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Abstract In order to explore novel processing for modifying
the functional properties of pale, soft, exudative (PSE)-like
chicken breast meat, we investigated the effects of high-
intensity ultrasound on the functional and rheological proper-
ties, particle size distribution, microstructure, and protein sec-
ondary structures of PSE-like meat batter suspension. Normal
and PSE-like chicken breast meat batter suspensions (7.5 %
meat proteins, w/w) were prepared and treated by ultrasound
for either 0, 3, or 6 min (frequency 20 kHz and amplitude
60 %). Ultrasound treatment significantly increased pH, gel
strength, and water holding capacity of normal and PSE-like
meat gels (P<0.05). Ultrasound treatment altered the rheolog-
ical behavior of normal and PSE-like batter samples, which
was accompanied with the increase of the elastic (G′) and
viscous (G″) modulus. After ultrasound treatment, the micro-
structure of heated normal and PSE-like batter samples en-
abled the formation of a compact and more dense gel network.
Ultrasound treatment reduced the salt solubility of myosin as
indicated by its intensity in SDS-PAGE. However, the particle
size of ultrasound-treated normal and PSE-like batter samples
was reduced and becamemore uniform.Moreover, ultrasound
decreased the α-helical content and increased the formation
β-sheet, β-turns, and unordered contents of normal and PSE-
like meat proteins. These results suggest that high-intensity
ultrasound may be used to modify the functionality of PSE-
likemeat with the potential to increase economical benefits for
the poultry industry.
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Introduction

Pale, soft, exudative-like (PSE-like) poultry meat continues to
be a major quality defect which affects the poultry industry
through the world, where the meat is characterized by a lighter
color, lower water holding capacity, and poorer texture
(Barbut 2009). Recent reports have estimated that the inci-
dence of PSE-like chicken meat produced commercially in
China and Brazil is approximately 24.0 and 10.2 %, respec-
tively (Garcia et al. 2010; Zhu et al. 2012). Thus, it has
continued to be a great challenge for poultry producers and
processors, where reduced water holding capacity and gel
strength of processed meat products lead to a great economic
loss (Droval et al. 2012; Petracci et al. 2013). It is well known
that alteration/denaturation of sarcoplasmic or myofibrillar
proteins caused by a rapid postmortem pH decline, together
with a high carcass temperature, is responsible for the forma-
tion of PSE-like poultry meat which has impaired protein
functionality (Barbut et al. 2008; Pietrzak et al. 1997; Zhu
et al. 2011). However, to date, there are no absolute solutions
for eliminating the occurrence of PSE in poultry. Researchers
and processors are now largely accepting the PSEmeat quality
defect, but are seeking ways to improve its functional proper-
ties through other processing techniques.

High-intensity ultrasound is a very effective innovative
technology for the food processing industry and has been
widely used in many processes such as inactivation of micro-
organisms and enzymes, extraction, and homogenization
(Bevilacqua et al. 2013; Horžić et al. 2012; Rastogi 2011).
Specifically, conventional applications of ultrasound to meat
and meat products have been mainly used for the purpose of
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meat tenderization, curing, and changes in meat color and
color stability (Cárcel et al. 2007; Jayasooriya et al. 2007;
McDonnell et al. 2014; Stadnik and Dolatowski 2011). High-
intensity ultrasound creates physical disruption of meat tis-
sues, increases proteolytic activity, and accelerates mass trans-
fer through cavitation. These result in significant improve-
ments in fragmentation and extraction of myofibrillar proteins
and they also cause disintegration of connective tissues in
meat (Chang et al. 2012; Jayasooriya et al. 2004). Moreover,
high-intensity ultrasound has the potential for functionality
modification of different food proteins based on its mechani-
cal, chemical, and/or biochemical effects through cavitation,
dynamic agitation, and shear stresses (Awad et al. 2012;
Chandrapala et al. 2012). Several studies have reported that
ultrasound treatment affected the structural properties and
improved the functional properties of food proteins, such as
whey protein (Jambrak et al. 2008; Jambrak et al. 2014), soy
protein isolate (Hu et al. 2013a), and egg white proteins
(Arzeni et al. 2012a; Arzeni et al. 2012b). However, little
information is available concerning the use of ultrasound to
alter gel-forming properties of muscle protein systems as in
gel-type products. Gelation is a multistep thermodynamic
process that involves protein denaturation, aggregation, and
formation of a three-dimensional network resulting in an
elastic gel (Lesiów and Xiong 2001). Since cavitation within
the muscle tissue can lead to physical damage and to chemical
changes by formation of free radicals, the structure of proteins
can be altered (Jayasooriya et al. 2004). High-intensity ultra-
sound is of much interest and expected to have the potential to
alter thermal protein denaturation and aggregation patterns of
muscle proteins which may be beneficial for the development
of processed meat products having unique functionality. In
particular, one of the great challenges in meat processing is
how to improve or to restore the functionality of protein
denatured PSE-like meat. The application of high-intensity
ultrasound to modify the denatured meat proteins may enable
structural modifications that result in improved aggregation
and gelation.

