 Water status

NMR transverse relaxation time (7,) can explain the variation of
water state in the sample with relaxation time from a microscopic
perspective, and can real-time observe the flow and distribution of
hydrogen protons in the sample™. If the relaxation time T, is long,
it indicates that the degree of freedom of hydrogen protons is
greater, the binding degree with protein is weaker, and the water is
more easily removed; On the contrary, if the T, is short, water is
difficult to remove. The water in the sample usually has three forms,
namely, bound water T, (0.1-10 ms), immobilized water T,
(10-100 ms), and free water T,; (> 100 ms) which is outside
myofibril*,

Figure 3 illustrates the T, of pork samples during different
cooking methods, which is obtained through inversion and fitting.
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All samples have three distinguishing component peaks. The bound
water (T,) was mainly in the range of 0.52-1.12 ms, the
immobilized water (T,,) was in the range of 23.82-41.50 ms, and
the range of free water (T);) was 178.34-289.94 ms. As expected,
most water in pork samples is immobilized water. In addition, with
increasing internal temperature, T, of both TS and SHS cooked
sample gradually shifted to the left and peak amplitude gradually
decreased. This was mainly due to protein denaturation caused by
heating, which destroyed the hydrogen bond between water and
protein, the immobilized water transfer to free water, leading to
water evaporation™. T} and T, intensity decreased with increasing
internal temperature during pork cooking process was also
observed by Song et al."".

As shown in Figures 4A-C, At an internal temperature of 60 C,
T,, T, and T,; increased with SHS temperature, indicates
decreasing protein-water interactions upon increasing SHS
temperature. The T, of TS-cooked meats were shorter than that of
SHS-cooked samples. Furthermore, SHS cooking at 150 and 180 C
had relatively higher P,, values but lower P,; values, compared to
TS and SHS cooking at 120 °C (Figures 4E-F). This was mainly due
to that the muscle structure of pork cooked by SHS was relatively
complete, while the secondary structure of pork protein cooked by
TS tends to be loose, promoting more immobilized water into
free water.

35 ATR-FTIR and secondary structure

Proteins are biological macromolecules with special structures,
formed by amino acids connected by peptide bonds. Secondary
structure is the foundation of protein spatial structure and is closely
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Figure3 LF-NMR T, relaxation spectra of pork samples cooked by TS and SHS. (A) TS; (B) SHS 120 C; (C) SHS 150 °C; (D) SHS 180 C.
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Figure4 (A-C) T, relaxation time and (D-F) relative area of pork samples cooked to different temperatures by TS and SHS at 120, 150 and 180 “C. Different uppercase
letters (A-C) indicate significant difference between different cooking methods at same internal temperature (P < 0.05); Different lowercase letters (a—c) indicate
significant difference between different internal temperature for same cooking method (P < 0.05). Values are presented as mean + SD.

related to amide band I located between 1 600 and 1 700 cm™ ™.
The a-helix was assigned to 1 646-1 664 cm™, -sheet was assigned
to 1 615-1 637 and 1 682-1 700 cm™, random coil was assigned to
1 637-1 645 cm”, and f-turn was assigned to 1 664-1 681 cm™.
The amide I band of the original protein infrared spectrum can be
decompose into several sub peaks by using second derivative and
deconvolution techniques™. Changes in MP secondary structure
content of pork after different cooking methods can be observed
through peak height and peak area.

As shown in Figure 5, 8-sheet was the main secondary structure
in different cooked pork samples MP. The a-helix and f-turn
content decreased slightly with increasing internal temperature
while the S-sheet and random coil content increased slightly in
pork MP for both TS and SHS treatment. The a-helix is mainly
maintained by intramolecular hydrogen bonds formed between
carbonyl and amino groups on the polypeptide chain. The
reduction of a-helix content indicated that heat treatment can
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destroy hydrogen bonds, causing the unfolding of the helical
structure and a transformation of a-helix to f8-sheet and random
coil. In addition, SHS resulted in increase of a-helixes and S-turns
in MP compared to TS, but the 3-sheets and random coils showed
the opposite trend. According to Mitra et al.”’, the degree of protein
denaturation depends on both temperature and time of heat
treatment. Compared to TS, SHS has higher heat transfer
coefficient and needs less time to reach the desired internal
temperature, proteins are denatured with insufficient heat, thus
leading to increased a-helixes and S-turns and decreased f-sheets
and random coils. Moreover, Cando et al”® concluded that
tenderness was related to decreased a-helix content and increased
B-structure. In our study, we did find that at 80 ‘C internal
temperature, samples in SHS 180 ‘C had a higher a-helix content
and lowest f-sheet content, which had the lowest shear force
((5.16 = 0.10) N) among the samples with an internal temperature
of 80 C.
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Figure5 The percentage of secondary protein structure in pork samples cooked by TS and SHS at 120, 150 and 180 “C. (A) Internal temperature of 40 “C; (B) Internal
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Values are presented as mean + SD.

