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Abstract The effect of ultrasound treatments (40 kHz,
300 W) for different times (10, 20, 30 and 40 min) combined
with different salt contents (1.0 %, 1.5 % and 2.0 %) on gel
properties and water holding capacity (WHC) of chicken
breast meat batter were investigated. Results showed salt level
significantly (p<0.05) affected the texture, storage modulus
(G′), loss modulus (G″), cooking loss and WHC. Ultrasound
treatments for 10 min and 20 min improved the texture and
WHC, and had higher G′ values. Compared with the controls
(2 % salt), ultrasound treatment for 20 min with reduced-salt
(1.5%) had not significant effect (p>0.05) on texture, cooking
loss or WHC. However, longer ultrasound (40 min) treatment
resulted in a decrease in hardness, G′ value and WHC.
Microstructural analysis revealed that gels treated with ultra-
sound for 20 min had a compact structure whereas those
treated for 40 min contained more protein aggregations and
more cavities. Low-field nuclear magnetic resonance (LF-
NMR) indicated that ultrasound treatment for 20 min lowered
the values of spin-spin relaxation time (T2) and increased the
proportion of myofibillar water. Overall, high power ultra-
sound technology is a promising process which can improve
the gelation properties and thereby allowing for a partial
reduction in the salt levels in chicken meat gels.

Keywords Ultrasound .Meat batter . Dynamic rheology .

LF-NMR . Texture

Introduction

High power ultrasound has been widely used commercially in
various food processing operations for its beneficial effects
through cavitation on mechanical, chemical and/or biochem-
ical effects on food materials (Chandrapala et al. 2012). The
application of ultrasound in meat and meat products can
change its physical, biochemical and microbial properties
(Jayasooriya et al. 2004). Many researchers have found that
the use of ultrasound can have effects on meat tenderization,
curing and changes in meat color and color stability (Cárcel
et al. 2007; Jayasooriya et al. 2007; Lyng et al. 1998; Pohlman
et al. 1997a; Stadnik et al. 2008; Stadnik and Dolatowski
2011). Some authors have reported that ultrasound caused
physical disruption of meat tissues and accelerated mass
transfer through cavitation related mechanisms, which signif-
icantly improved the fragmentation and the solubility of myo-
fibrillar proteins and caused disintegration of connective tis-
sues in meat (Chang et al. 2012; Latoch 2010).

Myofibrillar proteins are of great significance for the func-
tional properties of meat products, such as texture and WHC.
Ultrasound has been shown to improve the extraction of salt-
soluble proteins in ground cured ham roll and to increase the
cooking yield and bind strength (Reynolds et al. 1978).
However, reducing salt limits protein extractability and alters
thermal protein denaturation and aggregation patterns of the
major muscle proteins (Trout and Schmidt 1986), which af-
fects the textural characteristics andWHC ofmeat products. A
partial reduction of salt level in meat and meat products was
possible when using ultrasound processing, which therefore
has very important health advantages (Weiss et al. 2010).
Little information is available on ultrasound treatment as a
possible means of improving the gel-forming properties in
processed meat products at low-salt levels. The gel-forming
ability of myofibrillar proteins is of much interest because it is
responsible for the enhanced texture of comminuted meat
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products. Gelation is a multi-step thermodynamic process that
involves denaturation, aggregation and formation a three-
dimensional network resulting in an elastic gel (Lesiów and
Xiong 2001). The process is governed by a combination of
weak intermolecular forces, including hydrogen bonding,
electrostatic forces and hydrophobic interactions (Gordon
and Barbut 1992). High-intensity ultrasound may have the
potential to alter the gelation behavior of proteins, since cav-
itation within the muscle tissue can lead to chemical changes
by the formation of free radicals which can alter the structure
of proteins and the intermolecular forces (Jayasooriya et al.
2004).

In addition, Ito et al. (2003) reported that ultrasonic treat-
ment improved the protein solubility of washed myofibrillar
suspensions (low protein concentration: 0.5 %) by the physi-
cal force which disrupted the structure of chicken breast
muscle myofibrillar proteins in water. To our knowledge, only
a few studies have been reported the changes in functional
properties of chicken breast meat batter containing high pro-
tein concentrations with the application of high power ultra-
sound. For our work we chose chicken breast meat because it
is readily processed, nutritious, being low in fat and rich in
protein, has light color and good texture (Barbut 2012) and is
relatively inexpensive compared with other type of meats
(Petracci and Cavani 2012). Furthermore, with the changes
in consumers’ attitude towards on poultry further processed
products, there is a greater requirement for high quality poul-
try meat to ensure optimal sensory characteristics and func-
tional properties of meat products (Petracci et al. 2013).

Therefore, the objective of the study was to investigate the
effects of ultrasound on chicken breast meat batters containing
different salt levels on the functional and structural properties
of chicken meat gels using the dynamic rheological measure-
ment, LF-NMR and scanning electron microscopy.

