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Abstract The present study aims to develop a novel pro-
cess for improving the functional properties of beef. For
this purpose, the effect of high-intensity ultrasound, alone
and in combination with papain was investigated on pH,
water-holding capacity (WHC), emulsion capacity and
stability, cooking loss, and gelling property of Longissimus
lumborum muscle. Meat samples were subjected to soni-
cation (20 kHz, 100 and 300 W) for 10, 20 and 30 min in
the presence and absence of papain solution. Results
indicated that the application of ultrasound individually or
in combination with papain significantly influenced on the
functional properties of beef. For all tested samples com-
pared with the untreated meat, there was a significant
increase in the WHC, emulsion capacity and stability and a
significant decrease in cooking loss. Generally, our findings
suggest that the combination of ultrasound and papain was
more beneficial for improving functional properties of meat
compared with the individual treatment.

Keywords Functional property - Papain - Ultrasound -
Longissimus lumborum

Introduction

The functional properties of proteins compromise all phy-

sico-chemical properties affecting the behavior of such
proteins during food processing (Colmenero and Borderias
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1983). Functional properties which greatly influence on
quality of meat products are water-holding and -binding
capacity, protein extractability and gelation (Kurt and
Kilinggeker 2011). In addition, emulsion capacity and
stability are two other functional properties consider during
production of meat products.

During rigor mortis, the myofibrillar proteins (especially
actin and myosin), which play an important role in func-
tional properties, permanently interact with each other. As
a result of this phenomenon, the solubility of myofibrillar
proteins decreases significantly (Feiner 2006). The less
than desirable solubility has adverse effect on their func-
tional properties. Therefore, the improvement of solubility
and functional properties are highly desirable. One way of
improving the functional properties of proteins and tailor-
ing the functionality of certain proteins to achieve specific
needs is enzymatic modifications (Smith and Brekke 1985).
Proteases are the most common enzymes applied for
improving functional properties of meat by partial
hydrolysis. Except endogenous proteases (like cathepsins
and calpains), meat industry now benefits from popular
plant proteases such as ficin, bromelain, papain and
actinidin (Aminlari et al. 2009).

Papain is a heat-stable cysteine protease with the wide
range of application in pharmaceutics, cosmetics and food
industries. In meat industry, papain is used for increasing
tenderness due to hydrolysis of myofibrillar and collagen
proteins (Ashie et al. 2002). Since the breakdown of
myofibrillar proteins is associated with improvement of
functional properties, papain can also be applied for this
purpose. However, one problem associated with enzyme
application is finding an effective way for increasing
enzyme diffusion and distribution in the meat cuts. Tradi-
tional methods involve dipping of meat in a protease
solution, pumping the solution containing enzyme into
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meat and rehydration of the freeze-dried meat in an
enzyme solution. These methods are somewhat unsatis-
factory because of low penetration depth (Gerelt et al.
2000). Therefore, the industry is seeking to find a new
method for accelerating enzyme penetration.

Ultrasound is a safe, non-invasive and environmentally
friendly technology that has been mainly used for
improving the physical, chemical and functional properties
of meat (Jayasooriya et al. 2004; Turantag et al. 2015).
Ultrasound refers to mechanical vibrations with a fre-
quency greater than 20 kHz. The ranges of it can be basi-
cally divided into low energy (low power, low intensity)
with frequency higher than 100 kHz and intensity lower
than 1 W/cm?, and high energy (high power, high inten-
sity) with frequency between 20 and 100 kHz and intensity
higher than 1 W/cm?. Both types of this sound have been
used as an efficient tool for analysis and modification of the
protein’s behavior in food products (Turantas et al. 2015).
This technology with creating temperature gradient, cavi-
tation and mechanical phenomena enhances the mass
transfer, and creates structural changes (Ozuna et al. 2013).
In several studies, it has been demonstrated that ultrasound
treatment improves the functional properties of meat and
poultry products (Jayasooriya et al. 2007). Stadnik et al.
(2008) noted that ultrasound treatment (2 min, 2 W/cm?,
45 kHz) significantly increased water-holding capacity of
beef muscle. Li et al. (2014a) explained that high-intensity
ultrasound (20 kHz, 450 W, and 6 min) modified the pro-
tein structure of batter suspension prepared from chicken
breast meat and increased its gel strength.