Therefore, the objective of this study was to investigate the
effects of high-intensity ultrasound technology on the func-
tional (gelling and rheological properties, water holding ca-
pacity (WHC)), microstructure, and protein secondary struc-
tures of PSE-like chicken meat batter suspensions to explore a
novel method to improve the protein functionality of PSE-like
meat.

Materials and Methods

Chicken Breast Meat Selection

A total of 60 skinless, boneless broiler chicken breast muscles
(musculus pectoralis major) were collected on three different

occasions from the deboning line of a major Chinese com-
mercial plant. The average Arbor Acre broilers’ age was 44.6
±2.1 days and the average live weight was 2.05±0.38 kg.
Normal and PSE-like chicken breast meat was selected based
on color and pH. Broiler breasts from each color group, based
on the L* value at 3 h postmortem, were labeled and placed in
polyethylene bags, packed on ice, and transported to the
laboratory. At 24 h postmortem, L* and pH values were
measured again on all the muscles for further selection. The
criteria values for normal (46<L*<53, 5.7<pH24 h<6.1) and
PSE-like (L*>53, pH24 h<5.7) meat were based on L*3 h (Zhu
et al. 2012), L*24 h, and pH24 h (Zhang and Barbut 2005). Drip
loss of meat was alsomeasured. These attributes demonstrated
clearly that each of the color group samples was representative
for either normal or PSE-like chicken breast meat quality
(Table 1). After selection of chicken breast meat, all visible
connective tissue, fat, and skin of meat samples were trimmed.
The meat within each group was then cut into small cubes
(approximately 1×1×1 cm3) and mixed, then labeled and
packed in polyethylene bags, and frozen (−18 °C) and used
within 2 weeks.

Color, pH, and Drip Loss of Chicken Breast Meat

The color of chicken breast meat was determined using a
Minolta CR-400 (illuminate D and 65° standard observer)
device (Minolta Camera Co., Osaka, Japan) on the bone side
of broiler pectoralis major muscles. Three measurements
were taken on the surface areas. The lightness (L*) value
was expressed as an average of three measurements. The pH
values of normal and PSE-like chicken breast meat were
determined with a portable pH meter (Orion 3-star, USA)
and a penetration electrode (Orion 9120 APWP, UK) at three
different positions of broiler pectoralismuscles. Drip loss was
performed using the Honikel bag method (Honikel 1998). At
24 h postmortem, 20 g of chicken breast meat sample was

Table 1 Physicochemical characteristics of normal and PSE-like chicken
breast meat

Measurement Meat color group

Normal PSE-like

L*3 h 49.97±2.32b 55.67±1.84a

pH3 h 6.01±0.10a 5.84±0.07b

L*24 h 51.24±2.28b 58.07±1.81a

pH24 h 5.94±0.08a 5.65±0.06b

Drip loss (%)24 h 1.35±0.42b 3.59±1.31a

Different letters (a, b) indicate significant differences among the means in
the same row (P<0.05). L*3 h and pH3 h were measured at 3 h postmor-
tem; L*24 h and pH24 h were measured at 24 h postmortem; Drip loss
(%)24 h was measured at 24 h postmortem
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placed in a sealed polyethylene package at 4 °C for 24 h. On
opening of the bags, the meat was removed and the exudate on
the surface of samples was removed with filter paper. The
weight of the samples was recorded again. Drip loss was
expressed as a percentage of the weight loss in 24 h over the
initial sample weight. It was calculated from the average of
three replicates for each muscle.

Preparation of the Meat Batter Suspensions

The Kjeldahl protein values (AOAC 2000) were used to
formulate meat batter suspensions to 7.5 % (w/w) protein.
The meat was thawed overnight at 4 °C and chopped three
times in a chilled cutter (Grindomix GM 200, Retsch,
Germany) for 10 s at the speed of 3,000 rpm. The chopped
meat was then adjusted by the addition of deionized water to a
protein level of 7.5 and 2 % salt. Finally, the batter suspen-
sions were prepared by mixing and dispersing well with a
magnetic stirrer (C-MAG HS4, IKA, Germany) on medium
speed for 30 min at 4 °C to be subjected to high-intensity
ultrasound treatment. The temperature of the samples was
measured before and after the ultrasound treatments. PSE
batter suspensions (P) were defined as those prepared from
PSE-like breast meat and normal batter suspensions (N) were
those prepared from meat of normal pH and color.