Materials and methods

Sample preparation

Fresh chicken breast meat (mean values of 73.50 % moisture,
22.68 % protein, 2.36 % fat, 24–36 h postmortem and
pH 5.96) (AOAC 2000) was purchased from a local meat
market (Nanjing, China). All visible connective tissue, fat and
skin were trimmed off. The meat were cut into small cubes
(10 mm×10 mm×10 mm) and mixed, then packed in poly-
ethylene bags. Finally, the meat samples were frozen and
stored at −18 °C, and were used within 2 weeks.

Chicken breast meat gels were formulated according to the
method of Sikes et al. (2009) with slight modifications. Prior
to the experiment, the meat was thawed overnight at 0–2 °C.
The chicken meat batters were prepared by mixing chicken
meat (75 %) with ice/water (23–24 %) containing different

level of salt (Table 1). The preparation procedure was as
follows: the chicken breast meat was homogenized in a chilled
cutter (Grindomix GM 200, Retsch, Germany) at a speed of
3,000 rpm for 10 s, followed by addition of ice water and salt,
then chopping at the same speed for 15 s. Final batter temper-
ature remained less than 7 °C. The batters were then filled
approximately 80 g (thickness less than 3 mm) and sealed in
barrier bags.

Ultrasound treatment

Ultrasound treatment of the samples was carried out in an
ultrasonic processor (KQ-300DE, Kunshan Ultrasonic
Instrument Co., Ltd., China) having an internal tank dimen-
sions of 300 mm×240 mm×150 mm (width×depth×height)
and using a frequency of 40 kHz and power of 300 W.
Sonication of the samples were carried out for 0, 10, 20, 30,
40 min. The non-ultrasound treated samples as the control
group and were also maintained in water below 15 °C. All
experiments were performed in triplicate. After ultrasonic
processing, all the meat batters were stored at 4 °C until
analysis.

Textural Profile Analyses (TPA)

The TPA of the chicken meat gels was determined according
to the procedures of Bourne (1978). After the ultrasound
treatment, the batters were transferred to the 50 mL polypro-
pylene containers and then hermetically sealed. These con-
tainers were centrifuged (Model 225, Fischer Scientific,
Pittsburgh, Pa., U.S.A.) at 500 g (4 °C) setting for 3 min to
remove any remaining air bubbles. The containers of the
different ultrasound treatments were heated in a water bath
at 80 °C for 20min, and then cooled to room temperature. The
samples were cut into cylindrical shapes (2.0 cm deep and
2.5 cm in diameter) for TPA. TPA tests were performed using
a texture analyzer (TA-XT2i, Stable Micro Systems Ltd.,
Godalming, UK) fitted with a cylindrical probe (P/50,
50 mm stainless cylinder) and a 25 kg load cell. A double
compression cycle test was performed up to 75 % compres-
sion of the original height. The elapsed time between the two

Table 1 Formulations of chicken meat batters prepared with various salt
levels

Ingredients Salt levels (%, w/w)

1 1.5 2

Chicken meat 75.0 75.0 75.0

Salt 1 1.5 2

Water 24 23.5 23

Total 100 100 100
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compression cycles was 5 s. The trigger force used for the test
was 5 g with a test speed of 1.5 mm/s. When the test was
completed, the software (TA-XT Express software) calculated
TPA parameters for hardness (maximum force required to
compress the sample), springiness (ability of the sample to
recover its original form after deforming force was removed),
chewiness (work needed to chew a solid sample to a steady
state of swallowing), cohesiveness (extent to which the sam-
ple could be deformed before rupture). Six replicates were
performed for each treatment group.

Gel strength

Gel strength was measured according to the method of Huang
et al. (2010). Gels were prepared as described in the section on
TPA to determine gel strength. The samples were cut into
cylindrical shapes (20 mm deep and 25 mm in diameter) at
room temperature. Then 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. The Gel strength was
expressed as the multiplication of the breaking strength (kg)
and deformation (mm). Six replicates were performed for each
treatment group.

Dynamic rheological measurements

Dynamic oscillatory measurements of chicken meat batters
were carried out after ultrasound treatment using a Rheometer
(Anton Paar, Physica MCR 301, Austria) under oscillatory
mode, equipped with a 25 mm parallel plate measuring ge-
ometry, according to the procedure described in Omana et al.
(2010) with slight modifications. Rheological measurements
were conducted within the linear range, at a strain of 0.5 %
and a constant frequency of 0.1 Hz. The samples were heated
between parallel plates with a programmable circulating water
bath and the probe was set with a gap of 1 mm. Edges of
samples were covered with silicone oil to prevent dehydration.
Heating was performed from 25 °C to 80 °C at a scan rate of
2 °C/min using a temperature control unit. The storage mod-
ulus (G′) and loss modulus (G″) were obtained during dynam-
ic oscillatory measurements. Each measurement was per-
formed at least in triplicate.

