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In this study, the effects of ultrasound- (US-) assisted beef marination on consumer perception and the homogeneity of the solute
andmass transfer were evaluated. Marinated and US-treatedmeat samples (40 kHz, 11W/cm2 for 20, 40, and 60min, and storing at
4∘C for 7 d) were evaluated by a group of consumers using a structured 9-point hedonic scale of satisfaction. The preferences
were analyzed with XLSTAT-Sensory� software. The analysis was performed in conjunction with an energy-dispersive X-ray
spectroscopic study to evaluate the sodium transference. The perception analysis indicated that the use of US-assisted marination
did not increase the beef acceptability. The sonicated samples showed a more homogeneous distribution of sodium. However,
traditional marination (TM) stored for 7 d resulted in greater mass transfer than the US-assisted marination without storage.

1. Introduction

Marination is a process by which an aqueous or oily solution
containing different ingredients and/or additives (such as
salts, polyphosphates, flavorings, and proteins) is incorpo-
rated in meat. Marination is performed on any type of meat
muscle (pork, beef, chicken, turkey, and lamb) [1]. Three
methods are used to produce marinated products, namely,
immersion, injection, and massaging [2], with the aim of
increasing the yield, improving the sensory properties, and
providing tenderness [3]. One function of marination is to
increase the water retention capacity in myofibrillar tissue to
produce a positive effect on meat juiciness and texture [4].

However, the injection of brines containing sodium
chloride, calcium chloride, polyphosphates, and acids affects
the taste of meat [5]. In addition, tenderizing by mechanical
methods causes mechanical breakdown, which affects the
texture and appearance of meat [6]. Therefore, ultrasound-
(US-) assisted marination technology is considered an alter-
native to the traditional marinating process. Moreover,

US-assisted extraction in food processing has great potential
as an emergent and innovative technology, because it is con-
sidered a “green” extraction method [7]. Advantages of this
technique are the reduced extraction and processing time,
reduction of solvents and energy used, and decrease of CO2
emissions.

Acoustic waves applied to solid-liquid systems increase
the rate of mass transfer [8–10] by physically breaking down
tissues, which creates microchannels and produces changes
in the concentration gradients and the diffusion coefficients
[7, 8]. Studies have reported improved distribution of solutes
[11] and changes in water retention capacity, resulting in less
water loss [10], while conserving food sensory properties
[12]. Classic extractionmethods for products andmetabolites
such as oils, aromaticmolecules (monoterpenoids in essential
oils), chlorophylls, carotenoids, phenolic compounds, alka-
loids, and antioxidants in food and natural products include
maceration. US-assisted extraction reduces particle size and
increases surface area, allowing for greater mass transfer
and an increased extraction speed and performance [13, 14],
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Table 1: Description of treatments.

Treatment Marinated
type

Marinated
time (min)

Storage at
4∘C (d)

T1 Ultrasound 60 7
T2 Ultrasound 40 7
T3 Ultrasound 20 7
T4 Conventional 60 7
T5 Conventional 40 7
T6 Conventional 20 7
T7 Ultrasound 60 0
T8 Ultrasound 40 0
T9 Ultrasound 20 0
T10 Conventional 60 0
T11 Conventional 40 0
T12 Conventional 20 0

which is similar to nanoparticles at the nanometric level
becoming more reactive when particle size is reduced and
surface area is increased [15].

The aim of this study was to evaluate the effect of US-
assisted beef marination on consumer perception and the
relation of US to the homogeneity of the solute and mass
transfer in the system.

2. Materials and Methods

2.1. Origin and Features of the Samples. Samples of bovine
muscle (Longissimus dorsi) were acquired from Hereford
bovine (live weight 450 kg, 24 h postmortem) from large
meat producers. Samples were acquired at –12∘C and partially
thawed to 4∘C within 24 h. Bone, fat, and connective tissue
were removed. The experimental pieces were 2 × 2 × 2.5 cm
(20 g). Samples were randomly assigned to one of 12 treat-
ments (Table 1). In total, 36 muscle portions (20 g) were used
(three repetitions/treatment). After ultrasonication, samples
were stored at 4∘C and evaluated at 0 and 7 d. pH determi-
nation (Sentron� 1001) was conducted before sonication and
after 7 d of storage.

