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ABSTRACT One of the defects commonly found in
cooked marinated chicken breast products is a red
blood spot (RBS), which is caused by undercooked
blood in vessels. This problem was alleviated by micro-
wave (MW) pre-heating for 6 to 7 min, followed by
steaming. RBS formation decreased when samples were
heated to a core temperature of 80°C and were
completely eliminated at a core temperature of 82°C
and 85°C when a MW pre-heating step was applied for
7 min. Based on synchrotron-based Fourier transform
infrared spectroscopy (SR-FTIR), blood remaining in
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the blood vessel had a lower a-helical content when
samples were cooked by the combination of MW heat-
ing and steaming as compared with those prepared by
steaming alone (P < 0.05). MW pre-heating decreased
cooking time by 28 to 48% as compared with steaming
alone. Heating regimes had no effect on cooking loss,
pH, water-holding capacity, and shear force. MW pre-
heating for 7 min followed by steaming to a core tem-
perature of 82°C appeared to be an effective heating
regime to reduce the occurrence of RBS, with accept-
able cooking loss.
Key words: red blood spot, microwave heating, steaming, blood denaturation, synchrotron radiation Fourier trans-
form infrared spectroscopy
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INTRODUCTION

The blood circulatory system in the skeletal muscle
plays a vital role in the efficient provision of oxygen and
nutrients required for contraction. Blood vessels are
closely intertwined with skeletal muscle tissues lying
between the bundles of muscle fibers (Hoving-Bolink
et al., 2000). A chicken is slaughtered by cutting the jug-
ular veins and carotid arteries. Bleeding out takes place
rapidly after slaughtering owing to the passive process of
cardiac pumping (Lambooij et al., 1999). Blood loss
gradually decreases with the incidence of cardiac arrest
(Ali et al., 2007). Blood retained in the blood vessels
results in the formation of red blood spots (RBS) upon
cooking (Jantaranikorn and Yongsawatdigul, 2020).
This incidence is problematic for cooked chicken breast
products. Red spots observed after transverse cutting
are due to the incomplete denaturation of blood residues.
The presence of RBS in commercial cooked products is a
sporadic incidence, which is not acceptable by most con-
sumers as they are deemed to be undercooked meat
(Smith and Northcutt, 2003; Bae, et al., 2018).
Thermal processing applied to chicken meat in indus-

try includes steaming, roasting, grilling, or frying. Heat
is typically transferred from the heating medium or the
heat source to the chicken breast meat by convection,
radiation, and/or conduction (Rincon et al., 2015). Lim-
ited heat transfer may be a reason for the incomplete
denaturation of blood residues in blood vessels, particu-
larly those located in the middle of the breast muscle
(Sturkie, 2015). Although high heating temperatures
and/or prolonged heating time can induce the complete
denaturation of blood in blood vessels, it causes over-
cooking and significantly reduces yield (Pathare and
Roskilly, 2016). Therefore, thermal processes that can
assure the denaturation of blood residues in breast mus-
cle without a significant loss of yield must be identified.
Microwave (MW) heating generates heat internally

by dipole rotation and ionic conduction. This induces
molecular friction and generates heat within meat prod-
ucts in an alternating electromagnetic field (Hebbar and
Rastogi, 2012). For industrial, scientific, and medical
heating applications, the frequency range used for MW
heating is 915 to 2,450 MHz (Piyasena et al., 2003). MW
heating has attracted much interest in food industry
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owing to its rapid heating rate and low energy consump-
tion (McKenna et al., 2006; Jouquand et al., 2015).
However, MW heating can lead to the non-uniform heat-
ing of marinated meat owing to heterogeneity and the
varied thickness and geometry of meat pieces (Vadivam-
bal and Jayas, 2010). Goksoy et al. (1999) reported that
MW heating of whole chicken carcass at 2,450 MHz and
500 W for 5 min resulted in temperature differences of
15°C to 45°C between the breast and the leg. In addition,
Jeong et al. (2007) demonstrated that ground pork pat-
ties with salt cooked by MW at 2,450 MHz exhibited a
temperature differential of approximately 13°C between
the edge and the center of the sample. MW heating did
not increase lipid oxidation of restructured beef steak
containing 13.0% fat as measured by thiobarbituric reac-
tive substances (TBARS) value when compared to the
raw sample (Serrano et al., 2007). In addition, MW heat-
ing did not alter fatty acid profile of chicken patties, but
appeared to increase cholesterol oxidation (Echarte
et al., 2003). However, when MW heating is combined
with a conventional method, heating uniformity, energy
efficiency, and lipid oxidation have been improved (Gee-
dipalli et al., 2008; Hebber and Rastogi, 2012; Datta and
Rakesh, 2013; Pathera et al., 2016). Typically, the com-
mercial heating process of chicken breast relies mainly
on a steaming process, which requires a relatively long
processing time of 30 to 50 min to reach a core tempera-
ture of 80°C to 82°C (Pathare and Roskilly, 2016). The
combination of MW heating and steaming can be
explored to evaluate the feasibility of RBS reduction.