Cooking loss

Cooking loss of chicken meat gels was measured as described
by Pietrasik (2003). After ultrasound treatment, meat batters
were loaded into 50 mL polypropylene centrifuge tubes and
centrifuged at 500 g (Model 225, Fischer Scientific,
Pittsburgh, Pa., U.S.A.) for 3 min to pack the meat.
Subsequently, tubes were heated (80 °C for 20 min) in a water
bath and then cooled to room temperature. The exudates were

drained, the surface was gently dried with paper towels, and
the cooked chicken gels were weighted. Cooking loss was
determined as the amount of released liquid divided by the
initial samples weight. Six replicates were performed for each
treatment group.

Water Holding Capacity (WHC)

WHC of chicken meat gels was determined as described by
Kocher and Foegeding (1993) with a slight modification.
Chicken meat gels were placed in centrifuge tubes and then
centrifuged at 10 000×g for 10 min (0–4 °C). The pellet
weight (g) after centrifugation and the weight (g) of the batters
before centrifugation were determined. Then WHC was
expressed as the amount of released water divided by the
original weight (g) of the gel before centrifugation. Low
values indicate that the gels have superior water holding
properties compared to those gels having high values. Six
replicates were performed for each treatment group.

NMR spin-spin relaxation (T2) measurements

NMR relaxation measurements were performed according to
the method of Han et al. (2009) with a slight modification.
Approximately 2 g of the sample was placed in a 15 mm glass
tube and inserted in the NMR probe of a PQ001 Niumag
Pulsed NMR analyzer (Niumag Electric Corporation,
Shanghai, China). The analyzer was operated at a resonance
frequency of 22.6 MHz at 32 °C. Spin-spin relaxation time
(T2) was measured using the Carr–Purcell–Meiboom–Gill
sequence. T2 was measured made a τ-value of 350 μs. Data
from 10,000 echoes were acquired as 32 scan repetitions. The
repetition time between subsequent scans was 8,000 ms. Post
processing of NMR T2 data distributed exponential fitting of
CPMG (Carr-Purcell-Meiboom-Gill) decay curves were per-
formed by Multi-Exp Inv Analysis software (Niumag Electric
Corp., Shanghai, China). Four relaxation times (T2b, T21, T22

and T23) and their corresponding water populations (P2b, P21,
P22 and P23) were recorded. Each measurement was per-
formed at least in triplicate.

Scanning Electron Microscopy (SEM)

SEM of the chicken meat gels was determined 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 3 times with 0.1M phosphate
buffer (pH 7.0) for 10 min, followed by dehydration in incre-
mental concentrations of ethanol (30, 50, 70, 75, 80, 90, 95%,
and 3 times with 100 %, respectively) for 15 min per solution,
and finally in iso-amyl acetate for 10 min. The dehydrated
samples were dried using carbon dioxide supercritical drying.
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The dried samples were gold-coated (about 10-nm layer)
using a high-vacuum ion sputter. Sample observation 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.

Statistical analyses

All data are expressed as mean ± SD. Analysis of variance
(p<0.05) was used to assess the effects and interaction factors
(ultrasound treatment time, salt levels) on functional proper-
ties and WHC of chicken meat gels. The means of variables
among different treatments were compared using the
Duncan’s multiple comparisons. Statistical analyses of results
were performed using Statistical Analysis System (SAS 8. 2,
SAS Inst. Inc., Cary, N.C., U.S.A., 2000).

Results and discussion

TPA and gel strength

Table 2 shows that the textural properties and gel strength of
chicken meat gels were significantly (p<0.05) affected by
ultrasound treatments and various amounts of salt.
Increasing the salt level of the meat batters from 1 to 2 %
increased hardness, springiness, cohesiveness and chewiness
and gel strength (Tables 2 and 3). Similar results have been
reported showing that increased salt concentration of meat
batters improved the textural properties of Chinese-style

meatballs and frankfurter-type sausages (Hand et al. 1987;
Kang et al. 2014; Matulis et al. 1995).

The ultrasound treatment significantly (p<0.05) influenced
the texture of meat batters (Tables 2 and 3). Compared with
the control at the same salt contents, hardness, springiness,

Table 2 Effect of ultrasound treatment on texture profile analysis and gel strength of chicken meat gels containing various salt levels

Salt levels Treatments Hardness (N) Springiness (mm) Cohesiveness Chewiness Gel strength (kg × mm)

