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The effects of heat-induced changes of intramuscular connective tissue (IMCT) and collagen on meat texture properties of beef Semitendinosus (ST) muscle were investigated in this
study. ST muscle was heated to core temperature from 40 to 90◦ C with an increment of 5◦ C
in a water bath and microwave oven, respectively. Characteristics changes of IMCT collagen and meat texture were estimated. The results indicated that: cooking loss, total collagen
and soluble collagen content increased with the increase in heating temperature and time.
Collagen solubility of thermally treated meat was relatively high at 65◦ C irrespective of heat
treatment mode. The granulation changes of connective tissue collagen occurred at 60◦ C
and increased during heating to higher core temperatures. The instrumental texture profile
analysis (TPA) data of heated meat showed also significant differences between two heating
modes and studied temperatures. Results indicated that heating internal core temperature
of 60◦ C and 65◦ C were critical for affecting meat texture properties owing to the thermal
effects of collagen in water bath and microwave heating, respectively.
Keywords: Beef Semitendinosus muscle, Connective tissue, Collagen, Texture, Heating.

INTRODUCTION
Acceptability of meat is a common concerned attribute both by meat producers and
consumers; it was also called eating quality of meat, mainly included tenderness, juiciness,
and flavor.[1] Thermal treatment is an important step for the conversion of inedible (raw)
meat to edible meat, and can affect on the eating and sensory quality of meat, especially
on the meat texture.[2] The texture of meat is one of the most important quality attributes,
which has been studied for many years in different aspects.[3–5] The effects of thermal
treatment on the meat texture mainly resulting from the denaturation and dissociation
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of myofibrillar proteins, transversal and longitudinal shrinkage of meat fibers, aggregation and gel formation of sarcoplasmic proteins and solubilization of connective tissue
collagen.[6–10] The texture of heated meat was related to the characteristics changes of
connective tissue and collagen to a certain extent due to the thermal effects. In addition, it
was also depended on the mode of heating, heating temperature and time.
Heating modes can affect on the palatability of meat, therefore, in scientific
researches, thermal treatment modes should be selected that either can simulate the practices of common consumer, or can be subjected to experimental controlling, and can not
affect palatability and overshadow treatment effects significantly.[11] Numerous heating
methods have been studied for use in palatability researches including ultrasound,[12]
roasting,[13] various methods of grilling and broiling,[14,15] and conveyor-belt grilling.[16]
Furthermore, water bath heating was applied widely both in the practical production and
scientific researches. Recently, microwave heating has become very popular with consumers wanting a quick, convenient, clean and nutritious way for heating in the home.
However, there were conflicting results on microwave heating. Some researches have
demonstrated that meat heated by microwave can compare favorably in palatability with
meat heated conventionally.[17] Contrarily, Starrak and Johnson[18] reported that many people were dissatisfied with the results for meat was heated by microwave ovens. Deethardt
et al.[19] reported that acceptability of meat heated by microwave has been low because of
color, aroma or flavor problems.
To the best of our knowledge, few data are available on the comparative study on the
effects of heat-induced changes of connective tissue and collagen on meat textural properties of Chinese yellow bulls using water bath and microwave heating. Therefore, the objectives of the present study were to: (1) characterize IMCT collagen properties (collagen content and solubility), and connective tissue microstructure of beef ST muscle during water
bath and microwave heating; (2) evaluate the textural properties by means of texture profile
analysis (TPA) parameters (hardness, adhesiveness, springiness, cohesiveness, gumminess,
chewiness and resilience) of beef ST muscle, whether the textural properties of heated meat
were related to the characteristics of connective tissue and collagen were examined.
MATERIALS AND METHODS
Materials
Beef ST muscle was collected from 15 Chinese yellow bulls (Simmental × Nanyang
crossbreed ), carcasses were slaughtered humanely at the corporation slaughterhouse (LvQi
Meat Co. Ltd, Henan, China) followed by the Halal method. The bulls were 30-month-old
and weighed between 500 ± 30 kg. Muscle samples were collected within 48 h postmortem
after aging in a 4◦ C chiller. pH value of all muscle was about 5.6–5.8. The visible subcutaneous fat and connective tissue were trimmed off and samples were sliced into cubes
2.54-cm thick, perpendicular to the direction of the fiber. The steaks were individually
weighed and vacuum-packed. L-4-hydroxyproline (C5 H9 NO3 , m.w:131.13) standard sample was obtained from Sigma-Aldrich (France). All other chemicals used in this work were
also from commercial sources and of analytical grade.
Heating Treatment
Beef ST muscle steaks (2.5 × 5.0 × 5.0 cm) were packed in polypropylene bags,
sealed and heated in a 95◦ C water bath (Guohua HH-42, Changzhou, China) to internal
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core temperature from 40 to 90◦ C with an increment of 5◦ C. Four slices at each temperature, the internal temperature was measured in one of the slices using a digital needletipped thermometer (HI145, HANNA Instruments, Italy). Temperature changes were
monitored constantly until the designed internal core temperature was reached. Meat steaks
were also heated in a laboratory microwave oven (600W, 2450MHz) (EM-2008MS1,
Shanghai, China) at low power level[20] to the internal core temperatures mentioned above.
During microwave heating, the changes of temperature at the center of sample were measured periodically by a temperature probe.[21] The probe was inserted immediately into
the geometric center of steaks, after sample was taken out from the oven at interval of
10 s of heating.[22] Care has been taken to measure the product temperature as much as
close to the set temperature although it is extremely difficult to measure the temperature
by common temperature probe. After heating, the steaks were then chilled with cold running water to about room temperature, surface-dried with filter paper, and re-weighed. Raw
meat (unheated) was used as the control group at room temperature (20◦ C). The heating
time for steaks with different core temperatures during heating were listed in Table 1.
Cooking Loss
Cooking losses of samples were assessed as outlined by Vasanthi et al.[23] Every
meat steaks samples were blotted with blotting paper and weighed accurately just before
heating (Wb ). After heating, the samples were cooled to about room temperature and wiped
with blotting paper and re-weighed immediately (Wa ). The cooking losses of samples were
calculated according to the following equation:
Cooking loss =