High-Intensity Ultrasound

Ultrasound treatment was performed using a Vibra-Cell TM
Ultrasonic Processor (VC 750, Sonics & Materials, Inc.,
USA) with an ultrasonic horn with a maximum net power
output of 750Wat a frequency of 20 kHz and an amplitude of
60 %. The samples (60 mL each) were sonicated in a glass
double-walled beaker equippedwith a cooling jacket for either
0, 3, or 6 min. During ultrasound treatment, the probe (13 mm
diameter) was immersed in the liquid to a depth of 1.5 cm and
ice water was circulated around the vessel. An ultrasound
pulse mode of on-time 2 s and off-time 4 s was used. The
ultrasonic intensity was 28–32 W/cm2, as measured by calo-
rimetry according to the method of Jambrak et al. (2014). In
order to ensure better homogeneity, the sample was gently
stirred for 15 s every 1 min during application of ultrasound
treatment. After ultrasound treatment, the samples were stored
at 4 °C for analyses. All sample preparations and treatments
were carried out in triplicate. Six treatments were labeled as
follows: two nonultrasound treatments: N and P; two ultra-
sound treatments for 3 min: N3 and P3; and two ultrasound
treatments for 6 min: N6 and P6.

Temperature and pH Measurements

Before and after each ultrasound treatment, the temperature of
batter samples was measured using a HI 9063 thermocouple

(Hanna Instruments Ltd., UK). The pH of meat samples was
determined using a Hanna 211 pH meter (Hanna, Italy).

Particle Size Determination

The particle size was determined immediately after ultrasound
treatment when the particles were still dispersed. The particle
size distribution was performed using a Mastersizer laser light
scattering analyzer (Mastersizer 2000, Malvern Instruments
Ltd., Worcester shire, UK). A small quantity of each sample
was dispersed in distilled water and the particle distribution was
monitored during four successive readings. The particle size
was expressed as D50, D90 (accumulated value to achieve vol-
ume percent of particle size of 50 and 90 %, respectively), D3,2

(surface weighted mean), and D4,3 (volume weighted mean).

Gel Strength

After ultrasound treatment, each sample was transferred to a
glass breaker (40 mm diameter, 35 mm height), maintained in
a water bath at 80 °C for 20 min, and then cooled to room
temperature. Gel strength was measured according to the
method of Hu et al. (2013b). The samples were tested using
a Texture Analyser (TA.XT2i, Stable Micro Systems,
Godalming, UK) equipped with a spherical plunger (5 mm
diameter) at a speed of 1 mm/s to a compression strain of
50 %. Gel strength was defined as the maximum force
required to compress the samples.

Water Holding Capacity

WHC of the batter samples was determined as described by
Zhang and Barbut (2005) with a slight modification. Each
sample (20 g) was transferred into a 50-mL polypropylene
tube, heated in a water bath at 80 °C for 20 min, and then
cooled to room temperature. The containers of gels were
centrifuged at 10,000×g (Avanti J-E, Beckman Coulter, CA,
USA) for 10 min. The weight (g) after centrifugation and the
weight (g) of the samples before centrifugation were deter-
mined. WHC is expressed as the amount of released water
divided by the original weight (g) of the gel before centrifu-
gation. A low value indicates that the samples have a superior
WHC to gels with a high value.

Dynamic Rheological Measurements

Dynamic rheological measurements of untreated and
ultrasound-treated batter samples were carried out using a
rheometer (Anton Paar, Physica MCR 301, Austria) under
the oscillatory mode and was equipped with a 25-mm parallel
plate measuring geometry, as described by Omana et al.
(2010) with slight modifications. Rheological measurements
were conducted within the linear range at a strain of 0.5 % and
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a constant frequency of 0.1 Hz. The batter samples were
heated between parallel plates with a programmable circulat-
ing water bath, and the probe was set with the gap of 1 mm.
The edges of the samples were covered with silicone oil to
prevent dehydration. Heating was performed from 25 to 80 °C
at a scan rate of 2 °C/min using a temperature control unit. The
storage modulus (G′) and loss modulus (G″) were collected
during dynamic oscillatory measurements.

Scanning Electron Microscopy (SEM)

SEM of untreated and ultrasound-treated batter samples after
heating was performed according to the method of Han et al.
(2009). Samples for SEM were cut into cubes (3×3×2 mm3)
and fixed with 2.5 % glutaraldehyde in 0.1 M phosphate
buffer (pH 7.0) for 48 h at 4 °C. The post-fixed samples were
then washed three times with 0.1 M phosphate buffer (pH 7.0)
for 10 min, followed by dehydration in incremental concen-
trations of ethanol (30, 50, 70, 75, 80, 90, and 95 %, and three
times with 100 %, respectively) for 15 min per solution, and
finally dipped into isoamyl acetate for 10min. The dehydrated
samples were dried by the method of carbon dioxide super-
critical drying. The dried samples were gold-coated (about 10-
nm layer) using a high-vacuum ion sputter. Sample observa-
tion and photomicrography were performed using a scanning
electron microscope (S-3000, Hitachi Science System Ltd.,
Hitachinaka, Japan) with an accelerating voltage of 7.0 kV.