1 % C 69.53±3.32ef 0.650±0.01h 0.306±0.005i 15.07±0.56f 9.92±1.71h

U10 74.03±3.28de 0.675±0.02gf 0.321±0.005fg 15.83±0.42ef 11.61±1.10hg

U20 76.73±2.88cd 0.680±0.02ef 0.327±0.012ef 16.81±1.07e 13.84±0.63def

U30 68.43±4.49gf 0.653±0.02h 0.314±0.006gh 15.21±1.06f 10.61±1.43h

U40 64.10±6.95g 0.658±0.02gh 0.309±0.004hi 14.88±1.05f 9.69±1.03h

1.5 % C 77.34±3.48cd 0.701±0.01de 0.320±0.009fg 15.79±0.79ef 14.54±1.28def

U10 80.21±9.92bc 0.726±0.01bc 0.336±0.006cd 16.56±0.91e 15.14±1.33cdef

U20 82.04±2.42b 0.745±0.02a 0.349±0.010a 17.97±0.64d 15.99±1.12bcd

U30 75.58±7.09cd 0.712±0.01d 0.324±0.004ef 15.97±0.61e 13.95±0.74def

U40 70.56±3.82ef 0.711±0.01d 0.314±0.008gh 14.99±0.67f 13.70±1.31ef

2 % C 83.52±1.97b 0.732±0.02c 0.340±0.004bc 20.24±1.01c 16.86±0.97abc

U10 88.71±7.25a 0.748±0.01ab 0.346±0.010ab 21.45±1.25b 17.98±1.90ab

U20 89.04±6.56a 0.754±0.01ab 0.349±0.005a 23.50±0.59a 18.81±0.88a

U30 83.11±4.08b 0.736±0.02bc 0.338±0.008cd 20.53±1.12bc 15.38±1.89cde

U40 82.29±5.96b 0.737±0.02abc 0.331±0.004de 20.11±0.78c 15.07±0.64fg

a-i Different letters in the same column indicate a significant difference (p<0.05)

Table 3 Effect ultrasound treatment and salt levels of chicken meat
batters on measured variables (p value of ANOVA)

Ultrasound treatments Salt levels Interaction

Hardness <0.0001 <0.0001 0.7092

Springiness <0.0001 <0.0001 0.3054

Cohesiveness <0.0001 <0.0001 0.003

Chewiness <0.0001 <0.001 0.5273

Gel strength <0.0001 <0.0001 0.0841

Cooking loss <0.0001 <0.0001 0.8953

WHC <0.0001 0.0007 0.8749

NMR attributes

T2b <0.0001 <0.0001 0.1675

T21 <0.0001 0.0202 0.6124

T22 <0.0001 0.0002 0.2504

T23 <0.0001 0.0019 0.6261

P2b 0.8496 0.5554 0.7375

P21 <0.0001 <0.0001 0.3824

P22 0.0126 0.0295 0.1542

P23 <0.0001 <0.0001 0.8385

T2b and P2b, relaxation time and population for water closely associated
with macromolecules; T21and P21, relaxation time and population for
water located within the myofibrillar protein matrix; T22 and P22, relax-
ation time and population for extra-myofibrillar water. T23 and P23,
relaxation time and population for expelled bulk water
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cohesiveness, chewiness and gel strength were improved in
the samples treated with ultrasound for either 10 min or
20 min. The hardness and gel strength of meat batters treated
with ultrasound 20 min with 1 % salt tended to increase but
they were not significantly different (p>0.05) from the control
with 1.5 % salt. A Similar effect was observed with the
ultrasound treatment for 20 min with 1.5 % salt compared
with the control. Reynolds et al. (1978) and Vimini et al.
(1983) reported that ultrasound treatment increased the break-
ing strength of restructured rolls at lower salt addition.
However, ultrasound treatment at 30 min or 40 min did not
increase (p>0.05) the hardness, springiness, cohesiveness,
chewiness and gel strength. Furthermore, ultrasound treatment
at 40 min with 1 % or 1.5 % salt actually decreased signifi-
cantly (p<0.05) hardness of meat gels compared to the corre-
sponding controls. The decrease in hardness has been attrib-
uted to the functional deterioration of the meat protein
(Carballo et al. 2000). Siró et al. (2009) reported that ultra-
sound treatment for longer times caused denaturation of pro-
teins and produced variation in the hardness of the meat. There
was no interaction effect between ultrasound treatment and
salt content for hardness, springiness, chewiness and gel
strength (Table 3). The results obtained in this study clearly
show that the hardening effects of salt addition to meat batters.
On the other hand, ultrasound treatment for 30 min or 40 min
partially counteracted the hardening effect of salt addition.