Ultrasound in combination with the other methods is
reported to be effective for improving the general quality
such as marination, tenderness and modifying the func-
tional properties in meat and poultry products (Turantas
et al. 2015). Xiong et al. (2012) stated that contribution of
ultrasound treatment (24 kHz, 12 W/cm? for 4 min) along
with endogenous proteolytic enzymes significantly
increased tenderness and decreased cooking loss of hen
muscle. In addition, the results of our recent study indi-
cated that high-intensity ultrasound (20 kHz, 100 and
300 W for 10, 20 and 30 min) coupled with papain treat-
ment increased tenderness and proteolytic activity of
Longissimus lumborum muscle (Barekat and Soltanizadeh
2017).

Functional properties of the meat proteins influence on
the physical appearance and behavior of food products
during preparation, storage and distribution. In spite of the
importance of this issue, very few novel methods have been
reported for improving functional properties of myofibrillar
proteins. Therefore, the present study was conducted to
evaluate the effects of ultrasound alone and in combination
with papain on the functional properties of beef Longis-
simus lumborum (LL) muscle in an attempt to develop a

new method for improving the functionality of beef
proteins.

Material and method
Materials

Papain extracted from papaya latex (EC 3.4.22.2), k-casein
of bovine milk, cysteine, L-tyrosine and Tris—HCI buffer
were obtained from Sigma Chemical Company, USA. All
other chemicals and reagents used in this work were ana-
lytical grade.

Meat preparation

Meat preparation was performed according to Barekat and
Soltanizadeh, (2017). Longissimus lumborum muscle of
seven Holstein bulls (average age of 2.5 years and live
weight of 500 £ 50 kg) was obtained from a local
slaughterhouse immediately after slaughter. The muscles
were transported to the laboratory and ultimate pH was
measured after 12 h storage at 16 °C (rigor mortis was
completed) by a Consort C831 pH-meter (Consort N.V.,
Turnhout, Belgium) and only five muscles with an ultimate
pH in the range of 5.5-5.8 were selected for further treat-
ment. The visible surface fat, silver skin and external
connective tissues were carefully trimmed off, and samples
were sliced into cubes with dimensions of 3 x 3x3 cm.
The meat pieces from each muscle was finally sealed in
individual plastic bags, labeled, and kept frozen at
— 18 °C. Following one-week frozen storage, samples
were completely thawed at 25 °C for 2 h in control con-
ditions and were used for experiments.

Meat treatment

For evaluation of the effect of ultrasonic radiation alone
and in combination with the papain enzyme (0.1 g/
100 ml), the samples were divided in two groups: those
treated with ultrasound (group 1), and those treated with
the enzyme and ultrasound, simultaneously (group 2).

In group 1, the meat pieces were freely immersed in
100 ml deionized water and sonicated using a 20 kHz
probe system (Adeeco, Iran). Ultrasound was applied at
power of 100 and 300 W (ultrasound intensity of 69 and
208 W/cmz, respectively) for 10, 20 and 30 min, and a
constant amplitude of 100%. During the sonication process,
the ultrasound probe was retained 1 cm above the meat
surface and temperature was maintained at 11-17 °C by
application of water bath. A control sample was considered
for this group, which only immersed in deionized water for
3 s, and did not treated with ultrasound.
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In group 2, the samples immersed in papain solution
(0.1% wi/v) and exposed to ultrasound waves as described
above. The control sample for this group was only
immersed in papain solution for 3 s without ultrasound
application.

Since the optimum temperature for papain activity is
65 °C, samples in group 2 were removed from papain
solution after ultrasound treatment and incubated at 65 °C
for 30 min. For comparing all samples in the same con-
ditions; the samples in group 1 were also removed from
water and incubated at that temperature and time.