SDS-PAGE

Each of the untreated and ultrasound-treated batter samples
was combined with 50 mL of extraction buffer (50 mM sodi-
um phosphate, 0.5 M NaCl, pH 6.5) and mixed with a mag-
netic stirrer at medium speed for 10 min at 4 °C. The mixture
was centrifuged (Avanti J-E, Beckman Coulter, CA) at
15,800×g for 10 min at 4 °C, and the supernatant was filtered
through Whatman #1 filter paper. The salt-soluble protein
concentration in the filtrate of each sample was determined
by the biuret method at an absorbance of 540 nm (Gornall
et al. 1949). SDS-PAGE was performed on the solubilized
fraction. Protein concentration was determined and each sam-
ple was diluted to 3 mg/mL using treatment buffer (125 mM
Tris, 4 % SDS, 20 % glycerol) containing 10 % β-
mercaptoethanol and 0.001 % bromophenol blue. Samples
were well mixed, heated at 95 °C for 5 min, and then stored
at −80 °C for subsequent SDS-PAGE. The prepared protein
samples were subjected to SDS-PAGE using a 10 % acrylam-
ide resolving gel and a 4 % acrylamide stacking gel (Laemmli
1970). Gel was loaded with 15 μg of protein per well. After
electrophoresis, the gel was scanned (GT-800 F, Epson, Japan)
at a resolution of 600 dpi, and the densities of bands were
analyzed by Quantity One software (Bio-Rad, Laboratories
Inc., Benicia, CA, USA).

Raman Spectroscopy

Raman experiments were determined using a modified proce-
dure of Shao et al. (2011). The spectra were obtained in the
range of 400 to 3,600 cm−1. Each spectrum of the untreated
and ultrasound-treated batter samples was obtained under the
following conditions: three scans, 30 s exposure time, 2 cm−1

resolution, sampling speed 120 cm−1/min, and data collection
every 1 cm−1. The spectra were smoothed, baseline-corrected,
and normalized against the phenylalanine band at 1,003 cm−1

(Herrero 2008) using Labspec version 3.01c (Horiba/Jobin
Yvon, Longjumeau, France). The secondary structures of each
sample were determined as percentages of α-helix, β-sheet,
β-turn, and unordered conformations (Alix et al. 1988).

Statistical Analysis

The data were expressed as mean value±SD. An independent
sample t test was used to determine the level of significance
between normal and PSE-like chicken breast meat. The data
obtained for the temperature, pH, particle size, functional
properties, and protein secondary structures of batter suspen-
sions were submitted to analysis of variance (ANOVA) using
the general linear model procedure of Statistical Analysis
System (SAS 8. 2, SAS Inst. Inc., Cary, NC, USA, 2000).
The means of variable among different treatments were com-
pared using the Duncan’s multiple comparisons. Statistical
significance was set at P<0.05.

Results and Discussion

Temperature and pH

As shown in Table 2, the temperature of normal and PSE-like
batter samples increased significantly from 2.5 to 25 °C after
high-intensity ultrasound treatments (N6 and P6) (P<0.05).
This was attributed to the collapse of cavitation bubbles
(Chandrapala et al. 2011) and the input of mechanical vibra-
tion energy by ultrasound, which resulted in an increase of
temperature. As expected, there was no significant difference
(P>0.05) at the same ultrasound time between the temperature
of normal and PSE-like batter samples (N3 and P3 and N6 and
P6, respectively).

Ultrasound treatment also had a significant effect (P<0.05)
on the pH of normal and PSE-like batter samples (Table 2).
The pH of normal batter sample (N) increased about 0.10 units
from 5.92 up to 6.02 after ultrasound treatment for 6 min,
while pH of PSE-like batter sample (P) increased 0.15 units
from 5.66 to 5.83. The increase in pHwas probably associated
with protein denaturation. High-intensity ultrasound can gen-
erate highly reactive free radicals and hydrogen peroxide
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which interact with proteins (Soria and Villamiel 2010),
resulting in a decrease in the acidic groups of muscle proteins
(Poulter et al. 1985). In addition, the increase in local temper-
ature and pressure in the surrounding area of the collapsing
bubble created by ultrasound can also induce the protein
denaturation.

Particle Size Distribution

The changes in particle size distribution of normal and PSE-
like batter samples after ultrasound treatments are shown in
Fig. 1 and Table 3. Figure 1 shows that ultrasound treatment
had significant effects on the particle size distributions of
batter samples. Both untreated normal and PSE-like batter
samples had two peaks (the first peak range 10–100 μm, the
second peak range 100–1,000 μm). There were significant
differences (P<0.05) in particle size distributions between

untreated normal and PSE-like batter samples (Fig. 1 and
Table 3). Untreated PSE-like batter samples had lower
particle size than that of untreated normal batter samples,
due to the different integrity of muscle fiber structure
between PSE and normal meat, as was observed by Wilhelm
et al. (2010). After high-intensity ultrasound treatment, the
distribution becamemore uniform and narrowed, with a great-
er number of particles in the smaller size range. The second
peak intensity (size range 100–1,000 μm) of both normal and
PSE-like batter samples was decreased by ultrasound treat-
ment, indicating that the myofibrillar integrity had been fur-
ther disrupted.