Dynamic rheological measurements

Changes in G′ and G″ values of chicken meat batters with
different salt contents when subjected to ultrasound treatment
when heated from 25 °C to 80 °C are presented in Fig. 1. In the
controls with different salt contents (1–2 %), the G′ of chicken
meat batters increased slightly up to approximately 48 °C,
because of the protein-protein interaction (Acton et al. 1981;
Egelandsdal et al. 1986). Then G′ decreased sharply to a
minimum at 55 °C, which was attributed to denaturation of
light meromyosin, resulting in the increased filamental “flu-
idity” (Egelandsdal et al. 1986). Xiong and Blanchard (1994)
reported that the reduction in G′ of chicken breast salt-soluble
proteins and myofibrils may be caused by partially redistribu-
tion of intra- and inter-molecular forces, assuming that protein
denaturation is reversible below 55 °C. Then with further
heating, G′ increased steadily indicating that a stiff protein
matrix had developed as a result of enhanced hydrophobic and
sulfhydryl-disulfide interactions between the proteins (Ferris
et al. 2009; Montejano et al. 1984). The rheological transition
of the controls was typical of poultry meat with low added salt
(Carballo et al. 2001; Egelandsdal et al. 1995). It was obvious
that the values of G′ significantly different in the controls with
different salt contents in raw state (25 °C) and at the end of
cooking (80 °C). The meat batter containing 2 % salt showed
the highest G′ value and the 1 % had the lowest value. This
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Fig. 1 Changes in dynamic storage modulus (G′) and loss modulus (G″)
with temperature (T, °C) for the different samples: (a and d) ultrasound
treated meat batters with 1 % salt; (b and e) ultrasound treated meat
batters with 1.5 % salt; (c and d) ultrasound treated meat batters with 2 %
salt. The storage modulus G′, represents elasticity of the gels. C: no
ultrasound treatment; U10: ultrasound time 10 min; U20: ultrasound time
20 min; U30: ultrasound time 30 min; U40: ultrasound time 40 min
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was probably related to different contents of protein extraction
by the different salt levels (Fretheim et al. 1986).

Compared with the controls, the ultrasound treatments
produced some differences in the G′ values. At the beginning

of heating processing, all ultrasound treatments had higher
initial G′ values than the controls, and were significantly
different in the meat batters containing 1 % salt. When further
heating above 55 °C, the G′ of meat batters treated with
ultrasound either 10 min or 20 min increased steadily up to
80 °C, and finished higher than the controls. The results were
indicative of typical heat induced protein gels which showed
formation of stable, stiff and elastic matrix structures.
However, the G′ of meat batters treated with ultrasound for
30 min or 40 min increased rapidly, reaching a plateau at
75 °C or 72 °C, respectively. Afterwards a decline in G′ was
observed up to 80 °C. Ultrasound treatments for 40 min had a
greater negative effect on raw meat batters, which showed a
sharp decrease in G′ value upon subsequent heating. In each
case, these had the lowest G′ values. These results indicated
that ultrasound technology could considerably change the gel
network formation and gel elasticity. These differences in G′
values may be related to protein denaturation induced by
ultrasound (Siró et al. 2009). Another possibility is that the
physical force applied by ultrasoundmay partially damage the
structures of myofibrillar proteins partly, although concurrent-
ly it may promote solubilization of myofibrillar proteins (Ito
et al. 2003). The changes of G′ and G″ had been used to
monitor the visco-elastic behavior of meats, and what have
been related to the denaturation and accompanying aggrega-
tion of its myofibrillar proteins (Egelandsdal et al. 1995;
Xiong and Blanchard 1994). The denaturation of proteins
leads to changes in the native conformation of the molecules
and the eventual unfolding of the proteins. At shorter times
ultrasound treatment induced certain protein modifications,
which improved gel forming ability. However, at longer times,
ultrasound treatment may excessively increase the protein
denaturation and complete protein aggregation well before
75 °C is reached. With further heating the decrease in G′
above 75 °C was probably a consequence of a temperature
effect after completion of protein aggregation (Liu et al.
2007).

During gelation, changes in the G′ value indicated
the transformation into an elastic gel network and
reflected the changes in stiffness or rigidity of the
protein gel (Ding et al. 2012). A high G′ usually indi-
cates that the product is more rigid (Xiong and
Blanchard 1994). The trend was in accordance with that
observed for the texture and gel strength (Table 2),
which indicated that ultrasound treatment for 20 min
gave the highest G′ and the highest hardness values,
whereas ultrasound treatment for 40 min gave the low-
est G′, thus having the lowest hardness values. The
effects of ultrasound treatment on changes in G″ of
batters with different salt contents were similar to those
found for G′ values. At the same salt content, the
highest G″ values of meat batters were obtained in
samples treated with ultrasound for 20 min.
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Fig. 1 (continued)