Thermal processes greatly affect the structural
changes in proteins, resulting in protein unfolding and
aggregation (Bertram et al., 2006). These can be
described by changes in the secondary structure,
namely a-helix, b-sheet, and b-turn. Fourier transform
infrared (FTIR) spectroscopy is normally used to elu-
cidate the secondary structure of proteins. Synchrotron
radiation based-FTIR (SR-FTIR) utilizes synchro-
tron a light source, which is usually 100 to 1,000 times
brighter than a conventional globar source, allowing
the selective measurement of a region of interest of a
sample as small as 3 mm (Pascolo et al., 2014; Guo
et al., 2020), whereas a typical FTIR measures the
composition within 10 mm (Petibois et al., 2010). Ellis
et al. (2010) reported that SR-FTIR spectra were a
higher quality than those of conventional FTIR with a
small aperture of 3 £ 3 mm2. SR-FTIR could directly
target proteins in blood vessels with a size of at least
8 mm (Sturkie, 2015), leading to higher quality spectra
than those obtained from conventional FTIR. There-
fore, SR-FTIR would likely be able to probe the
changes in blood residues remaining in chicken breast
veins. The objectives of this study were to reduce RBS
in cooked marinated chicken breast through the use of
a combined MW heating and steaming process. The
quality of marinated chicken breast cooked by the com-
bined heating processes was assessed. Furthermore, the
extent of denaturation of the blood remaining in the
blood vessels of cooked marinated chicken breast was
elucidated by SR-FTIR.
MATERIALS AND METHODS

Marinated Chicken Breast Preparation

Ten kilograms of boneless skinless chicken breast
(Pectoralis major) were obtained from a commercial
chicken processing plant (Charoen Pokphand Foods
PCL., Nakhon Ratchasima, Thailand); the pieces were
250 to 280 g in size and had a maximum thickness of 4 to
5 cm. Three independent lots of chicken breast meat
were prepared. The samples were collected immediately
after slaughtering and refrigerated at 4°C for 24 h.
Chicken breast meat was vacuum tumbled (DVTS-50,
Davison’s Butcher Supply, Los Angeles, CA) at temper-
ature less than 8°C for 65 min. Marinated solution con-
taining 5% NaCl (Pimai Salt Co., Ltd, Nakorn
Ratchasima, Thailand), 3% glucose (Kornthai Co., Ltd,
Ratchaburi, Thailand), and 2% sodium tripolyphos-
phate (STPP) (Aditya Birla Chemicals Ltd, Samutpra-
karn, Thailand) was added at 16.5% (w/w) to the
chicken breast sample. The samples were stored at 4°C
for 20 h after tumbling. The marinated samples were
divided into 3 groups, which were subjected to different
heating regimes as detailed below.
Cooking

An industrial MW oven (NE 1756, 18L, Panasonic
Corp., Osaka, Japan) with a frequency of 2,450 MHz
and power output of 1.7 kW was used. Based on prelimi-
nary studies, a longer MW pre-heating step could rap-
idly increase the internal temperature, but caused
burning and/or tissue explosion. Thus, MW pre-heating
was applied for 6 and 7 min, contributing to an internal
temperature of approximately 50°C to 70°C without
defects. Three pieces of marinated chicken breast sam-
ples (300 § 20 g/piece) were placed in a polypropylene
box, which was then placed at the middle of the MW
chamber and heated for 6 or 7 min. To obtain uniform
heating, the MW was paused at 2, 4, 5, and 6 min of the
6-min heating treatment and at 2, 4, 5, 6, and 7 min of
the 7-min treatment. The core temperature was immedi-
ately measured at each paused interval using a type K
thermocouple (54 II, 80PT-5A, Fluke Corp., Moorpark,
CA). Three pieces of the pre-heated samples were imme-
diately placed in a steam oven (Model 101, Rational,
Landsberg am Lech, Bavaria, Germany) set at 92°C, a
dew point of 100%, and fan speed of level 3. The internal
temperature of the sample during steaming was continu-
ously monitored using an oven equipped with a thermo-
couple and steaming was continued until core
temperatures of 80°C, 82°C, and 85°C (as commercial
control) were attained as shown in Figure 1. The experi-
ment was repeated in triplicate for each core tempera-
ture. The steamed alone process was used as a control.
SR-FTIR Spectroscopy