Compared to the untreated batter samples, ultrasound treat-
ment for 3 and 6min significantly decreased the values ofD50,
D90, D3,2, and D4,3 in the normal and PSE-like batter samples
(P<0.05) (Table 3). Jambrak et al. (2014) reported that high-
intensity ultrasound (20 kHz for 15 or 30 min with a probe)
caused a decrease in particle size of both whey protein isolate
and whey protein concentrate suspensions. Sun et al. (2014)
determined the D50 of milk protein concentrate as being the
average particle size and found that D50 was decreased from
28.45 to 0.13 μm after ultrasound treatment. The decrease in
particle size can be attributed to the shear effects generated by
acoustic cavitation of high-intensity ultrasound.

Gel Strength and Water Holding Capacity

Gel strength and WHC are two important parameters of gel-
type composite food systems. Table 4 shows the gel strength
and WHC of untreated and ultrasound-treated normal and
PSE-like batter samples. Ultrasound treatment had a signifi-
cant positive effect on gel strength (P<0.05). For normal

Table 2 Temperature and pH of untreated and ultrasound-treated normal
and PSE-like batter samples

Sample Treatment time (min) Temperature (°C) pH

N 0 2.49±0.50c 5.92±0.03c

N3 3 21.53±2.60b 5.96±0.02b

N6 6 25.34±2.87a 6.02±0.03a

P 0 2.51±0.50c 5.66±0.03f

P3 3 21.35±1.55b 5.78±0.02e

P6 6 25.39±2.92a 5.83±0.03d

Different letters (a–f) indicate significant differences among the means in
the same column (P<0.05). N and P: normal and PSE-like batter samples;
N3 and P3: ultrasound treatments for 3 min; P6 and N6: ultrasound
treatments for 6 min
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Fig. 1 Particle size distribution
of untreated and ultrasound-
treated normal and PSE-like
batter samples. N and P: normal
and PSE-like batter samples; N3
and P3: ultrasound treatments for
3 min; P6 and N6: ultrasound
treatments for 6 min
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batter samples, ultrasound treatment for 3 min significantly
increased the gel strength, while the gel strength of the sam-
ples treated with ultrasound for 6 min was not significantly
different from the untreated normal batter samples (P>0.05).
Untreated PSE-like meat gels had the lowest gel strength;
however, the value of the gel strength increased significantly
(P<0.05) after ultrasound treatment for 6 min (P6) and was
not different (P>0.05) from the untreated normal batter sam-
ples (N), showing that high-intensity ultrasound can improve
the gel strength of PSE-like batter samples. There was also a
significant effect of high-intensity ultrasound on WHC
(Table 4). Untreated ultrasound PSE-like batter samples had
significantly lower WHC than the normal batter samples
(P<0.05). However, after high-intensity ultrasound for both
3 and 6 min, the PSE-like and normal samples had higher
WHC compared to that of untreated batter samples (P<0.05),
where a significant difference was observed for WHC be-
tween ultrasound-treated PSE-like batter samples and untreat-
ed normal batter samples (P<0.05). The increase in pH of
PSE-like batter samples can cause increased protein net
charge, resulting in more sites of hydrogen bonding with the

surrounding water. Moreover, the reduction of the particle size
of batter samples led to a much more uniform size (Fig. 1) and
this contributed to the improvement ofWHC and gel strength.
Similar findings were reported by Hu et al. (2013b), who
compared the gel strength and WHC of untreated and
ultrasound-treated CaSO4-induced soy protein isolate gels
and found that high-intensity ultrasound improved both the
gel strength and WHC. Further, Madadlou et al. (2010) re-
ported that sonication of casein solutions prior to acidification
increased the final firmness of gels.