J Food Sci Technol (May 2015) 52(5):2622–2633 2627



Cooking loss and WHC

Table 4 shows the cooking loss and WHC of chicken meat
batters having different salt contents as affected by ultrasound
treatment. Ultrasound treatment and salt levels had significant
(p<0.05) effects on cooking loss (Table 3). WHC is also a term
commonly used to describe the ability of meat gels to bind or
hold water (Labuza and Busk 1979). It is evident that as salt
contents of chicken meat batters were increased the WHC and
cooking losses were reduced. Ultrasound treatment for 10 min
and 20 min also improved the cooking loss. The best result was
achieved by ultrasound treatment for 20 min with different salt
contents. However, increased treatment time resulted in an
increase in the cooking loss at the same salt content. Based
on the results of WHC at the same salt content, ultrasound
treatment for 20 min produced significant (p<0.05) difference
in WHC compared with the controls. Nevertheless, ultrasound
treatment time affected the WHC of chicken meat gels com-
pared with untreated samples with high salt concentrations.
This agrees with the observations of Jayasooriya et al. (2007)
who found that drip loss of beef (M. longissimus lumborum et
thoracis andM. semitendinosus) was not affected by ultrasound
treatment, but it significantly reduced the cooking loss and total
loss. Stadnik et al. (2008) investigated that the effect of ultra-
sound treatment on water holding properties of beef
(M. semimembranosus), and found that the minced samples
of ultra-sonicated meat had significantly higher water holding
capacity than the control. Siró et al. (2009) reported that ultra-
sound treatment improved water-binding properties of meat
tissue, but did not significantly alter the water holding capacity

of porcine meat. It may result from the fact that the meat was
treated by ultrasound in a refrigerated water bath, which would
limit thermal denaturation of protein and consequential loss of
water holding ability (Pohlman et al. 1997b). These differences
may result from the used of the specific ultrasound conditions,
different meats and different methods used for determining
WHC. In the present study, ultrasound treatment improved
the water holding properties (including cooking loss) of chick-
en meat gels at each of the salt levels. An explanation for these
behaviors on cooking loss andWHC are explored further in the
following section making use of LF-NMR.

NMR spin-spin relaxation (T2) measurements

The registration of proton transverse relaxation time (T2)
weighted signals has been used to study the water distribution
and water properties in myofibrillar proteins (Bertram et al.
2004; Sun et al. 2011). Figure 2 shows a representative distri-
bution of NMR T2 measurements after multi-exponential
fitting. In the chicken meat gels, we detected four relaxation
populations centered at approximately 0–10 ms, 40–55 ms,
150–300 ms and >1,000 ms (designated T2b, T21, T22 and T23,
respectively). A minor component, T2b (bound water), was
assigned to water tightly associated to protein and macromo-
lecular constituents of meat. A major component T21, was
assigned to myofibrillar water and water within the protein
structure. The third component T22, was likely associated with
extra-myofibrillar water. The fourth component T23, was
assigned to expelled bulk water released after heating. This
is in agreement with Bertram et al. (2001) who reported T2b,
T21, and T22 values for whole, minced, and homogenized
meats in the range of 0–10 ms, 40–60 ms and 150–400 ms,
respectively. Upon heating, a relaxation population with re-
laxation times >1,000ms (T23) corresponding to expelled bulk
water was identified (Bertram et al. 2006).

Table 4 Cooking loss and water holding capacity (WHC) of chicken
meat gels after ultrasound treatment at different salt levels

Salt levels Treatments Cooking loss WHC

1 % C 13.53±0.613%ab 0.1116±0.012a

U10 12.75±0.545%bc 0.1099±0.014a

U20 11.75±0.473%cd 0.0912±0.011bc

U30 13.73±0.550%ab 0.1034±0.015ab

U40 14.28±0.765%a 0.1156±0.007a

1.5 % C 11.02±0.955%de 0.0842±0.009c

U10 9.69±0.452%fg 0.0812±0.010cd

U20 8.60±0.454%hi 0.0745±0.007cde

U30 10.85±0.305%de 0.0855±0.015c

U40 11.08±0.429%de 0.0892±0.013bc

2 % C 9.56±0.498%fgh 0.0633±0.009ef

U10 8.76±0.438%gh 0.0590±0.008ef

U20 7.59±0.553%i 0.0521±0.010f

U30 9.03±1.525%fgh 0.065±0.0010def

U40 10.07±0.765%ef 0.0762±0.012cde

a-i: Different letters in the same column indicate a significant difference
(p<0.05)
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Fig. 2 Typical example of transverse relaxation time spectra (T2) obtain-
ed from the chicken meat gels
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Table 5 shows the effect of ultrasound treatment on T2
relaxation times and the NMR proportion of chicken meat gels
with different salt levels. The relaxation times of all four
components were significantly affected by salt level and ultra-
sound treatment (Table 3). There was no significant interaction
effect (p>0.05) between salt levels and ultrasound treatment on
NMR parameters. In the control chicken meat gels, there was

an increase in T2b with increasing salt level. The same trend
was observed for the T21 and T22 relaxation times. The opposite
was observed for T23, where the relaxation time decreased with
increasing salt level. At the same salt level, ultrasound treat-
ment for 20 min or 40 min did not significantly (p>0.05)
change T2 relaxation times, compared with the controls.
Although the differences were not all statistically significantly