Wb − Wa
× 100%
Wb

Collagen Content
Total collagen, as measured by hydroxyproline concentration was determined
according to the procedures of Bergman and Loxley,[24] Hill,[25] and Vasanthi et al.[23] with
some modifications. Approximately five grams of meat was weighed accurately and 50 ml
of 6 M HCl solution was added in a sealed tube, and then hydrolyzed in an oven (FOSS
Corporation, Denmark) at 110◦ C for 18 h. After hydrolyzed completely, the hydrolysates
were filtered using filter paper and were decolorized with active carbon. The filter paper
and active carbon were washed with deionized water for three times until the volume of filtrate reached 200 ml, then 20 ml of the filtered hydrolysate was taken and neutralized with
10 M and 1 M NaOH solution until the pH value up to 7.9–8.0. The neutralized hydrolysate
was again diluted with deionized water to 250 ml in a volumetric flask. Four-milliliter
of the neutralized hydrolysate was used to determine the hydroxyproline content.[26] A
conversion factor of 7.25[27] was used to estimate the collagen content and expressed as
percentage of the initial sample wet weight.
The method for soluble collagen determination was adopted from Fang et al.[28] and
[25]
with minor modifications. Five grams of homogenized meat was put in a 50-ml cenHill
trifuge tube and 12 ml 1/4 Ringer’s solution (1.8 g NaCl, 0.25 g KCl, 0.06 g CaCl2 .6H2 O,
0.05 g NaHCO3 , 0.186 g iodacetic acid were dissolved into 1 L distilled water) was added
and the whole mixed (Ultra-Turrax T25 basic blender, IKA-WERKE, Germany). The mixture was maintained in a water bath at 77◦ C for 60 min, after cooling to room temperature,
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(min)b

–
–
4

Rawa
50
8.0 ± 0.5
6.0 ± 0.5
4

40
5.0 ± 0.5
3.0 ± 0.5
4

10.0 ± 0.5
8.0 ± 0.5
4

55
12.0 ± 0.5
9.0 ± 0.5
4

60
14.0 ± 0.5
10.0 ± 0.5
4

65
16.0 ± 0.5
11.0 ± 0.5
4

70

19.0 ± 0.5
12.0 ± 0.5
4

75

22.0 ± 0.5
14.0 ± 0.5
4

80

25.0 ± 0.5
16.0 ± 0.5
4

85

28.0 ± 0.5
19.0 ± 0.5
4

90

∗ The size of samples for water bath and microwave oven heating experiments were all about 2.5 × 5.0 × 5.0 cm and 100 ± 5 g in weight, the initial core temperature of samples
were all 20◦ C.
a The raw meat as control (unheated) (in the following expressed in the form of 20◦ C).
b Average heating time was recorded during heating.