2.2. Preparation of the Brine. A commercial brine solution
was prepared for marination of meat (pH 4.8). To produce
the brine, seasoning (20 g) containing 2% sodium chloride,
1%monosodiumglutamate, 31% garlic, 22% onion, 40%black
pepper, 0.99%dextrose, 2% citric acid, 1% silicon dioxide, and
0.01% yellow 5 (tartrazine) was dissolved in 1000mL of water.

2.3. Application of US and Description of Treatments. The
samples were placed in polypropylene bags, 10mL of brine
was added per 20 g of meat, and the bags were then vacuum-
packed. Sample sonication was performed in a US bath (15 ×
15 × 10 cm), with a total capacity of 2.25 L. The total amount
of water used for sonication was 562.5mL (Figure 1). US
treatment was performed (Branson� 1510R-MTH, USA) at
a frequency of 40 kHz and a power of 11W/cm2. Once the
samples were placed in the US bath, they were sonicated by
applying half of the assigned time to each side, that is, 10, 20,
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sealed bag

Ice water

Steel tank
Ultrasonic bath

Transducers
attached to base
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(600 mL)

Figure 1: Schematic diagram of the experimental setup.

or 30min on each side. The total times set for the marina-
tion were thus 20, 40, and 60min (Table 1). The bath temper-
ature was maintained constant at 4∘C during the US applica-
tion. Ice cubes were added to the bath to keep a constant tem-
perature and water temperature was monitored with a ther-
mocouple. Samples were placed in the bath individually and
distilled water was not replaced after every sample. After
sonication, vacuum bags were opened to remove excess
brine, keeping approximately 3mL inside with the meat, and
were subsequently vacuum-repacked. Traditionally mari-
nated (immersion)meatwas also vacuum-repackedwith only
3mL of brine.

2.4. Measurement of the Effective Power of the US. The
effective power introduced to the system by the US was
measured using the calorimetric technique described by M.
A. Margulis and I. M. Margulis [16]. The method was applied
to estimate the power of the acoustic wave transmitted to a
solution of distilled water and dissipated as heat through the
following steps. US was applied to an established volume of
the solution while the temperature change of the sonicated
fluid was recorded at short time intervals for 180 s. The value
of dT/dt was estimated from the graph of temperature as a
function of time. The power of the US transmitted to the
fluid was obtained from the equation 𝑃 = 𝑚 × 𝐶𝑝 × d𝑇/d𝑡,
where 𝑃 is the power of the ultrasound (W),𝑚 is the mass of
the fluid undergoing US (kg), 𝐶𝑝 is the calorific capacity of
the fluid at constant pressure (J/g K), and d𝑇/d𝑡 is the slope
at the origin of the curve (∘C/s). The effective power of the
US (acoustic intensity) is expressed in watts per unit area of
the emitting surface (W/cm2) [17]. The US bath surface was
used as a reference (Figure 1). By the calorimetricmethod, the
40 kHz potency bath had a d𝑇/d𝑡 value of 0.0063, which was
substituted into the US potency equation given above. In the
equation, water was considered to have a caloric capacity of
4.186 J/kg∘C and a dissolvent mass (M) of 500 g, resulting in
a US output power of the system of 11W/cm2.

2.5. Consumer Characteristics. In total, 24 consumers aged
17–25 years were recruited. All reported that they consumed
beef regularly.

2.6. Preparation of Samples for the Sensory Test. The samples
were cooked in an electric skillet (West Bend�, USA) at
176∘C for 4min 30 s on each side. The temperature at the
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geometrical center of the sample was 72∘C. The sample was
presented to consumers at 55∘C.

2.7. Preference Test. The cooked samples were presented in
groups of three to the consumers. Plastic containers were
coded with three-digit numbers (table from the RAND
Corporation [18]) and presented in a randomized order. The
samples were evaluated by the consumers at the sensory
analysis laboratory (designed according to Standard ISO
8589:2007 [19]) with individual booths illuminated by white
lighting and at a controlled ambient temperature (24∘C).
Consumers were provided with water for oral cleaning before
the evaluation of each sample (Peachey et al., 2002).