Table 5 Effect of ultrasound treatment on the NMR relaxation times of chicken meat gels with different salt levels

Salt levels Treatments T2b (ms) T21 (ms) T22 (ms) T23 (ms)

1 % C 2.734±0.376a 45.54±4.389cd 267.38±58.48bcde 1,608.52±67.13a

U10 2.123±0.389a 46.18±4.849bcd 207.94±95.61bcd 1,523.61±116.27ab

U20 2.112±0.761a 41.03±3.088e 174.21±43.21ef 1,544.84±116.27ab

U30 2.248±0.646a 43.29±0.00de 185.22±24.71f 1,629.75±0.00a

U40 2.584±0.431a 43.29±0.00de 186.295±25.91ef 1,629.75±0.00a

1.5 % C 3.067±1.274a 48.69±2.64bc 267.33±33.29bcd 1,629.75±0.00a

U10 2.991±0.923a 47.92±3.16bc 237.80±32.74bcde 1,488.23±109.62bcd

U20 3.323±1.041a 46.99±3.35bc 221.73±26.06def 1,478.12±103.58bcd

U30 2.976±0.632a 47.61±3.35bc 233.92±39.01cde 1,558.99±109.6ab

U40 3.038±0.828a 47.17±3.55bc 237.53±24.68bcde 1,523.61±116.31abc

2 % C 3.119±0.651a 52.75±1.08a 337.02±39.61a 1,488.23±109.62bcd

U10 2.689±0.783a 49.77±0.00ab 292.13±20.54abc 1,422.08±125.71cd

U20 2.552±0.896a 49.77±0.00ab 249.93±36.56bcd 1,386.7±75.37d

U30 2.936±0.555a 49.77±0.00ab 279.73±30.81bcd 1,417.47±0.00cd

U40 3.274±0.603a 49.77±0.00ab 293.12±34.45ab 1,452.85±86.66bcd

a-f Different letters in the same salt level indicate statistically significant differences at p<0.05. T2b and P2b, relaxation time and population for water
closely associated with macromolecules; T21and P21, relaxation time and population for water located within the myofibrillar protein matrix; T22 and P22,
relaxation time and population for extra-myofibrillar water. T23 and P23, relaxation time and population for expelled bulk water

Table 6 Effect of ultrasound treatments on the NMR proportion of chicken meat gels with different salt levels

Salt levels Treatments P2b P21 P22 P23

1 % C 0.657±0.134%a 70.82±0.945%hi 3.89±0.306%abc 24.21±0.862 %abc

U10 0.585±0.074%a 72.37±0.278%g 2.96±0.551%bcd 24.08±0.359%bc

U20 0.769±0.274%a 74.71±1.09%ef 2.17±0.081%d 23.34±1.033%cd

U30 0.694±0.110%a 70.58±0.74%i 3.21±0.496%bcd 25.52±0.722 %ab

U40 0.624±0.145%a 70.30±0.831%i 3.15±0.337%bcd 26.23±0.345%a

1.5 % C 0.737±0.135%a 75.13±1.676%e 3.82±0.729%abc 20.31±1.965%def

U10 0.669±0.154%a 75.62±0.306%e 3.61±0.800%abc 20.10±0.341%ef

U20 0.619±0.150%a 77.33±0.859%d 3.37±0.379%abcd 18.67±0.838%gf

U30 0.726±0.198%a 73.58±0.880%fg 4.12±1.517%ab 21.57±1.882 %de

U40 0.726±0.171%a 72.27±0.603%hg 4.67±0.791%a 22.34±0.885%cd

2 % C 0.729±0.234%a 79.304±0.829%bc 4.00±0.678%ab 15.96±1.537%hi

U10 0.554±0.106%a 80.548±0.469%b 2.45±0.230%cd 16.45±0.615%hi

U20 0.699±0.087%a 82.308±0.858%a 3.59±1.603%abcd 13.41±1.505%j

U30 0.677±0.134%a 79.465±0.935%bc 4.25±0.873%ab 15.61±1.914%i

U40 0.798±0.093%a 78.477±0.775cd 2.98±0.918%bcd 17.74±1.570%hg

a-i Different letters in the same salt level indicate statistically significant differences at p<0.05

P2b: Population of protons [%] relaxing withT2b relaxation time; P21: Population of protons [%] relaxing withT21 relaxation time; P22: Population of
protons [%] relaxing withT22 relaxation time; P23: Population of protons [%] relaxing withT23 relaxation time
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(p>0.05), ultrasound treatment for 20 min had slightly lower
T21, T22 and T23 relaxation times compared with the control.

This indicated that ultrasound treatment could decrease the
water mobility in the chicken meat gels.