During sonication, samples were rotated so that all faces
of meat pieces were equally subjected to the ultrasonic
waves. All treatments were done in five replicates on each
muscle.

pH

Two grams of the meat samples were homogenized with
8 ml of distilled water using IKA homogenizer (ULTRA-
TURRAX, Germany). The pH of homogenized sample was
measured with a digital pH meter JENWAY 3330, USA).

Water holding capacity (WHC)

Water holding capacity (WHC) was measured according to
a simple centrifugal procedure as described by Jauregui
et al. (1981) with some modification. The meat samples
weighing 0.2 g were placed into a thimble shape filter
paper. Each thimble was inserted inside a 2.0 ml centrifuge
tube and centrifuged (Z36 HK, Hermle, Germany) at
14,000 rpm for 20 min. The weight of the filter paper was
measured before insertion of sample and after centrifuge to
determine the ability of muscle for retention of water
against external forces.

Cooking loss

The method of Li et al. (2014b) was used to determine
cooking loss of meat samples. The beef samples (8.5 g)
were transferred into plastic bags and held in water bath at
85 °C until the internal temperature reached to 75 °C.
After cooking, samples were removed, cooled at room
temperature and surface water was removed using the
paper towel. Cooking loss was calculated from a difference
between the weight of sample before and after cooking
treatment.

Emulsion capacity (EC)
For determining the emulsifying capacity, the electrical

end point method of Von Seggern et al. (2005) was used
with some modification. A 10 g meat sample was
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homogenized with 20 ml cold 1 M NacCl solution for 2 min
at 13,000 rpm. A 6.25 g of the slurry was transferred into
another glass jar and homogenized 10 s at 10,000 rpm. The
aliquot of the homogenate was mixed with 25 ml of the
Corn oil. Then, the addition of oil was continued at a rate
of 0.8 ml/s until a sudden increase in electrical resistance
happened. The EC was expressed as the total amount of oil
emulsified (ml) per 1 g of meat.

Emulsion stability (ES)

Twenty grams of the emulsion prepared above were
weighed and capped in a 50 ml centrifuge tube. The tube
immersed in water bath at 85 °C until the central temper-
ature reached to 75 °C. After the tube was cooled to room
temperature, it centrifuged at 1200 rpm for 15 min. Total
volume, fat volume, and volume of water, released by the
broken emulsion were recorded to determining emulsion
stability of the meat samples (Karakaya et al. 1997).

Gelling property

In this experiment, the gelling property of extracted
myofibrillar protein from Longissimus lumborum muscle
after the treatment was evaluated. Extraction of myofib-
rillar proteins was carried out according to the method of Li
et al. (2014b). Each sample was mixed with four volumes
(w/v) of a cold phosphate buffer (20 mM, pH 7.5) and
homogenized at 16,000 rpm for 30 s. The homogenate was
placed into a 50 ml test tube and centrifuged for 15 min at
2000 g. After removal of the supernatant, pellet was treated
again as described above. Then, the pellet was transferred
to another centrifuge tube and was homogenized (1 min)
with four volumes (w/v) of a 0.5 M NaCl solution. Finally,
for isolation of stroma protein, myofibrillar proteins sus-
pension was filtered by cheese cloth filter. After measure-
ment of protein concentration using Biuret method
(Gornall et al. 1949), the isolated myofibrillar protein was
diluted into 3% protein by addition of 0.5 M NaCl solution.
The solution was then held in a water bath at 80 °C for
20 min and cooled to 4 °C for 24 h. The gel strength was
tested using Instron Universal Testing Machine equipped
with a 5 kg load cell and a round needle type probe (1.3 cm
in diameter). Data were expressed as the maximum force
required for 1 cm penetration of a probe into the samples
(Li et al. 2014b).

Statistical analysis

The data were analyzed using linear mixed model (LMM)
methods. The animals and samples within animals (as-
signed the ultrasound and enzyme treatments) which are
associated with the split-plot nature of the experimental
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designs included in LMM as random effects. The fixed
terms in the model were effects (main and interactions)
associated to ultrasound power, ultrasound time, and
enzyme treatment. The confidence interval was set for a
level of significance at p < 0.05 using the Statistical
Analysis System (SAS) version 13.1 to evaluate the sig-
nificance level of differences between the mean values.