General acceptability was determined by a scored test
with a structured 9-point hedonic scale of satisfaction (1, “I
dislike it a lot,” to 9, “I like it a lot”) and an unstructured
pleasantness scale of 10 cm with anchors “little” on the left
and “a lot” on the right, with a midpoint. The evaluated sen-
sory properties were tenderness (“tough” to “very tender”),
juiciness (“dry” to “very juicy”), taste (“weak taste” to “very
pronounced taste”), and smell (“weak smell” to “pronounced
smell”) [20].

2.8. Scanning Electron Microscopy. Four representative treat-
ments were chosen for the study of the mass transfer and
the semiquantitative analysis of sodium.The treatments were
as follows: T1 = 60min US, 7 d; T4 = 60min MT, 7 d; T7 =
60minUS, 0 d; andT10 = 60minMT, 0 d. Samplesmeasuring
0.5 × 0.5 × 0.5 cm3 were cut under a stereoscope (Carl Zeiss�)
and placed in 2.5% glutaraldehyde with Sorensen’s phosphate
buffer at pH 7.2 for 4 h, during periods of 5min vacuum dur-
ing the first hour of fixing. The samples were rinsed twice in
Sorensen’s phosphate buffer at pH 7.0 for 10min.The samples
were then dehydrated with an ethanol series starting at 30%
and increasing to 100% for 45min. The samples were then
dried to the critical point with CO2 (Tousimis Samdri� 780A)
and coated with gold for 10min in an ionizer (Jeol Fine Coat
Ion Sputter JFC-1100) for observation in a scanning electron
microscope (JEOL JSM-6390) operated at 20 kV. The result-
ing data weremapped by theweight of sodium in the samples.

2.9. Statistical Analysis. The Friedman test, based on medi-
ans, with pairwise multiple comparisons using the Nemenyi
test was used to analyze the effect of the US treatment on
consumer perception. An agglomerative hierarchical cluster-
ing (AHC) with type proximity of similarity and Pearson’s
correlation coefficient with the simple linkage method were
performed. For the study of preferences, a clustering of
consumers was performed to create classes for the global
appreciation variable associated with the four properties
evaluated in the sensory test.That is, a hierarchical ascendant
classification (HAC) and a principal component analysis
(PCA) of the sensory properties were used to construct the
external preference mapping (EPM) quadratic model. The
software XLSTAT-Sensory version 2015.6.01 (Addinsoft) was
used. Semiquantitative analysis of variance (ANOVA) with a
mean comparison test (Tukey, 𝛼 = 0.05) was performed using
the SAS System� 9 statistical package to analyze the solute
distribution.

Table 2: Content of sodium in beef samples (longissimus dorsi)
marinated with/without ultrasound and with/without storage.

Treatment Sodium (% in weight)
60min MT, 7 d 1.42b

60min MT, 0 d 0.64c

60min US, 7 d 1.65a

60min US, 0 d 1.18b

MT, marinated traditionally; US, ultrasound; d, storage days at 4∘C. The
content of sodium is the average of three experiments. Means in a column
without a common superscript letter differ (𝑃 < 0.05).

3. Results and Discussion

3.1. Semiquantitative Analysis and Solute Distribution. The
content of sodium in beef samples showed a statistically signi-
ficant difference (𝑃 < 0.0001) between treatments (Table 2).
The beef marinated via US had a larger percentage of sodium
by weight than the traditionally marinated beef. In addition,
the meat stored for 7 d showed more sodium transfer than
the meat without storage, regardless of whether marination
was traditional or US-assisted. Cárcel et al. [21] studied the
effects of agitation with US in sirloin meat cuts and found
a larger (0.28 ± 0.06 kgNaCl/kg initial dry matter) sodium
chloride content in samples with US than in those without
US (0.2±0.06 kgNaCl/kg initial dry matter).They found that
the sodium chloride gain in US experiments depended on
the applied intensity. When the US intensity was less than
29.2W/cm2, the sodium chloride content in the US-treated
meat was the same as that in the untreated meat. Above this
intensity, the sodiumchloride content of the sample increased
proportionally to the applied intensity [21]. In contrast, in the
present study, the US intensity was 11W/cm2, and a positive
effect in samples withUSwas found.The results showedmore
sodium in samples with US than in samples with traditional
marination only.