Water bath heating time
Microwave heating time (min)b
N

Core temperature (◦ C)

Table 1 Parameters for water bath and microwave heating experiments.∗
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centrifuged for 15 min at 3300 × g (Beckman Allegra 64R, Beckman-Coulter Company,
USA). The supernatant was collected and 8 ml of 1/4 Ringer’s solution was mixed with the
precipitate and centrifuged again for 10 min at 3300 × g. After rinsing the precipitate, the
supernatants from the two centrifugations were combined and were hydrolyzed according
to the procedures of total collagen hydrolyzed mentioned above. The percentage of soluble
collagen was calculated from the hydroxyproline concentration in the supernatants.
Collagen Solubility
Collagen solubility of meat was calculated and expressed as the percentage of soluble
collagen account for total collagen, followed the method of Naewbanij et al.[29]
Instrumental Texture Profile Analysis (TPA)
TPA tests for meat samples were carried out as described by Palka and Daun[30] and
with some modifications. Samples of 15-mm diameter and 20-mm length were
Palka
cut out lengthwise to fibers from the raw and heated meat slices. TPA tests were performed
with a Texture Analyzer TA-XT2i (Stable Micro Systems Ltd., Godalming, U.K.) at room
temperature (20◦ C) using a 25-kg load cell, and the application program provided with
the apparatus (Texture Expert for Windows, Version 1.0). A cylindrical 5-mm-diameter
stainless plunger (P/50) was used in the TPA tests. The following experimental conditions
were selected for all measurements: pre-test speed 2.0 mm/s, test-speed 1.0 mm/s and
post-test speed 1.0 mm/s; compressions ratio 50%; penetration distance 4 mm and a rest
period of 5 s between two cycles; trigger force 0.98 N, and data acquisition rate 200 PPS
(pulses per s). The probe always returned to the trigger point before beginning the second
cycle. After the second cycle, the probe returned to its initial position. TPA parameters
were calculated by the User Guide Software (Version 1.0).
The data obtained from TPA curve were used for the calculation of textural parameters. Among the TPA parameters, hardness is expressed as maximum force for the first
compression. Adhesiveness is expressed as negative force area for the first bite or the work
necessary to pull the compressing plunger away from the sample. Springiness is calculated
as the ratio of the time from the start of the second area up to the second probe reversal
over the time between the start of the first area and the first probe reversal. Cohesiveness
is a measure of the degree of difficulty in breaking down the samples internal structure.
Gumminess and chewiness have been reported as products of hardness, cohesiveness.
Chewiness is calculated as hardness × cohesiveness × springiness. Resilience reflects the
redeformation capacity of samples tissue after penetration.[32]
[31]