Fig. 3 Scanning electron
micrographs of ultrasound treated
and the control chicken breast
gels with various salt levels at
7.0 kv, 3,000 magnification.
a, b and c represent treatment
with no ultrasound, ultrasound-
20 min and ultrasound-40 min
respectively with 1 % salt.
d, e and f represent treatment
with no ultrasound, ultrasound-
20 min and ultrasound-40 min
respectively with 1.5 % salt.
g, h and i represent treatment with
no ultrasound, ultrasound-20 min
and ultrasound-40 min
respectively with 2 % salt
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Table 6 shows the effect of ultrasound treatment on the
proportions of P2b, P21, P22 and P23 at different salt contents.
The proportions of P2b were not significantly (p>0.05) affect-
ed by ultrasound treatment or salt content. The ratios of P21
and P23 decreased with increasing salt contents, and the ratios
of P22 did not change. Less free water (P23) and more myofi-
brillar protein water (P21) in the gels may contribute to the
increase of binding water. At the same salt content, the chick-
en meat gels treated with ultrasound treatment for 20 min had
a higher proportion of P21, and decreased proportion of P23,
which was significantly different (p<0.05) from the controls.
Ultrasound treatment for 40 min did not increase the ratios of
P21 compared with that of the controls.

Some Studies have reported that NMR T2 relaxation
showed highly significant correlations between NMR time
constants (T21, T22) and WHC of meat. Components (T21,
T22) and their populations may contribute to the estimation of
the juiciness of cooked products (Bertram et al. 2003; Bertram
and Andersen 2004). In the present study, the water distribu-
tion and mobility in chicken meat gels were examined by
NMR T2 relaxation measurement. Ultrasound treatment for
20 min had a lower T21 in comparison with the control
samples, indicating an overall decrease in water mobility of
gels. There was more water contained within this component
as reflected by the increased ratio of P21. Therefore this
increased content of myofibrillar water contributes to the
higher water holding capacity and lower cooking loss which
supports the work of Stadnik et al. (2008) who reported that
ultrasound treatment decreased relaxation times (T21) and
improved the water holding capacity of comminuted samples.

Scanning electron microscopy

Figure 3 shows scanning electron micrographs of the control
and ultrasound treatments (20 min and 40 min) for chicken
meat gels with various salt levels. In the control meat gels
(Fig. 3a, d and g), as the salt level increased from 1 to 2 %,
there were significant variation in the structures of the meat
gels. The meat gels having 1 % salt showed a plate-like and
disorganized structure with a large number of aggregates
(Fig. 3a). As the salt content was increased, the structure
showed a continuous matrix with a small honeycomb-like
appearance having less aggregation (Fig. 3d). When the salt
levels increased to 2 %, structures formed with small open
spaces between the protein strands (Fig. 3g). Carballo et al.
(2000) also showed the microstructure of the control meat
batters was an open protein matrix with thick protein structure.
Unlike the control meat gels, ultrasound-treated gels exhibited
different the microstructures. The meat gels treated with ul-
trasound treatment for 20 min contained many protein fila-
ments as well as fine strands (Fig. 3b, e and h). A porous
network structure (Fig. 3b) and more compact structure was
observed (Fig. 3e and h). Ultrasound treatment for 40 min

created a microstructure which comprised of larger cavities
and a greater number of protein aggregates (Fig. 3c, f and i),
although the fine strands did remain. The control meat matrix
exhibited less compact and more irregular appearance than the
meat gels treated with ultrasound for 20 min. Schmidt (1984)
reported that cook yield and texture of products were
governed by protein aggregation and capillary formation.
Therefore, the tightly aggregated protein (Fig. 3c, f and i)
may be expected to have a negative effect on the water-
holding capacity. The spaces between protein aggregates al-
low moisture to escape from the meat gels. Youssef and
Barbut (2009) reported that in gels having good water reten-
tion the proteins were not tightly aggregated. It is possible that
the cavitation created by ultrasound provided the mechanism
for improved protein association during gelling to produce
more compact structures to form firmer gels.

Conclusions

In the present study, high power ultrasound treatment for
20 min significantly improved the textural properties and
WHC of chicken breast meat batter. In the ultrasound treat-
ment for 20minwith 1.5% salt level was found to increase the
textural properties and WHC of chicken meat gels containing
1.5 % salt were similar to the control samples (2 % salt). The
samples treated with ultrasound treatment for 20 min had
better gel forming abilities as revealed by dynamic visco-
elastic behavior. Scanning electron microscopic examination
of the samples indicated that ultrasound treatment for 20 min
resulted in a compact microstructure with protein filaments
and finely strands that contributed to the texture. According to
LR-NMR, ultrasound treatment for 20 min resulted in an
increased proportion of entrapped water within the myofibril-
lar proteins. However, ultrasound treatment for 30 and 40 min
did not affect the texture, G′ or WHC properties. It should be
prudent in apply ultrasound treatment for longer time on the
meat batter. In further studies, wewill investigate the effects of
ultrasound treatment on the physicochemical and gelation
properties of myofibrillar proteins in model systems.
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