Dynamic Viscoelastic Measurement

Changes in elastic modulus (G′) and the viscous modulus (G″)
of untreated and ultrasound-treated normal and PSE-like batter
samples during heating from 25 to 80 °C are presented in Fig. 2.
The G′ of normal batter sample (N) slightly increased up to
approximately 37 °C (Fig. 2a). Then, it decreased sharply to a
minimum at 55 °C. On subsequent heating to 80 °C, theG′ rose
steadily. The G′ of normal batter sample had a peak at 37 °C.
The G′ of PSE-like batter sample (P) remained relatively un-
changed up to 35 °C and then reduced sharply to a minimum at
54 °C (Fig. 2a). Subsequently, G′ increased steadily on further
heating, reaching a plateau at 80 °C, indicating that a gel-
forming network structure had formed completely. The PSE-
like batter sample had no peak during heating from 25 to 55 °C.
Thus, two meats having different qualities demonstrated differ-
ent dynamic rheological behaviors, which clearly was due to
the different extents of protein denaturation and their pH. These
rheological transitions were also observed in natural actomyo-
sin from PSE and normal pork (Wang et al. 2009). High-
intensity ultrasound created different patterns of G′ for the
thermal gelation of normal and PSE-like batter samples. For
the normal batter samples, ultrasound treatment for 3 min had
the highest peak value at 45 °C and improved the protein
unfolding and aggregation, while ultrasound treatment for
6 min decreased the peak value of G′. Compared with the
PSE-like batter samples, the G′ of ultrasound-treated PSE-like
batter samples for 3 and 6 min slightly increased up to approx-
imately 42 and 48 °C, respectively (Fig. 2a). Then, they de-
creased sharply to a minimum at 55 °C. On subsequent heating
to 80 °C, theG′ rose steadily. The initial increase ofG′ indicated
that the preliminary protein network structure formed through
hydrogen bonding and association of myosin heads as a result
of unfolding and denaturation of the S1 subfragment
(Egelandsdal et al. 1986; Jiang and Xiong 2013). Then, dena-
turation of the myosin tails caused G′ to decease sharply and
disrupted the temporary protein network (Xiong 1997). On
further heating, the increase of G′ was attributed to an increase
in the number of cross-links between protein aggregates or
strands, such as hydrophobic and sulfhydryl-disulfide where
irreversible interactions in myosin and actomyosin occurred
transforming the viscous sol into a highly elastic gel network

Table 3 Particle size distribution of untreated and ultrasound-treated
normal and PSE-like batter samples

Sample Particle size (μm)

D50 % D90 % D3,2 D4,3

N 73.32±2.85a 439.04±12.84a 42.44±0.73a 161.85±5.78a

N3 71.72±1.89a 356.99±10.67b 40.57±1.47b 143.77±7.14c

N6 65.32±2.01b 300.05±8.65c 37.41±0.97c 122.70±7.33d

P 49.00±1.33c 446.94±10.72a 28.33±0.51d 153.72±6.12b

P3 35.88±2.13d 168.82±6.66d 25.26±1.69e 74.83±3.17e

P6 34.94±3.07d 172.79±6.96d 24.60±2.04e 69.94±3.92f

Different letters (a–f) indicate significant differences among the means in
the same column (P<0.05). N and P: normal and PSE-like batter samples;
N3 and P3: ultrasound treatments for 3 min; N6 and P6: ultrasound
treatments for 6 min

Table 4 Gel strength and WHC of untreated and ultrasound-treated
normal and PSE-like batter samples

Sample Gel strength (g) WHC (%)

N 60.90±4.61b 25.16±2.28b

N3 67.61±5.06a 13.46±3.89d

N6 63.86±5.54ab 8.89±3.19e

P 40.86±4.33d 29.68±3.12a

P3 56.38±3.84c 19.55±5.47c

P6 60.68±3.05b 12.23±3.25de

Different letters (a–e) indicate significant differences among the means in
the same column (P<0.05). N and P: normal and PSE-like batter samples;
N3 and P3: ultrasound treatments for 3 min; N6 and P6: ultrasound
treatments for 6 min
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(Ferris et al. 2009). Ultrasound treatment for 6 min had the
highest peak value ofG′ at 48 °C and increased the cross-linked
interaction, resulting in forming an elastic gel network based on
the ordered aggregations of the partially unfolded proteins. The
results clearly indicated that ultrasound-treated PSE-like batter
samples improved the gel network and protein matrix forma-
tion. This was likely attributed to factors such as pH, different
particle sizes, and native protein interactions (Hu et al. 2013a;
Xiong 1994). Ultrasound treatment induced some structural
changes which resulted in particles being uniform in size en-
abling a more ordered and homogeneous gel structure to be
produced after heating. Further, the formed gel proteins were
stabilized by molecular forces such as hydrogen bonds and

hydrophobic and electrostatic interactions. Ultrasound treat-
ment created a chemical effect which exposed the hidden
reactive groups and modified the protein structure or hydro-
phobic interactions (Hu et al. 2013a; Madadlou et al. 2010).
Furthermore, due to the different extents of protein denaturation
of PSE-like and normal meat, high-intensity ultrasound, at the
same treatment time, created different gelation processes.