Result and discussion
pH

pH is one of the most important attributes of meat and has
an increasing effect on water-holding capacity, enzyme
activity and tenderness of meat. Figure 1 indicates the
effect of ultrasound alone and in combination with enzyme
treatment on the pH values of meat. The raw meat before
any treatment has pH value of ~ 5.69 and its treatment
with ultrasound at power of 100 W for 10, 20 and 30 min
did not have any significant effect on pH value. However,
when power increased to 300 W, pH of the samples was
first (at 10 min) decreased and then increased (20 and
30 min) with increasing the duration of ultrasound radia-
tion, as it can be seen in Fig. 1. Compared to treatment at
the power of 100 W, sonication at 300 W for 10 and
20 min significantly decreased the pH values of samples.
This is while after 30 min sonication, there was not sig-
nificant difference between pH value of samples treated at
100 and 300 W. This result could probably be due to
sonolysis process. Torres et al. (2008) explained that
ultrasonic process which leads to the acoustic cavitation is
following three stages of formation, growth and collapse of
microbubbles, periodically. The adiabatic compression of
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Fig. 1 Influence of time and power of ultrasound radiation and
papain hydrolysis on pH value. 100 W: ultrasonic power of 100 W;
300 W: ultrasonic power of 300 W; 100 W, E: simultaneous treat-
ment with papain enzyme and ultrasonic power of 100 W; 300 W, E:
simultaneous treatment with papain enzyme and ultrasonic power of
300 W. Dissimilar letters indicate significant difference (p < 0.05)
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gases and vapors entrapped in bubbles after the fast col-
lapse of bubbles can produce short and local hot spots. The
temperature in this bubbles or surrounding environment is
too high; so that water and dissolved gases can dissociate.
The result of this reaction is production of -OH and -OOH
radicals after dissociation of oxygen and water. The
breakdown of -OOH to O, and H" is a source of proton
for the pH reduction. Power intensity influences on size of
cavitation bubbles, time of bubble collapse, the transient
temperature and the internal pressure during the collapse in
the cavitation bubbles (Barekat and Soltanizadeh 2017).
Thus, the different results in 100 and 300 W may be due to
the effect of power intensity on the severity of the cavita-
tion process.

Immersion of meat in papain solution did not haveh
significant effect on pH value of meat. Although when
enzyme treatment and ultrasonic waves applied with each
other, pH of meat was increased till 20 min sonication, and
longer sonication time decreased the pH of meat so that it
did not have significant difference with raw and enzyme
treated samples (Fig. 1). It is obvious that ultrasound (for
20 min) and papain treatment could not separately have
positive effect on enhancement of pH value but when they
applied with each other, pH increased significantly. In
similar circumstances to this test, our recent study indi-
cated that ultrasound treatment could increase protease
activity (Barekat and Soltanizadeh 2017). So, it seems that
degradation of muscle fiber, which related to higher pro-
teolytic activity, increased pH value of meat. The decrease
in pH after 30 min sonication of meat immersed in papain
solution could be due to a change in the location of ionic
groups resulted from conformational changes in proteins.
These ionic groups then participate in buffering capacity of
meat and prevent the pH changes (Got et al. 1999). Fig-
ure 1, shows that samples after 30 min sonication in dif-
ferent power, and in the presence and absence of papain did
not have significant (p > 0.05) difference with the unex-
posed ultrasonic meat. This could be related to enhance-
ment of buffering properties of meat achieved after 30 min
sonication.