Scanning Electron Microscopy (SEM)
The microstructural changes of samples were evaluated using a SEM after preparing
the samples by a method of Nishimura et al.[33] reported and made some modifications. For
SEM procedures, pieces 5 × 5 × 3 mm were excised from raw and heated meat steaks perpendicular to the orientation of muscles fiber, and fixed in 2.5% glutaraldehyde in 0.1 M
phosphate buffer solution (PBS) (pH 7.4) for 3 days at 4◦ C. The specimens were then
rinsed with PBS for three times and 30 min for each time. Subsequently were dehydrated
by gradient ethanol series (50, 70, 80, and 90%) for 15 min in each solution at room temperature, and in absolute ethanol for three times, 30 min for each time. The samples were then
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cementated with t-butanol for three times (30 min for each time); after freeze-dried and
sputter-coated with gold film (10 nm), the specimens were examined and photographed in
a SEM (S-3000N, Hitachi High-Technologies Corporation, Japan) at an accelerating voltage of 15.0 kV. Micrographs were taken at the magnification of ×500 for perimysia and
endomysia observation.
Perimysium Thickness Determination
Primary and secondary perimysia thickness of raw and heated ST muscle were estimated according to the method of Flint et al.[34] modified by Li et al.[35] Briefly, the
0.5 × 0.5 × 0.5 cm cubes were removed from raw and heated steak, then were rapidly
frozen in nitrogen for 5 to 6 h, and cut into sections of 10 μm thick, perpendicular to
the orientation of muscle fibers, using a freezing microtome (CM1900, Leica, Germany).
The sections were stained as following procedures: slides were placed in acetone for at
least 12 h, transferred into saturated picro-formalin for 5 min, and then washed by running
water for 10 min. The samples were stained in saturated pirco-sirius red solutions for 1 h,
washed for 2 min in 0.01 M HCl solution, and then dehydrated in 100% ethanol for 5 min.
Finally, they were cleared in xylene and mounted in a resinous medium.
After stained, slides were examined under bright-field illumination using a light
microscope (BX41, Olympus, Japan), photographs were taken with a digital camera
(Olympus, Japan) affixed to the microscope from different visual fields of each slide. The
thickness of the primary and secondary perimysia was measured by the Image-Pro Plus
5.1 software (Media Cybernetics, Bethesda, MD). Measurement points were randomly
selected from each photograph and the perimysial thickness was designated as the shortest
distance between the two edges of the membrane.
Statistical Analysis
All measurements in this study were done in triplicate; the results reported here were
the means of the three trials. Statistical analyses were carried out using SPSS 16.0 (SPSS
Inc., Chicago, IL). One-way analysis of variance (ANOVA) and Duncan’s multiple-range
test were carried out to determine significant differences of cooking loss, total and soluble
collagen content, collagen solubility, TPA parameters and perimysia thickness between
water bath and microwave heating, and effects were considered significant at p < 0.05 (∗ )
levels.
RESULTS AND DISCUSSION
Cooking Loss
Cooking losses of beef ST muscle for Chinese yellow bulls during water bath and
microwave heating were presented in Table 2. Cooking loss manifested significant differences (p < 0.05) between water bath and microwave treated sample at the core temperature
of 55◦ C and 80◦ C. On the whole, there was a gradual increase in cooking loss with increase
in internal core temperature and heating time for water bath and microwave treatments
(Tables 1 and 2). The results were consistent with the reports of Palka and Daun[30]
and Palka.[31] An increase in cooking loss with increase in heating time for salmon and
chicken breast muscle was also found by Kong et al.,[6] and the conclusions were similar
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–
13.78 ± 0.21
15.95 ± 0.08
23.34 ± 0.69∗
23.93 ± 0.81
25.16 ± 0.39
23.75 ± 0.86
31.43 ± 0.87
29.36 ± 0.58
34.97 ± 1.03
38.51 ± 0.99

Wb-H
–
10.40 ± 2.14
13.81 ± 2.05
14.54 ± 0.88
24.38 ± 1.18
27.81 ± 1.72
22.39 ± 2.16
27.12 ± 2.93
36.14 ± 2.69∗
32.85 ± 1.87
39.41 ± 1.47

Mo-H

Mo-H
0.66 ± 0.09
0.80 ± 0.07
0.80 ± 0.05
0.98 ± 0.04
1.01 ± 0.04∗
0.97 ± 0.14
1.11 ± 0.04∗
1.21 ± 0.04∗
1.10 ± 0.12∗
1.10 ± 0.02
1.20 ± 0.10

Wb-H
0.66 ± 0.09
0.74 ± 0.11
0.76 ± 0.08
0.86 ± 0.07
0.84 ± 0.10
0.83 ± 0.13
0.89 ± 0.06
0.90 ± 0.17
0.83 ± 0.09
1.15 ± 0.17
1.43 ± 0.13

Total collagen
(% wet weight)

0.16 ± 0.12
0.21 ± 0.08
0.16 ± 0.20
0.16 ± 0.02
0.17 ± 0.13
0.25 ± 0.12
0.18 ± 0.06
0.28 ± 0.17
0.20 ± 0.07
0.25 ± 0.16
0.38 ± 0.12

Wb-H
0.16 ± 0.12
0.16 ± 0.07
0.18 ± 0.03
0.18 ± 0.05
0.19 ± 0.03
0.24 ± 0.05
0.22 ± 0.02
0.25 ± 0.02
0.26 ± 0.02
0.29 ± 0.08
0.35 ± 0.05