Figure 2b shows the changes of G″ in untreated and
ultrasound-treated normal and PSE-like batter samples. The
changes in G″ for both were similar to those observed for G′,
despite the differences in magnitude (Liu et al. 2007; Zhou
et al. 2014). This demonstrated that PSE-like batter samples
had lower viscosity than normal samples. However,
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Fig. 2 Changes in dynamic
storage modulus (G′) and loss
modulus (G″) during heating
(2 °C/min)for different batter
samples. a Storage modulus (G′);
b loss modulus (G″). N and P:
normal and PSE-like batter
samples; N3 and P3: ultrasound
treatments for 3 min; N6 and P6:
ultrasound treatments for 6 min
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ultrasound treatment was able to also increase the final vis-
cosity of PSE-like and normal batter samples.

Microstructure

The microstructures of untreated and ultrasound-treated normal
and PSE-like meat gels are presented in Fig. 3. SEM revealed
significant variations in the appearances of untreated and
ultrasound-treated meat gels. The microstructure of normal
meat gels showed a compact gel network, displaying many
protein filaments and fine strands (Fig. 3a). Those treated with
ultrasound treatment for 3min showed disrupted fiber filaments
which formed more compact structures having an increased
number of small cavities between protein strands (Fig. 3b).
After high-intensity ultrasound for 6 min, the meat matrix
exhibited irregular cavities and many large protein aggregates
(Fig. 3c). Unlike the normal meat gels, PSE-like meat gels
(Fig. 3d) showed many short myofibrils which formed a disor-
dered and loose gel network. With ultrasound treatment of
PSE-like batter samples, the myofibrils appeared to be broken
down and disrupted (Fig. 3e, f). Those that had been treated
with ultrasound treatment for 3 min had a more compact
structure together with a great number of small protein

aggregates (Fig. 3b). Ultrasound treatment for 6 min generated
a porous network structure containing reticular structures and
fine strands (Fig. 3f). The difference in the microstructure
between untreated PSE-like and normal meat gels was attribut-
ed to the differences in salt-soluble protein contents and pH
(Barbut 1997; Somboonpanyakul et al. 2007). For the PSE-like
meat gels, ultrasound treatment for 3 and 6 min decreased the
length of the myofibrils and created small open spaces, which
contributed to the improvement of the structure development of
gel forming. For the normal meat gels, ultrasound treatment for
6 min created more protein aggregates as a result of excessive
power delivery when the salt-soluble protein had been already
extracted. Therefore, ultrasound treatment had superior effects
on the microstructure of PSE-like batter samples compared
with normal batter samples. In addition, high-intensity ultra-
sound can create rupturing and mechanical damage and the
generation of free radicals from water molecules which de-
creases the particle size and modifies the aggregates through
acoustic cavitation (Jambrak et al. 2010). Thus, it improved
protein association during thermal gelling and generated amore
compact and tighter protein interaction to form firmer gels and
retain more water compared with untreated batter samples. Zisu
et al. (2010) showed that the improvement in the gel strength of
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Fig. 3 Scanning electron
microscopy of untreated and
ultrasound-treated normal and
PSE-like meat gels. a N (normal
batter sample); b N3 (ultrasound
treatment for 3 min); c N6
(ultrasound treatment for 6 min);
d P (PSE-like batter sample); e P3
(ultrasound treatment for 3 min); f
P6 (ultrasound treatment for
6 min)

Food Bioprocess Technol (2014) 7:3466–3477 3473



sonicated whey proteins was attributed to the reduction in
particle size and the formation of a dense and compact
protein network. Hu et al. (2013b) also reported that high-
intensity ultrasound improved the water holding capacity of
soybean protein isolate gel induced by calcium sulfate, which
resulted from the stable and denser gel network created by high-
intensity ultrasound.

SDS-PAGE

Figure 4 shows the SDS-PAGE patterns of the salt-extracted
soluble proteins from the untreated and ultrasound-treated
normal and PSE-like batter samples. There were no significant
differences in the protein profiles between untreated normal
and PSE-like batter samples (lanes 2 and 5). However, the use
of ultrasound treatment for 3 and 6 min mainly decreased the
intensity of the myosin heavy chains (lanes 3, 4, 6. and 7).
High-intensity ultrasound (20 kHz) modified the protein pro-
file of the salt-soluble proteins, indicating that treatment with a
probe (20 kHz) caused the proteins to unfold which leads to
the formation of protein aggregation, resulting in their lower
salt solubility. The increase in local temperature and pressure
in the surrounding area of the collapsing bubble created by
ultrasound also promoted the protein denaturation and aggre-
gation of suspensions. Furthermore, the formation of the
aggregates likely resulted from the formation of intermolecu-
lar disulfide bridges between protein molecules (Gülseren
et al. 2007). In general, the extraction of salt-soluble proteins,
under conventional meat processing condition, is an important
point to improve the gel texture of the final processed meat
products. However, high-intensity ultrasound did not increase
the solubility of salt-soluble proteins from PSE-like meat
batter suspensions as shown in SDS-PAGE (Fig. 4). This

infers that ultrasound affected other factors relating to mea-
sured improved gelling properties of PSE-like batter samples,
such as pH, viscoelastic characteristics, protein-protein inter-
actions (aggregation), and protein conformational changes
induced by ultrasound (Arzeni et al. 2012a).