Both the raw and cooked samples were prepared for
IR spectroscopy as follows. The samples were



Figure 1. Diagram of heating regime of microwave heating and steaming.
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transversely cut at the area of blood retained in the
veins, embedded in OCT (Bio-optica, Milano, Italy),
and immediately frozen in liquid nitrogen and stored at
−80°C prior to sectioning. Sectioning was conducted at
−20°C using a cryostat microtome (AST500, AMOS Sci-
entific, Clayton South Victoria, Australia) to obtain a
thickness of 8 mm. The cut sample was attached on
infrared-transparent, 2-mm thick barium fluoride
(BaF2) slides and dried in a vacuum chamber overnight.
The infrared spectra were obtained with a Vortex 70
FTIR spectrometer (Bruker Optics, Ettlingen, Ger-
many) coupled with a 36£ objective microscope (Hype-
rion 2000, Bruker, Ettlingen, Germany) with an MCT
D315 detector cooled with liquid nitrogen. The SR-
FTIR at beamline BL4.1 of the Synchrotron Light
Research Institute (Nakhon Ratchasima, Thailand) was
used, which connected to synchrotron radiation entering
the interferometer via an instrument port designed for
IR emission. The measurement was performed in
mapping mode over the wavenumber range of 4,000 to
600 cm�1. The most sensitive spectral region of the
secondary structure, namely amide I at 1,700 to
1,600 cm�1, was measured at 6 cm�1 resolution and
64 scans. The changes in the secondary structure were
acquired from curve fitting using OPUS software
(version 7.0, Bruker Optics Inc, Billerica, MA). The IR
difference in the spectra was determined. The spectra
were processed by subtracting spectra of cooked sample
from those of raw samples. The net results reflected the
effect of heating method on blood denaturation.
Qualities of Cooked Chicken Breast

The quality of cooked marinated chicken breast sam-
ples, namely cooking loss, moisture content, pH, water-
holding capacity (WHC), texture, and color, was ana-
lyzed within 24 h of cooking.
Cooking loss was determined in 3 replicates per lot of
chicken based on the weight after tumbling, as follows:

Cooking loss %ð Þ ¼ Weight after tumbling�Weight after cookingð Þ
Weight after tumbling

� 100

For pH determination, marinated chicken breast sam-
ples were homogenized with deionized water at a ratio of
1:5 (w/v) for 1 min using a homogenizer (T25 digital
Ultra-Turrax, IKA Works Inc., Wilmington, NC). The
pH of homogenized samples was measured in triplicate
per lot using a glass electrode pH meter (Mettler Toledo
S220 SevenCompact, Schwerzenbach, Switzerland)
according to the method described by Wattanachant
et al. (2004), which was calibrated against pH 4.00 and
pH 7.00 buffers before use.
The moisture content of cooked samples was deter-

mined in accordance with the Association of Official
Analytical Chemists (AOAC, 2010).
The WHC of cooked marinated chicken breast was

determined in 3 replications per lot by the centrifugal
method in accordance with Laycock et al. (2003), with
slight modifications. Minced samples (2 g) were placed
on filter paper (Whatman No.1) and centrifuged (Sor-
vall Legend MACH 1.6R, Thermo Electron LED
GmbH, Lengensellbold, Germany) at 6,000 £ g for
15 min at 4°C. The samples after centrifugation were
weighed and analyzed with respect to the moisture con-
tent of the original chicken meat sample. The WHC was
calculated as follows:

Water loss %ð Þ ¼ Weight before centrifuge�Weight after centrifugeð Þ
Sample weight before centrifugeð Þ � 100

WHC %ð Þ ¼ Moisture content %ð Þ � Water loss %ð Þð Þ
Moisture content %ð Þ � 100

The Warner−Bratzler shear force was determined
using a Texture Analyzer (TA.XT. Plus, Stable Micro
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Systems, Surrey, UK). The samples were measured using
a 25 kg load cell at a crosshead speed of 10 mm/s. The
cooked samples were cut to 1.9 cm wide, 2.5 cm long,
and 2.0 cm thick. The Warner−Bratzler shear force
expressed as kg was measured from 5 cooked samples
from each cooking condition.