3.6 Chemical forces

The changes in chemical forces including hydrogen bonds, ionic
bonds and hydrophobic interaction of pork samples during TS and
SHS cooking were shown in Figure 6. Ionic and hydrogen bonds
significant decreased with internal temperature (P < 0.05), and
reached a relative low value at 80 ‘C, which indicated that ionic
and hydrogen bonds were destroyed during cooking process. At
60 ‘C and 80 C internal temperature, greater ionic and hydrogen
bonds in pork samples contributed to higher stability for SHS
cooked pork protein compared to TS cooked pork protein, and
indirectly influenced the gelation properties.

Compared to TS cooked pork protein, SHS cooked pork protein
resulted in less hydrophobic interactions. In addition, with
increasing temperature, hydrophobic interactions increased,
followed by a decrease (Figure 6). The maximum value was
obtainedat 60 C. At the beginning of heat treatment, proteins
denatured and the hydrophobic groups exposed, prompting the
hydrophobic interactions to enhance, while when the temperature
further increased, protein-protein interactions will enhance by
disulfide bonds and covalent cross-links. A small amount of
hydrophobic residues will be buried in the molecule again, resulting
in the reduction of hydrophobic interaction.

Chemical forces such as ion bonds, hydrogen bonds,
0 (4) (®)
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00 § 4 § o010 = 0.0 L2 .
40 60 80 40

Internal temperature ('C)

Internal temperature (C)

hydrophobic bonds, and disulfide bonds all play an important role
in the hardness, elasticity, cohesiveness, chewiness, and resilience
changes of pork. During heating, pork muscle protein forms gel,
and each chemical force is the main force to maintain the
appearance of the gel". At a lower temperature range (40-60 C),
hydrogen bond, ionic bond and hydrophobic bond play the main
role. With the increase of temperature, disulfide bond becomes the
main force to maintain the stability of gel. The results of this study
showed that at a lower temperature range (40-60 ‘C), the content
of hydrogen bond and ionic bond was higher, the hydrophobic
group exposed, and the pork MP formed a softer gel with less
hardness and elasticity. With the temperature further increased, the
chemical forces between protein molecules were destroyed during
heating, and hydrophobic residues exposed and were oxidized into
disulfide bonds, leading to complete denaturation and aggregation
of proteins, forming a new ordered three-dimensional network
structure. At this time, the hardness, elasticity, cohesiveness and
resilience of gel increased. The differences in hardness and
springiness in pork samples cooked by different cooking methods
were mainly due to the degree of protein denaturation. Compared
to TS cooking, SHS cooking resulted in low degree of denaturation
of protein. This led to a low exposure of hydrogen bonds and
hydrophobic bonds, and low protein aggregation, resulted in low
hardness and springiness.
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Figure 6 Changes in (A) ionic bonds, (B) hydrogen bond, (C) hydrophobic interaction of pork samples during TS and SHS cooking. Different uppercase letters (A-C)
indicate significant difference between different cooking methods at same internal temperature (P < 0.05); Different lowercase letters (a—c) indicate significant difference
between different internal temperature for same cooking method (P < 0.05). Values are presented as mean + SD.
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4 Conclusion

This study aimed to evaluate the physicochemical quality, water
status and protein degradation of pork samples cooked by SHS. The
treatments varied in temperature (120, 150, and 180 ‘C) and pork
samples were cooked to 40, 60 and 80 C, respectively; Samples
cooked by TS were included as controls. Compared to TS, SHS
resulted in lower value of L*, b*, cooking loss, shear force, hardness
and chewiness and higher value of a* in pork. Protein structure
tended to unfold and more loosen in TS cooked pork during
heating, leading to a high exposure of hydrophobic bonds, and high
protein aggregation, which promoted more immobilized water
transferred into free water, while promoting the gel formation,
which in turn affected the hardness and springiness of pork
samples. These results provide information for the use of SHS as an
alternative cooking method for pork and other meats. Furthermore,
the quality of pork during SHS cooking can be monitored through
protein conformation and water migration to improve product
uniformity.
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