The results in Table 2 were confirmed by energy-dis-
persive X-ray spectroscopy mapping (Figure 2), where more
sodium was shown distributed in the samples with US than
in those traditionally marinated. However, there was more
sodium distributed in the samples with traditional marina-
tion at 60min and stored for 7 d than in those with US but
without storage, showing that storage has a significant effect
on mass transfer. The homogeneity and heterogeneity of the
sodium distribution in the mass of the sample should be
assessed. The US-assisted samples showed a more homoge-
neous sodium distribution, which is an advantage in mari-
nated products because the brine produces the same flavor
and water retention throughout the sample, leading to better
acceptability of the product. However, the homogeneity of
the brine in meat is imperceptible because of the size of the
sample that is consumed in one mouthful; factors such as
the percentage by weight of the salts are more useful for
product acceptability.The samples treated withMT and 7 d of
storage hadmore sodium, measured in percentage by weight,
than the samples marinated via US but without storage. The
sensory analysis described below shows higher consumer
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Figure 2: Distribution of sodium in beef samples (longissimus dorsi). (a) Marinated traditionally for 60min without storage. (b) Marinated
traditionally for 60min and storage for 7 days. (c) Marinated using ultrasound for 60min without storage. (d) Marinated using ultrasound
for 60min and storage for 7 days.

acceptability of the traditionallymarinated samples stored for
7 d than the US-treated samples without storage.

Leal-Ramos et al. [9] showed that US increased the
quantity of dye inside chicken meat samples by 6 and 13%
after 15 and 30min, respectively. This effect was much more
pronounced in halal meat, which showed a 60% increase in
dye absorption during the same periods. High US intensity
produces multiple effects, such as increases in pressure,
currents, and cavitation collapses, resulting in the formation
of instabilities at the interface. This activity then affects the
mass transfer processes, leading to changes in concentration
gradients, diffusion coefficients, and/or boundary layers.
The heating produced by the absorption of US energy (the
thermoacoustic effect) affects mass diffusion. The material
structure also influences the effects of the US. For example,
apples are porous fruits whose pores are partially filled with
air, while cheese pores are completely filled with liquid [22].
The sponge effect produced by US forces the air trapped
in the pores to exit, and the marinated solution enters the
pores; positive and negative pressures occur with the same
frequency as US is applied. The entry of the solution to the
food matrix produces an increase of solutes in US-assisted
marination via a mechanism other than diffusion (Leal-
Ramos et al., 2010). The proportion of air in the pores of
cheese is lower than that of an apple, and thus, the influence of
compression and expansion is less important. Because there

are no large pores in meat, mass transfer is more difficult.
The apple is a better conductor of US vibrations because of
its rigid structure, while cheese has a rubbery structure that
more easily absorbs US waves. However, the absence of air
pores in meat could lead to a limited effect of US.

US-assisted extraction is a technology that is cheap,
efficient, and easy to operate. Its advantages can be attributed
to the acoustic cavitations produced on solvents, achieving a
higher penetration of solvents in the sample matrix. In addi-
tion, cavitation increases the contact surface between solid
and liquid phases. As a result, solutes are rapidly distributed
[23]. In the present research, the marination process was
optimized by a higher gain of weight (%) and a more homo-
geneous distribution of Na inside the m. Longissimus dorsi,
achieving an increase of 84.73% of sodium immediately after
sonication (0 d) and a gain of 16.19% in muscle stored for 7 d.
These results strongly suggest that solutemigration continues
slowly during storage when meat is traditionally marinated
(immersion). Hence, high-potency US may represent an effi-
cient and environmentally friendly technology that enhances
a fast migration of solutes during marination; therefore this
technology could have useful industrial applications.

3.2. pH Determination. The brine had a pH of 4.8, an acid
profile probably due to the citric acid component. The initial
pH of the samples before any treatment was 5.8. However, the
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Table 3: Multiple comparisons of beef samples (longissimus dorsi).