The color of a cross-section of cooked chicken breast
meat was evaluated using a Hunter lab/Color Quest XE
(Hunter Associates Laboratory Inc., Reston, VA) based
on D65 illuminant and 10° observer angle. Lightness
(L*), redness (a*), and yellowness (b*) values were
recorded. The color values of 5 chicken breast strips per
lot were measured for each treatment.
Statistical Analysis

Three independent lots of chicken breast were tum-
bled and cooked. All experimental measurements other-
wise stated were performed on at least 3 replicates per
lot. The data were analyzed by one-way analysis of vari-
ance using SPSS (Version 23.0, SPSS Inc., Chicago, IL).
The mean comparisons were performed using Duncan’s
test to evaluate the significance of differences among
mean values with P < 0.05. The mean values § standard
deviation were reported.
RESULTS AND DISCUSSION

Time-Temperature Profiles

The temperature increased sharply during MW heat-
ing and then gradually increased during steaming
(Figure 2). The heat generation by MW is caused by
the dipolar rotation of polar molecules and the conduc-
tive migration of dissolved ions, which result in
Figure 2. Temperature profiles of chicken breast subjected to steaming
temperatures. S80, S82, and S85 indicate steaming to core temperatures of
microwave pre-heating for 6 min followed by steaming to core temperatur
denote microwave pre-heating for 7 min followed by steaming to core temper
molecular friction. Thus, the internal heat generation
led to a rapid temperature increase. In contrast, the
heat transfer of conventional steaming relies on convec-
tion and conduction, resulting in a slower heating rate
(Awuah et al., 2015; Li et al., 2019). The heating rate of
MW alone was approximately 7.6 to 8.3°C/min,
whereas that of steaming was 2.4 to 2.7°C/min. P�erez-
Juan et al. (2012) reported that heating rate of cooked
marinated beef by MW was 15.6 to 16.8°C/min. The
heating rate of marinated meat cooked by MW also
depended on the concentration of ionic ingredients
added to the marinade as these also increase the dielec-
tric properties (Lyng et al, 2005). However, MW heat-
ing alone caused non-uniform heating by thermal
runaway, which could eventually lead to burning. In
contrast, the steaming of marinated chicken breast
alone required 26.2 to 32.1 min to reach a core tempera-
ture of 80°C to 85°C. When the 2 processes were com-
bined, the process time was reduced to 13.6 to 23.2 min,
which accounted for a 28 to 48% reduction in process
time (P < 0.05, Table 1). The reduction of cooking time
contributes to higher nutrient retention and yield, as
well as saving energy (Yarmand and Homayouni, 2011;
Joseph, 2017). Yarmand and Homayouni (2011)
reported that MW heating shortened cooking time,
resulting in thiamin retention of 98%, whereas that in
conventionally cooked chicken was only 77%. More-
over, Jouquand et al. (2015) reported that the MW
cooking of beef burgundy (4.6 kWh) had a lower energy
consumption than conventional cooking (6.5 kWh),
which was attributed to a 56% reduction in cooking
time. Our results suggested that the combined process
of MW heating and steaming reduced the heating time
required for marinated chicken breast compared with
steaming alone.
alone and the combination of microwave and steaming at various core
80°C, 82°C, and 85°C, respectively. W6S80, W6S82, and W6S85 denote
es of 80°C, 82°C, and 85°C, respectively. W7S80, W7S82, and W7S85
atures of 80°C, 82°C, and 85°C, respectively.



Table 1. Effect of microwave pre-heating (core temperature » 50−70°C) followed by steaming to various core temperatures on cooking
qualities and RBS formation of marinated chicken breast (n = 9).