Water holding capacity (WHC)

Water-holding capacity is known as an important
organoleptic property in muscle foods and processed
meats. It was evident that water holding capacity increased
as a function of ultrasonic power (p < 0.05), time
(p < 0.05) and enzyme treatment (p < 0.05). Application
of ultrasound treatment at 100 and 300 W for 10, 20 and
30 min leads to a low increase in WHC compared to
untreated meat samples (Fig. 2). This increase was not
affected by time and power of ultrasound. The findings
about WHC are in agreement with those of Stadnik et al.
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Fig. 2 Influence of time and power of ultrasound radiation and
papain hydrolysis on water-holding capacity. 100 W: ultrasonic
power of 100 W; 300 W: ultrasonic power of 300 W; 100 W, E:
Simultaneous treatment with papain enzyme and ultrasonic power of
100 W; 300 W, E: simultaneous treatment with papain enzyme and
ultrasonic power of 300 W. Dissimilar letters indicate significant
difference (p < 0.05)

(2008) who reported the enhancement of WHC after son-
ication within 2 min with frequency of 45 kHz. While few
studies have reported that WHC will increase under ultra-
sound treatment, others have found no effect of ultrasound
on WHC. Li et al. (2015) indicated that ultrasound treat-
ment (40 kHz, 300 W) for 20 min with reduced-salt (1.5%)
did not have the significant effect on WHC of reduced-salt
chicken breast meat batter. As stated in previous studies,
the most volume of water in meat has been placed between
thin and thick filaments. McDonnell et al. (2014) indicated
the increase in the water amount in this region after soni-
cation at frequency of 20 kHz and ultrasonic intensity of
19 W cm ™. The increase in myofibrillar diameter could be
another reason of WHC improvement in meat samples
exposed to ultrasonic waves, which has been reported by
some researchers (Got et al. 1999; Stadnik et al. 2008).
While enzyme treatment could significantly increase
WHC (p < 0.05), the simultaneous immersion of meat in
papain solution and ultrasound treatment for 10 and 20 min
caused a great improvement in WHC of meat (Fig. 2). The
pH, onset of rigor mortis and protein fragmentation are
three main factors involved in swelling of myofibrils and
elevation of WHC (Huff-Lonergan and Lonergan 2005).
Because of no significant difference in pH value of
untreated and papain treated meat; therefore, the increase
in WHC for immersed meat in papain could be explained
by the enzymatic hydrolysis and protein fragmentation
(Demirhan and Ozbek 2013). WHC is affected by the
number of hydrogen binding between polypeptide groups
of protein. The change in pH influenced the ionization of
amino acid groups, increased polarity of proteins and
caused a higher number of hydrogen bonding to the sur-
rounding water. Therefore, WHC generally increased with
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increasing pH. This relationship was observable when pH
changes (Fig. 1) and WHC (Fig. 2) compared for samples
exposed to ultrasound and papain, simultaneously.

Cooking loss

The ultrasound treatment at 100 and 300 W for 10, 20 and
30 min significantly affected the cooking loss of meat
(Fig. 3). For all tested samples (ultrasound, alone and in
combination with papain), cooking loss was significantly
(p < 0.05) lower than untreated meat. The comparison of
cooking loss and WHC curves (Figs. 2, 3) indicated an
inverse relationship between these two parameters; so that
the enhancement of WHC leads to the reduction of cooking
loss.

As it can be seen in Fig. 3, regardless of ultrasound
power and duration, sonication resulted in retention of
more water in meat during cooking compared with
untreated one. This result is in agreement with Reynolds
et al. (1978) who reported the reduction of cooking loss
after ultrasound treatment. This may be due to the role of
solubilized protein after sonication for binding of released
moisture. In contrast, there were some reports about neg-
ative or lack of ultrasound effect on cooking loss (Jaya-
sooriya et al. 2007).

Immersion of meat in papain solution was found to have
a considerable effect on reducing cooking loss, particularly
when the treatment was accompanied by ultrasound radi-
ation (Fig. 3). So that, the lowest value is related to the
sample immersed in papain and exposed to 100 W ultra-
sound for 20 min. Decrease in cooking loss is probably due
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Fig. 3 Influence of time and power of ultrasound radiation and
papain hydrolysis on cooking loss. 100 W: ultrasonic power of
100 W; 300 W: ultrasonic power of 300 W; 100 W, E: simultaneous
treatment with papain enzyme and ultrasonic power of 100 W;
300 W, E: simultaneous treatment with papain enzyme and ultrasonic
power of 300 W. Dissimilar letters indicate significant difference
(p < 0.05)
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to the effect of enzyme on muscle structure and an increase
in the solubility of protein hydrolysates. When the longer
times (30 min) applied for sonication of meat, cooking loss
increased again. It may be as a result of the increasing gaps
between muscle fibres and the connective tissue and also
the denaturation of myofibrillar proteins (Jayasooriya et al.
2007). In addition, the role of pH in this increase should not
be ignored.