Samples Summation of ranges Means of ranges
60min US, 0 d 114.000 4.750b

40min MT, 0 d 116.000 4.833b

40min US, 0 d 122.000 5.083b

20min US, 0 d 123.500 5.146b

40min MT, 7 d 140.000 5.833b

60min MT, 0 d 154.000 6.417a,b

20min MT, 7 d 163.500 6.813a,b

20min MT, 0 d 170.000 7.083a,b

40min US, 7 d 175.000 7.292a,b

20min US, 7 d 179.500 7.479a,b

60min US, 7 d 190.500 7.938a,b

60min MT, 7 d 224.000 9.333a

MT, marinated traditionally; US, ultrasound; d, storage days at 4∘C. Signif-
icance level is 0.05. Values in columns with different letters are statistically
different (𝑃 < 0.05).

pH of both traditionally marinated and sonicated samples at
7 d after storage was 6.2, due to sodium salt addition during
themarination process.There was a slight difference between
marinated types and times (𝑃 = 0.048 and 0.041, resp.). The
pH of the samples at 0 d of storage increased only one and
two decimals (from 5.5 to 5.9 and 6.0, traditional and US-
assisted, resp.). Barbut [24] reported that alkaline solutions
for marinating increased water-holding capacity due to pro-
tein extraction and pH variation of the isoelectric point of
proteins in muscle, which contributes to the dissociation of
the actin–myosin complex. On the other hand, acid solutions
with organic acids or their salts have been used for the
same purpose [25]. In addition, Vlahova-Vangelova et al. [26]
reported that alkaline marinated solutions had a stronger
effect on horsemeat than acid solutions, resulting in a lower
internal pH and a softening of the tissue.

3.3. US Effects on Consumer Perception. The means of the
ranges (Table 3) for the levels of preference indicate that there
were significant differences (𝑃 < 0.0001) between treatments.
In addition, categorization clustered the samples by similarity
in four groups (Figure 3). According to the indicated inter-
class variances, the groups were homogeneous (Table 4). The
differences in perception between the US-treated meat and
the traditionally marinated meat are also shown.

3.4. Preferences of Consumers of Ultrasonicated Meat. The
data variability of the results mapped in Figure 4 is 95.02%,
illustrating that the consumer preferences varied according
to US treatment. The four sensory properties evaluated were
associated with the first principal component (F1).

The treatments with the greatest acceptance were as
follows: T1 60min US, 7 d; T4 60min MT, 7 d; T6 20min
MT, 7 d; and T10 60min MT, 0 d. These treatments had
positive values for both principal components (Figure 4).
The consumer preference associated with the four attributes
increased as it moved away in the direction indicated by the

Table 4: Results per class and grouping of beef samples (longissimus
dorsi)marinated traditionally or using ultrasound.

Class Samples per class Interclass variance Treatment

1 5 58.600

60min US, 0 d
40min US, 0 d
20min US, 0 d
60min US, 7 d
40min US, 7 d

2 3 45.333
60min MT, 0 d
40min MT, 0 d
20min MT, 0 d

3 3 35.333
20min US, 7 d
60min MT, 7 d
40min MT, 7 d

4 1 0.000 20min MT, 7 d
MT, marinated traditionally; US, ultrasound; d, storage days at 4∘C.

vector. US treatments with 0 d of storage were less preferred
than the others.

The US waves acting on the meat surface enable the
introduction of the brine from US cavitation [27], which
produces microchannels close to the solid surface, triggering
brine microinjection in meat samples and resulting in a net
increase of sodium chloride in the meat from the brining
process [8]. However, the results from the study of the
perceptions of the consumer panel do not support this theory
because the consumers did not show a marked preference
for the US-treated meat, although the treatments with 7 d of
storage were preferred by the consumers with respect to the
evaluated properties.

Muscular tissue has lower ionic strength during the tra-
ditional marination process compared with brining, reaching
equilibrium status by osmosis. This explains why there were
no differences in consumer preferences between traditional
marination for 60min with storage and the US-assisted
marination with storage.

Equilibrium status was also reported by Sánchez et al.
[28], who analyzed samples of Mahón cheese when add-
ing salt using traditional brining and US-assisted brining.
Although previous measurements noted some differences,
there was a uniform distribution of sodium chloride in all
treatments during the ripening stage. Furthermore, Turhan et
al. [29] studied the effect of US-assisted marination (20 kHz
with 20, 25, and 30W/cm2) on the transport of acetic acid (4
and 8%) and salt in anchovy marinades. The authors showed
that the moisture content decreased as the US intensity
increased. The water solid content could also affect the per-
ception of juiciness.