Mo-H

Soluble collagen
(% wet weight)

22.48 ± 15.51
28.18 ± 5.51∗
19.50 ± 23.61
19.00 ± 2.34
19.03 ± 12.62
28.82 ± 11.22
20.48 ± 6.27
29.56 ± 14.62∗
24.05 ± 7.07
20.86 ± 11.83
26.39 ± 6.25

Wb-H

22.48 ± 15.51
20.62 ± 10.60
22.72 ± 5.18
18.25 ± 4.36
18.75 ± 2.23
25.60 ± 8.94
19.79 ± 1.09
20.71 ± 2.34
23.96 ± 4.46
26.28 ± 6.80∗
29.07 ± 1.75

Mo-H

Collagen solubility (%)

Wb-H means water bath heating and Mo-H means microwave oven heating. All data in table were Means ± Std. Deviation, ∗ means significant difference (p < 0.05)
between two different heating methods.
a Cooking loss of raw meat (20◦ C) was not measured.

20
40
50
55
60
65
70
75
80
85
90

Temperature

(◦ C)

Cooking loss (%)a

Table 2 Cooking loss and collagen contents of beef ST muscle during water bath and microwave heating.
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to the present paper. This could be due to a greater degree of transversal and longitudinal
shrinkage of the muscle fibers and protein denaturation and coagulation during heating.[23]
Furthermore, it was likely owing to the aggregation and gel formation of sarcoplasmic
proteins and solubilization of connective tissue collagen during heating.
Collagen Content
As shown in Table 2. The mean content for total collagen of the raw meat was
0.66 ± 0.09 % (wet basis) and was within the normal rage (lower than 1% wet weight).[36]
Total collagen content of microwave treated sample was higher compared to water bath
treatment before heating temperature up to 80◦ C, and showed significant differences
(p < 0.05) at 60◦ C, 70◦ C, 75◦ C and 80◦ C. There was a gradual increase in the total collagen content with increase in the temperature during water bath and microwave heating;
it was probably attributed to the increasing in cooking loss and the conversion of collagen to gelatin during heating. Palka[31] also reported the same conclusions by ST muscle
were roasted in an electric oven, but those were different from the researches of Vasanthi
et al.[23] This may be due to the differences in the species and anatomic portions of samples, heating methods, temperature and time and so on. However, no statistical differences
(p > 0.05) were found for soluble collagen content between water bath and microwave
treated samples, and the same changes tendency were presented as total collagen content
with increase in the temperature during water bath and microwave heating (Table 2).
Collagen Solubility
Changes of collagen solubility of water bath and microwave treated samples were
irregular (Table 2). There was an unaccountable variation in collagen solubility with a
maximum at 75◦ C for water bath heated meat. Collagen solubility changed unaccountably
throughout heating due to juice loss and collagen solubilization.[35] For microwave heating, the highest collagen solubility was found when heated to 90◦ C, and could be attributed
to the conversion of collagen to gelatin occurs at this temperature range. At 65◦ C, collagen
solubility of water bath and microwave treated samples were relatively higher simultaneously, partly because of the shrinkage effect of perimysial and endomysial collagen at about
65◦ C (proved in DSC analysis, data not shown). According to the reports of Li et al.,[35]
low correlations were found between meat Warner-Bratzler shear force (WBSF) values and
total collagen and collagen solubility, although previous data indicated a high relationship
between peak shear force and collagen content for beef.[37]
Instrumental Texture Profile Analysis (TPA)
TPA provides textural change of meat during thermal treatment. TPA parameters of
raw and heated ST meat were shown in Fig. 1. It was found that the thermal conditions
(internal temperature) and heating modes had significant effects on all the TPA parameters
of meat except for resilience (Fig. 1G). Hardness, as a measure of force necessary to attain
a given deformation, gave a different response to the different heating methods and temperatures applied. Hardness (Fig. 1A) of microwave treated sample was higher compared to
water bath treatment at 65◦ C, and showed significant differences (p < 0.05) in the temperature range from 75◦ C to 90◦ C. Hardness of water bath heated meat showed a maximum
at 60◦ C. Changes of adhesiveness (Fig. 1B) for water bath and microwave treated sample
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20 °C 40 °C 50 °C 55 °C 60 °C 65 °C 70 °C 75 °C 80 °C 85 °C 90 °C