Emulsion capacity and emulsion stability

The emulsion capacity of meat proteins and the emulsion
stability of comminuted meat products are so important for
production of emulsion type meat products (Aminlari et al.
2009). Results indicated that time and power of ultrasound
as well as enzyme treatment, and their interactions have
significant effects on emulsion capacity and stability
(p <0.05). It can be seen in Figs. 4 and 5 that both
emulsion capacity and emulsion stability follow the same
trend. After ultrasonic radiation of meat at 100 and 300 W,
the emulsion capacity and stability increased as a function
of time. Results also show that application of ultrasound at
300 W has more influence on emulsion capacity and sta-
bility than 100 W. This is according to Zou et al. (2018)
who reported the effect of ultrasound power and duration
on droplet size of emulsion. Krasulya et al. (2016) indi-
cated that with enhancement of sonication time and power
intensity, the droplet size in emulsion reduced. In fact,
collapsing of cavitation bubble in the vicinity of two
immiscible liquid boundary layers produces the shock
wave which in turn can mix two phases, efficiently. Very
fine emulsions with high stability will form as a result of
this energy input, and only a little emulsifier is needed to
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Fig. 4 Influence of time and power of ultrasound radiation and
papain hydrolysis on emulsion capacity. 100 W: ultrasonic power of
100 W; 300 W: ultrasonic power of 300 W; 100 W, E: simultaneous
treatment with papain enzyme and ultrasonic power of 100 W;
300 W, E: simultaneous treatment with papain enzyme and ultrasonic
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Fig. 5 Influence of time and power of ultrasound radiation and
papain hydrolysis on emulsion stability. 100 W: ultrasonic power of
100 W; 300 W: ultrasonic power of 300 W; 100 W, E: simultaneous
treatment with papain enzyme and ultrasonic power of 100 W;
300 W, E: simultaneous treatment with papain enzyme and ultrasonic
power of 300 W. Dissimilar letters indicate significant difference
(p < 0.05)

stabilize the emulsion (Krasulya et al. 2016). Indeed, high
intensity ultrasound can influence on flocculation of dro-
plets in these emulsions and reduces it (Soria and Villamiel
2010). Since the increasing of ultrasound power could
produce larger microbubbles, which are able to release
higher energy during collapsing, emulsion droplets will be
smaller with enhancement of power and time of ultrasound,
and the stability of them will increase. Jambrak et al.
(2009) stated that the highest emulsion activity of sonicated
samples could be due to the decrease of droplet size and the
increase of a percentage of adsorbed proteins to the binary
layer. On the other hand, at lower power, cavitation has
lower contribution in drop breakage, and coalescence is
more significant. Marginal drop coalescence is a conse-
quence of the increase in both the acoustic streaming
velocity and the number of droplets, which enhanced col-
lision frequency (Soria and Villamiel 2010).

In addition to paramount effect of enzyme hydrolysis on
improvement of emulsion capacity and stability of meat,
the simultaneous application of enzyme and ultrasound
treatment also significantly increased these characteristics,
and this effect is considerable in comparison with untreated
meat. At these treatments, the emulsion capacity and sta-
bility of the samples were first increased, and then with
increasing the time of sonication from 20 to 30 min; they
were diminished. It has been reported that proteolysis of
beef proteins increases the number of degraded protein
molecules (Aminlari et al. 2009). The hydrolysates due to
higher solubility and flexibility adsorb to the surface of
bindery layer between water and oil droplets during
homogenization and constitute a protective layer which
prevented the coalescence of droplets (Gbogouri et al.
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2004). When ultrasound accompanied by enzyme treat-
ment, the synergistic effect between these two factors is
observable. Sonication could produce smaller oil droplets
with higher stability, and papain provides protein hydro-
lysate for covering the surface of oil droplets. In these
conditions, both treatments lead to the enhancement of
emulsion capacity and stability. It was assumed that
because of more coalescence of oil droplets at lower
ultrasonic power, the emulsion capacity and stability in
power of 100 W are lower than 300 W even if combined
with enzyme treatment. When ultrasound duration
increased to 30 min, a considerable decrease happened in
emulsion capacity and stability. This event may be affected
by three factors: (1) the production of smaller oil droplets
by sonication for 30 min and lack of sufficient protein
hydrolysate for adsorption to water—oil interface; (2) the
effect of ultrasound treatment on the enzymatic activity and
reduction of it which in turn produces inadequate protein
hydrolysate for generation and stabilization of emulsion;
and (3) the lower pH of meat treated with an enzyme and
ultrasound that can diminish protein solubility; hence,
reduce emulsion capacity and stability.