Another factor that seems to have a critical influence
on consumer preferences is storage time (7 d). At 48 h
postmortem,meat is still fresh, and during the storage period,
proteolysis caused by calpains contributes to increased ten-
derness and taste. This proteolysis process can persist up to
10–14 d postmortem in beef [30].
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Figure 3: Categorization of beef samples (longissimus dorsi) using two types of marination processes. MT, marinated traditionally; US,
ultrasound; d, storage days at 4∘C. The sensory test was carried out using 24 consumers. The dashed line represents truncation in
homogeneous groups.

−3 −2 −1−4 1 2 3 40
F1 (85.40%)

−3

−2

−1

0

1

2

3

F
2

(9
.6
2

%
)

(axes F1 and F2: 95.02%)

Taste

Smell

Tenderness

Juiciness

20min MT, 0d

40min MT, 0d
60min MT, 0d

40min MT, 7d

20min US, 7d

60min MT, 7d

40min US, 7d

60min US, 0d

60min US, 7d

20min US, 0d

40min US, 0d

20min MT, 7d

Figure 4: Sensory space of beef samples (longissimus dorsi) using
two types of marination processes. MT, marinated traditionally; US,
ultrasound; d, storage days at 4∘C.

External preferencemapping (Figure 5) showed that there
were significant effects for consumers in classes 1 and 4 (𝑅2 =
0.862 and 𝑅2 = 0.818, resp.; 𝑃 < 0.05). The model explains
the preferences for these groups of consumers. For group 1,
the best treatments in order of preference were as follows: T4
60min MT, 7 d; T5 40min US, 7 d; T6 20min MT, 7 d; and
T1 60min US, 7 d. For group 2, the best treatments in order
of preference were as follows: T4 60min MT, 7 d; T6 20min
MT, 7 d; T2 40min US, 7 d; and T1 60min US, 7 d. For classes
2 and 3, the model used in this study could not explain the
preferences.

The percentage of satisfied consumer judges (Figure 5)
was 100% for the following: T1 60minUS, 7 d; T4 60minMT,
7 d; and T6 20min MT, 7 d. Treatments with 0 d storage with
or without US obtained the lowest percentage of satisfaction
(0–20%).

Microchannels are generated inside meat samples and
affect the tenderness because of cell disruption [8]. Smith
[31] found that the marination method does not influence
the instrumental texture. However, the percentage of satisfied
judges suggests that treatments with 7 d of storage have the
best acceptability, which infers that postmortem softening
has an effect on preference. During meat maturation at
4∘C, endogenous proteolytic systems alter the architecture
and integrity of the muscle cells, improving tenderness [32];
the characteristic smell of meat also originates during this
process. The effect of US on preference is measured by the
sensory properties; however, it is also measured by the final
concentration and distribution of solutes in the meat, as
explained below.

The data in Figure 4 show that principal component 1 is
the primary component responsible for the variance between
the treatments (85.40%). Treatments with 7 d of storage tend
to move toward positive values whereas treatments without
storage move toward negative values. Similarly, the features
caused by proteolysis (smell, taste, tenderness, and juiciness)
are found in the same positive quadrants. This is consistent
with the suggestion that those sensory features benefited
from storage. However, for principal component 2 (9.62%),
a small but additional effect of sonication was shown in the
development of tenderness and juiciness while in storage,
but only at moderate times (20 and 40min, lower-right
quadrant). In summary, Figure 5 shows that most of the
clusters of preference and satisfaction are found in the lower-
right quadrant, that is, the convergent point between length
of storage and short-to-medium US duration.

4. Conclusions

The data in this study confirm that US offers a positive alter-
native to traditional marination techniques because the US-
treated meat presented a homogeneous distribution of the
brine solutes in the meat. Even though the preliminary
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Figure 5: Preferences and satisfaction (%) of beef samples (longissimus dorsi). MT, marinated traditionally; US, ultrasound; d, storage days
at 4∘C; Cluster, segmentation of the consumer judges in groups of similar preferences.

perception analysis showed that the use of US-assisted mar-
ination does not increase the sensory properties of beef, a
quantitative descriptive sensory analysis with a trained panel
should be considered to evaluate the perception of specific
properties in meat in homogeneous and heterogeneous
distributions of brine. The acceptability of the marinated
product depends on the largest mass transfer to the meat,
not on the homogeneity and heterogeneity of the solute dis-
tribution.
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