0

20 °C 40 °C 50 °C 55 °C 60 °C 65 °C 70 °C 75 °C 80 °C 85 °C 90 °C

Temperature (°C)

Temperature (°C)

G
0.25

Water bath heating

Microwave heating

Resilience

0.2
0.15
0.1
0.05
0

20 °C 40 °C 50 °C 55 °C 60 °C 65 °C 70 °C 75 °C 80 °C 85 °C 90 °C
Temperature (°C)

Figure 1 Effects of heating temperature and methods on TPA: hardness (A), adhesiveness (B), springiness (C),
cohesiveness (D), gumminess (E), chewiness (F) and resilience (G) of beef ST muscle. ∗ Means significant difference (p < 0.05) between two different heating methods. Error bars indicate mean ± standard deviations of three
replicates.

were irregular with increase in internal core temperatures, and there were no significant
differences except for 75◦ C between both thermal treatments.
Springiness is an important TPA parameter and the date on springiness (Fig. 1C) for
microwave heated meat had a changing point at 65◦ C, and the meat springiness of water
bath heated was higher compared to microwave treatment after 65◦ C. This parameter seems
to be affected by myosin and α-actinin denaturation, which occurs in this temperature
range.[38] Springiness of meat is likely related to the degree of fiber swelling which in
turn should be reflected in the fiber diameter. As discussed above, the main changes of
springiness during heating were consistent with the thermal shrinkage of intramuscular
collagen at around 65◦ C.

390

CHANG ET AL.

Cohesiveness contributes to the comprehensive understanding of viscoelastic properties including tensile strength. Chewiness is the energy required to masticate a solid
food product to a state ready for swallowing. Therefore, it is considered as an important
parameter since the final phase of mouth feels and the ease in swallowing depends on the
chewiness of meat. Cohesiveness (Fig. 1D), gumminess (Fig. 1E), chewiness (Fig. 1F),
and resilience (Fig. 1G) were all showed a maximum at 65◦ C in microwave treated sample, however, gumminess and chewiness of water bath treatment reached the maximum at
60◦ C. Changes of cohesiveness and resilience for water bath treated sample were irregular
with the increase in heating temperature, it was may be result from the intercorrelation
effects among TPA parameters during the long time heating for water bath compared
with the microwave. Resilience was the only TPA parameter that presented no significant
differences between two thermal treatments.
Changes of TPA parameters in this study suggested that internal core temperature of
60◦ C and 65◦ C were the critical heating temperatures which affect meat texture for water
bath and microwave heating respectively. Furthermore, according to our previous studies,
the maximal shrinkage temperature of IMCT collagen was within this range, this can give
a full relationship of heat-induced change of collagen to meat quality, especially the meat
texture; the results were also clearly showed in the SEM photographs.
Microstructure Observation
The microstructural changes (on the transverse sections) of raw and heated meat for
two thermal treatments were shown on the SEM micrographs presented in Fig. 2. For the
raw samples (Fig. 2, Control), perimysium and endomysium were arranged clearly and
closely, and no gaps and cavities between muscles fibers. When samples were heated to
40◦ C (Fig. 2A,B) no significant changes were found in the structure of the IMCT compared to the unheated samples (control), perimysium and endomysium were well visible.
After heated to 50◦ C (Fig. 2C,D), granulation changes of the perimysium and endomysium
began, it was probably as an effect of thermal denaturation of myofibrillar proteins and collagen shrinkage. The granulation phenomena of water bath treated sample (Fig. 2C) were
more obvious than microwave treatment (Fig. 2D). Heated to an internal core temperature
of 50◦ C by microwave slightly affected the structure of meat (Fig. 2D), similar results were
obtained during the retorting of the bovine ST muscle to the same temperature by Palka
and Daun.[30]
When heating temperature up to 60◦ C (Fig. 2E,F), granulation became more remarkable and perimysium and endomysium were less distinct. Gaps between muscles fibers
were occurred (Fig. 2E). After heating to 70◦ C (Fig. 2G,H), for water bath treatment,
perimysium and endomysium were solubilized and bigger gaps between muscle fibers
were visible, and was consistent with the reports of Li et al.[35] Whereas, the changes for
microwave heated meat at 70◦ C (Fig. 2H) were similar to the samples that heated to 60◦ C
(Fig. 2F), it was likely owing to the short heating time in microwave treatment (Table 1). At
the core temperature of 80◦ C (Fig. 2I,J) and 90◦ C (Fig. 2K,L), collagenous tissue denatured
and melted, histological structure became loose, gaps between muscle fibers were visible,
this was because of the solubilization and gelation of IMCT collagen, mainly contributed
by perimysial and endomysial collagen. On the whole, microstructure of meat samples
heated by microwave were less changes than water bath heated samples at the same internal core temperature, this was contributed to the non-uniform heat ed in the microwave,
and also due to the short heating time (Table 1).
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Figure 2 Microstructure of perimysium and endomysium of beef ST muscle raw (control) and heated to core
temperature: 40◦ C (A, B); 50◦ C (C, D); 60◦ C (E, F); 70◦ C (G, H); 80◦ C (I, J), and 90◦ C (K, L). Magnification
was × 500. A, C, E, G, I, K were water bath heating; B, D, F, H, J, L were microwave heating. P: perimysium,
E: endomysium.
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70 °C
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90 °C