Core temperature after steaming (°C) Time of MW heating (min) Treatment Cooking time (min) Cooking loss (%) RBS (%)

80 0 S80 26.2 § 1.8c 26.5 § 2.0b 44.4
6 W6S80 17.0§ 1.5ef 26.3 § 2.8b 33.3
7 W7S80 13.6 § 1.6g 26.9 § 2.3ab 22.2

82 0 S82 28.8 § 2.4b 28.1 § 1.8ab 33.3
6 W6S82 17.7 § 0.8e 27.6 § 0.3ab 11.1
7 W7S82 15.1 § 1.6fg 27.8 § 1.1ab 0

85 0 S85 32.1 § 2.4a 28.5 § 1.1ab 0
6 W6S85 23.2 § 1.2d 28.4 § 0.9ab 0
7 W7S85 19.5 § 1.0e 29.7 § 0.1a 0

a-gDifferent letters in the same column indicate significant difference (P < 0.05).
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Quality of Cooked Chicken Meat

The combined process of MW heating and steaming
had no effect on cooking loss as compared with steaming
alone at the same core temperature (P > 0.05, Table 1).
Cooking loss appeared to increase as the final core tem-
perature increased. It has been reported that MW heat-
ing of meat resulted in higher cooking losses when
compared with conventional methods (Yarmand and
Homayouni, 2011; Domínguez et al., 2014; Li et al.,
2019). MW heating resulted in a higher heating rate,
greater muscle destruction, and increased released of
water upon cooking (Nikmaram et al., 2011). These
results indicated that the combined process of MW heat-
ing and steaming could increase blood denaturation in
meat without significant cooking loss.

The values of pH, WHC, and shear force were compa-
rable, regardless of the heating regime applied (P > 0.05,
Table 2). The average pH value of all samples was
between 6.30 and 6.36 (P > 0.05, Table 2). Based on
these results, the combined process of MW heating and
steaming did not increase water expulsion in the cooked
meat. The thermal denaturation of myofibrillar proteins
leads to meat toughness (Laakkonen et al., 1972;
Pathare and Roskilly, 2016). Nikmaram et al. (2011)
reported that the shear force of veal muscle cooked by
MW heating, roasting, and braizing were comparable.
This probably illustrates that the extent of myofibrillar
protein denaturation was similar between cooking meth-
ods. However, MW cooking of yak meat at a high power
(700 W) resulted in lower shear values than boiling.
Table 2. Physicochemical and textural properties of marinated chick
steaming.

Core
temperature
(°C)

Time of MW
heating (min) Treatment pH

Moisture
content (%)

0 S80 6.36 § 0.04 72.03 § 0.47a

80 6 W6S80 6.33 § 0.02 70.14 § 0.46c

7 W7S80 6.37 § 0.01 70.24 § 0.35c

0 S82 6.30 § 0.07 71.35 § 0.45ab

82 6 W6S82 6.31 § 0.03 70.85 § 0.45bc

7 W7S82 6.35 § 0.08 70.17 § 0.83c

0 S85 6.30 § 0.11 71.19 § 0.78b

85 6 W6S85 6.33 § 0.02 71.08 § 0.29b

7 W7S85 6.37 § 0.01 70.21 § 1.15c

a-dDifferent letters in the same column show significant difference (P < 0.05)
This was attributed to the rapid thermal shrinkage of
muscles (Li et al., 2019). Our study indicated that the
combined heating from MW cooking and steaming did
not negatively affect the quality of cooked chicken breast
when compared with the traditional steaming process.
It should be noted that the samples cooked by the

combined heating process had different moisture con-
tents and color values than those cooked by steaming
alone (P < 0.05, Table 2). The moisture content of sam-
ples cooked for a longer MW heating time was lower
than that of steamed samples (P < 0.05). MW heating
caused greater moisture evaporation from samples
(Datta and Rakesh, 2013). In addition, the marinated
samples cooked by the combined heating process had
higher lightness (L*) but lower redness (a*) and yellow-
ness (b*) than the steamed samples with a core tempera-
ture of 82°C (P < 0.05, Table 2). These results were in
agreement with Ergonul (2017), who reported that lower
a* and b* values were observed in MW-cooked chicken
breast as compared with samples cooked by blanching.
It has been reported that a decrease in the a* value of
cooked meat was due to oxidation and the thermal dena-
turation of myoglobin, leading to the formation of ferri-
hemochrome, which has a brown color (Moya et al.,
2021). When the core temperature increased to 85°C,
the a* value was comparable between the 2 cooking
methods. This was likely due to the complete denatur-
ation of hemoglobin at 85°C. The results suggested that
the combined MW and steaming process decreased red-
ness of cooked marinated chicken breast with a core tem-
perature of 82°C.
en breast cooked by various regimes of combined MW heating and