Gelling property

Gel formation is another critical aspect of muscle proteins
which plays an important role in fat—water stabilization and
binding in meat products such as emulsion type sausage
(Samejima et al. 1969). Gel forming ability of myofibrillar
protein isolates is presented in Fig. 6. As can be seen,
enzyme treatment significantly decreased the gel strength
of myofibrillar protein (p < 0.05). The lower gel strength
in enzyme treated samples might be due to the effect of
enzyme and enzymatic hydrolysis. Protein gel formation is
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Fig. 6 Influence of time and power of ultrasound radiation and
papain hydrolysis on gel strength. 100 W: ultrasonic power of 100 W;
300 W: ultrasonic power of 300 W; 100 W, E: simultaneous treat-
ment with papain enzyme and ultrasonic power of 100 W; 300 W, E:
simultaneous treatment with papain enzyme and ultrasonic power of
300 W. Dissimilar letters indicate significant difference (p < 0.05)
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the result of protein—protein and protein-solvent (water)
cross-linking at junction zones in which mainly hydrogen
bonds, ionic and hydrophobic interactions create areas
where free water can be trapped into the protein network.
The growing of these junctions is related to chemical and
molecular structures of the polypeptides in the gel network.
The enzymatic treatment alters the chemical or/and
molecular structures, and with reduction of molecule length
decreases the formation of junction zones, and conse-
quently, reduces the gelling capacity of enzyme treated
samples (Yu and Perret 2003).

When meat samples were only exposed to ultrasound
treatment, the gelling properties of myofibrillar protein
improved considerably (Fig. 6). These findings are in
agreement with those of Li et al. (2014a) who explained
that high-intensity ultrasound (20 kHz, 450 W, and 6 min)
modifies the protein structure and increases its gel strength.
Malik and Saini (2018) also reported the significant
enhancement of gel strength in the sunflower protein iso-
lates after ultrasound treatment for a short time. This could
be due to better solubility of protein, and somewhat
reduction of particle size, results in production of uniform
and dense gel network. Also, ultrasonic radiation induces
exposition of hydrophobic residue of protein, which might
facilitate the formation of protein—protein aggregates dur-
ing heating process and leads to a gel with higher strength
(Hu et al. 2013).

Conclusion

In the present paper, the effects of ultrasonic radiation,
enzyme treatment, and simultaneous application of ultra-
sound and papain on the functional properties of beef
(Longissimus lumborum muscle) were investigated. Based
on the results, we could state that combined utilization of
exogenous enzymes and ultrasonic radiation rapidly
improves functional properties of beef without need to any
additional treatment or ingredients. In fact, advanced
technologies gained more attention recently because of
perform the process at short time which can be accompa-
nied by economic benefits. In addition, application of
ultrasound during immersion in papain solution reduce
demand for enzyme. This method required very low
financial investment and little training. So, it may be
concluded that the combination of ultrasound radiation and
papain treatment could be used as a promising technique
for the production of beef pieces that might have a high
potential application in meat processed industries. How-
ever, further studies are still needed in order to optimize the
conditions and analysis financial aspects before applying
this technology in a wider range of industrial sectors. Our
work will continue to reveal the microstructural changes
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and protein hydrolysis during enzyme treatment under
sound waves.
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