Raman Spectroscopic Analysis

The secondary structural contents of proteins in normal and
PSE-like batter samples, as affected by high-intensity ultra-
sound, are shown in Table 5. High-intensity ultrasound treat-
ment had a significant effect on the secondary structures of both
normal and PSE-like batter samples (P<0.05). Ultrasound
treatment significantly decreased α-helical contents and in-
creased the β-sheet contents of normal batter samples com-
pared to the untreated normal samples, with greater changes at
higher ultrasound time (N6). Compared with untreated PSE-
like batter samples, ultrasound treatment of PSE-like batter
samples for 6 min also significantly decreased the α-helical
contents and increased the β-sheet, β-turns, and unordered
contents (P<0.05). High-intensity ultrasound treatment appears
to have induced changes in the spatial structure of myosin,
leading to the unfolding of the α-helical region followed by
the formation of β-sheet. The secondary structure of PSE-like
batter samples treated for 6 min was not significantly different
from the untreated normal samples (P>0.05). The higher β-
sheet andβ-turn fractions contributed to protein aggregates and
gel formation in the meat system, resulting in an improvement
in gel texture (Herrero 2008; Liu et al. 2008; Liu et al. 2010).
High-intensity ultrasound also increased the exposure of hy-
drophobic and sulfhydryl residues to the water molecules,
which favored the aggregation and the gelling process
(Arzeni et al. 2012a; Gülseren et al. 2007). Investigation of
the secondary structural changes in proteins using Raman
spectroscopy provides an explanation for the mechanisms for
the improvement in functional properties based on protein
unfolding and aggregation. In addition, the results in the present250
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Fig. 4 SDS-PAGE of salt-soluble proteins extracted from untreated and
ultrasound-treated normal and PSE-like batter samples. Lane 1: standard
marker; lanes 2–4: N,N3, andN6; lanes 5–7: P, P3, and P6. N and P: normal
and PSE-like batter samples; N3 and P3: ultrasound treatments for 3 min;
N6 and P6: ultrasound treatments for 6 min.MHC myosin heavy chains

Table 5 Secondary structural contents of untreated and ultrasound-treat-
ed normal and PSE-like batter samples

Sample α-Helix (%) β-Sheet (%) β-Turns (%) Unordered (%)

N 66.28±3.20b 10.97±2.20c 13.46±0.51ab 9.65±0.26ab

N3 62.50±3.52c 13.88±2.32ab 14.06±0.43a 9.83±0.25a

N6 60.60±3.20c 15.33±2.51a 14.35±0.52a 9.94±0.20a

P 73.38±3.30a 5.20±1.90d 12.30±0.40c 9.13±0.30c

P3 71.98±3.27a 6.61±2.53d 12.57±0.53bc 9.25±0.23c

P6 66.10±2.52b 11.31±2.51c 13.50±0.60ab 9.60±0.32ab

Different letters (a–d) indicate significant differences among the means in
the same column (P<0.05). N and P: normal and PSE-like batter samples;
N3 and P3: ultrasound treatments for 3 min; N6 and P6: ultrasound
treatments for 6 min
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study regarding secondary structures for ultrasound-treated
meat batter samples were similar to the finding of Li et al.
(2014), who reported that peanut protein isolate-glucomannan
conjugates, prepared by ultrasound treatment, increased the β-
structure which was accompanied by a decrease of α-helical
structures compared to native peanut protein isolate. On the
other hand, Chandrapala et al. (2011) and Hu et al. (2013c)
found that ultrasonic treatment increased in the α-helical com-
ponent and decreased the β-sheet component of whey protein
concentrate and soy protein isolate. These different findings for
the effects of ultrasound on the secondary structures of proteins
may result from their intrinsic native structures.

Conclusion

High-intensity ultrasound modified normal and PSE-like
chicken breast batter suspensions and improved the protein
functionality of PSE-like meat. High-intensity ultrasound
(20 kHz, 450 W, and 6 min) significantly increased their gel
strength, viscosity-elasticity, andWHC giving them properties
similar to normal meat gels. Treatment also resulted in PSE-
like meat gels having a more uniform and compact gel net-
work. However, treatment was unable to induce an increase in
the salt-soluble protein extraction as shown in gel electropho-
resis. However, high-intensity ultrasound resulted in a signif-
icant increase of pH and a reduction in particle size with
greater uniformity. Importantly, we found that PSE-like meat
proteins treated by ultrasound had less α-helical and more β-
sheet, β-turns, and unordered contents than those not treated.
These physicochemical modifications may explain the im-
proved gel texture and water retention of the treated PSE-
like meat gels. The present study suggests that high-intensity
ultrasound technology may successfully be employed for the
modification of PSE-like chicken breast meat to develop new
processed meat products having a unique functionality.
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