WHC (%)
Shear force

(kg) L* a* b*

53.45 § 2.82 3.18 § 0.23 82.6 § 0.4a 2.5 § 0.3ab 14.1 § 0.3bc

56.33 § 1.80 3.19 § 0.15 82.2 § 0.7ab 2.2 § 0.2cd 13.7 § 0.3d

56.00 § 1.08 3.20 § 0.32 82.4 § 0.8ab 2.3 § 0.2bc 14.0 § 0.2bcd

54.20 § 1.60 3.03 § 0.09 80.8 § 0.2c 2.6 § 0.3a 15.3 § 0.1a

55.95 § 3.14 3.12 § 0.12 81.7 § 0.5ab 2.0 § 0.1d 13.9 § 0.1cd

55.78 § 3.09 3.17 § 0.14 82.2 § 0.6ab 2.1 § 0.2cd 14.0 § 0.1bcd

54.36 § 1.33 3.02 § 0.21 82.0 § 1.1ab 2.2 § 0.3cd 14.0 § 0.4bcd

55.68 § 3.16 3.10 § 0.15 82.4 § 0.7ab 2.0 § 0.1d 14.3 § 0.3b

55.90 § 3.50 3.12 § 0.12 81.4 § 0.6bc 2.0 § 0.1cd 14.1 § 0.2bc

.
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RBS Formation

The incidence of RBS in samples cooked by the com-
bined heating was lower than that of samples cooked
by steaming alone at all core temperatures studied
(Table 1). A longer microwave pretreatment time
showed a greater reduction in RBS. At core temperature
of 82°C, RBS were not found with a MW pre-heating of
7 min. Jantaranikorn and Yongsawatdigul (2020)
reported that RBS did not occur at core temperature of
85°C in water bath heating. Although cooking loss was
comparable between samples cooked to core tempera-
tures of 82°C and 85°C, cooking to a core temperature of
82°C resulted in a larger energy saving. Generally, cook-
ing to a core temperature of 82°C is applied in
Figure 3. Representative micrographs of blood remaining in the blood v
cess to 82°C (B) obtained from a 36£ objective microscope connected to a Sy
commercial steaming processes alone, which leads to a
sporadic incidence of 2 to 3% for RBS (Smith and North-
cutt, 2003). This study illustrated that MW pre-heating
for 7 min followed by steaming to 82°C (W7S82) could
effectively eliminate the occurrence of RBS without a
significant loss in yield. MW heating rapidly increased
the internal temperature of the meat sample, leading to
greater denaturation of the blood remaining in the blood
vessels and the conversion of bloody spots to brown
(Gowen et al., 2006; Datta and Rakesh, 2013; Suman
et al., 2016), which corresponded with a reduction of
redness (a* value) as shown in Table 2. Therefore, the
combined heating process appeared to be an alternative
process for the reduction of RBS and required lower
energy consumption.
essels of raw meat (A) and samples cooked by the combined heating pro-
nchrotron IR.



Figure 4. SR-FTIR spectra of cooked blood remaining in the blood vessels in situ and marinated chicken breast cooked by steaming alone to a
core temperature of 85°C. Abbreviation: SR-FTIR, synchrotron-based Fourier transform infrared spectroscopy.
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SR-FTIR Spectroscopy

The area of the blood remaining in the blood vessels
selected for SR-FTIR measurement is shown in Figure 3.
The spectra of the steamed blood remaining in the
blood vessels in situ showed a different profile from the
steamed meat, with higher absorption at 2,936 and
2,860 cm�1 (Figure 4), corresponding to the C−H
stretching vibration of hemoglobin (Kuenstner et al.,
2000; Yarrow and Rice, 2011). In addition, higher absor-
bance at 1,743 cm�1, which was indicative of cellular
proteins, was also obvious in the spectrum of the blood
(Wolkers and Oldenhof, 2010). The band at 1,100 cm�1,
which is characteristic of hemoglobin (Kim, 2006), indi-
cated higher absorbance in the blood sample. While
higher absorbance at 3,274 cm�1 is associated with the
stretching vibration of N-H bonds, which are typical for
proteins (Lozano et al., 2017). The cooked samples had
a concomitantly lower a-helical content with a higher
b-sheet content when compared with the raw sample
(P < 0.05, Table 3). The combined MW heating and
steaming process resulted in lower a-helical content
Table 3. Relative content (%) of secondary structures of blood rema
bined MW heating and steaming at various regimes.