Figure 2 (Continued).

After thermal treatments, the collagenous tissue denatured and melted, muscle cells
ruptured, the sarcomere shrunk and the extracellular space and intracellular cavities and
canals increased, Granulates of protein aggregation appeared in the extracellular space.[6]
The stability of heated meat relies on the gel network formed with the melted IMCT collagen, denatured and aggregated myofibrillar proteins and sarcoplasmic proteins.[10] Results
from SEM evaluation of the present paper can be further confirmed that the textural properties of heated meat was mostly depended on the changes of muscle proteins, including
myofibrillar protein and connective tissue collagen.
Perimysial Thickness Analysis
The primary perimysial thickness (PPT) of meat steak showed significant difference
(p < 0.05) at the internal core temperature of 60◦ C between water bath and microwave
heated meat (Fig. 3A), and decreased during hating compared with the control samples.
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Figure 3 Variation in perimysial thickness of beef semitendinosus muscle during water bath and microwave heating. (A): primary perimysium thickness (PPT), (B): secondary perimysium thickness (SPT). ∗ Means significant
difference (p < 0.05) between two different heating methods. Error bars indicate mean ± standard deviations of
three replicates.

And the secondary perimysial thickness (SPT) showed significant differences (p < 0.05)
at the temperature of 60◦ C and 65◦ C as well as decreased during heating (Fig. 3B).
The changes of perimysial thickness during heating were similar to the results of
SEM observation (Fig. 2). The occurrences of gaps and cavities between muscle fibers
lead to the decreasing in the thickness of primary and secondary perimysium during heating. This thermal effects phenemenon for decrease in perimysial thickness were mostly
resulted from the solubilization and gelation of collagen. In addition, it was due to the
weakening in the cross-linking degree of collagen fiber during heating. Moreover, according to Nishimura et al.,[39] proteoglycans was likely to be the main factor in maintaining
the structure of IMCT, in other words, the decreasing in perimysial thickness was probably
owing to the dissolution of proteoglycans during heating, which resulted in the weakening
of the IMCT structure.
CONCLUSIONS
From the results of the research, heat-induced changes of connective tissue collagen and meat quality took place during water bath and microwave thermal treatments.
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These changes contributed to an increase in cooking loss with increase in heating temperature. During heating, the content of total and soluble collagen were all increased with the
increasing of heating temperature from 40◦ C to 90◦ C, but no statistical differences were
found for soluble collagen content between two kinds of heating methods. Collagen solubility of water bath and microwave heated meat were relatively high at 65◦ C. Meat textural
properties can be reflected by TPA estimation largely, and those TPA parameters for heated
meat changed significantly during heating. The structural changes of IMCT collagen were
corresponding with the textural properties of meat, and perimysial thickness was decreased
during heating. Heating internal core temperature of 60◦ C and 65◦ C were critical for affecting meat texture during water bath and microwave heating respectively. According to the
results of the study, we can get the conclusion that water bath heating was better for heating
process and be recommended to the further study for beef thermal treatment.
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