Core temperature
(°C)

Time of MW
heating (min) Treatment

a-Helix
(1,654, 1,660 cm�1)

Raw 0 - 50.94 § 1.29a

0 S80 38.74 § 0.68b

80 6 W6S80 37.20 § 1.04c

7 W7S80 35.42 § 0.32e

0 S82 38.87 § 0.73b

82 6 W6S82 36.31 § 0.89cde

7 W7S82 35.42 § 0.40e

0 S85 38.85 § 0.43b

85 6 W6S85 36.90 § 0.69cd

7 W7S85 35.67 § 1.04de

a-fDifferent letters in the same column show significant difference (P < 0.05).
than steaming alone (P < 0.05), suggesting a greater
degree of protein denaturation in the samples subjected
to the combined heating process. The quantity of
b-turns and aggregated b-sheets was comparable in the
different cooking treatments. In the combined heating
process, the b-sheet content was slightly increased as the
core temperature increased, indicating that the degree of
protein denaturation increased as the core temperature
increased.
When compared among samples cooked to core tem-

perature of 82°C, samples cooked by the heating regime
of W7S82 did not encounter RBS problem (Table 1),
corresponding to the lowest a-helix and highest b-sheet
content (Table 3). This can also be seen from the FTIR
spectra at 1,657 and 1,625 cm�1, which W7S82 exhibited
predominant b-sheet structure when compared to sam-
ples subjected to steaming alone (S82, Figure 5). This
suggested that the combined MW heating and steaming
process induced greater denaturation of the blood pro-
teins than steaming alone, even when the same core tem-
perature was reached.
ined in the vessel of marinated chicken breast cooked by the com-

b-Sheet
(1,620, 1,630 cm�1)

b-Turn
(1,670, 1,680 cm�1)

Aggregated b-sheet
(1,610, 1,690 cm�1)

24.11 § 1.54f 19.16 § 0.69d 5.79 § 0.62ab

33.61 § 0.50e 22.04 § 0.60ab 5.61 § 0.25ab

35.75 § 0.41cd 21.50 § 0.49abc 5.54 § 0.72a

35.98 § 0.49bcd 22.35 § 0.77ab 6.25 § 0.52a

34.40 § 0.35de 21.31 § 0.97bc 5.42 § 0.55ab

36.18 § 1.48abc 21.22 § 0.69bc 6.30 § 0.53ab

36.35 § 0.82abc 22.57 § 0.22a 5.66 § 0.38ab

35.34 § 0.32cd 21.44 § 0.31abc 4.36 § 0.45c

37.51 § 1.38ab 20.71 § 0.57b 4.88 § 0.44bc

37.76 § 0.84a 21.60 § 1.28abc 4.96 § 0.57bc



Figure 5. SR-FTIR spectra of blood remaining in vessels of chicken breast samples cooked to core temperature of 82°C by steaming and the
combined microwave heating regimes. Spectra of cooked samples were subtracted from those of raw samples after baseline correction and vector
normalization. Abbreviations of heating regimes are shown in Figure 2. Abbreviation: SR-FTIR, synchrotron-based Fourier transform infrared
spectroscopy.
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CONCLUSIONS

The combined MW heating and steaming process
reduced the incidence of RBS in a more effective fashion
than steaming alone. Pre-heating by MW for 7 min fol-
lowed by steaming to reach a core temperature of 82°C
completely eliminated RBS. SR-FTIR spectroscopy of
the blood remaining in the blood vessels showed the
lower a-helix and higher b-sheet structure of the blood
proteins, suggesting the greater extent of protein dena-
turation induced by the combined heating process. The
MW pre-heating step reduced cooking time by 28 to
48% as compared with steaming alone. Therefore, the
combined MW heating and steaming process could be a
promising method to alleviate the problem of RBS in
cooked marinated chicken breast products.
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