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Beef muscles submitted to four enhancement treatments (1.88% whey protein concentrate (WPC)+1.25%
sodium chloride (NaCl); 1.88% modified whey protein concentrate (MWPC)+1.25%NaCl; 0.25% sodium tri-
polyphosphate (STPP)+1.25%NaCl; 1.25%NaCl) and a control treatment (non-injected muscles) were sous
vide cooked. Muscles with STPP+NaCl presented a significantly higher total yield (106.5%) in comparison
to those with WPC/MWPC+NaCl (94.7% and 92.9%, respectively), NaCl alone (84.8%) or controls (72.1%).
Muscles with STPP+NaCl presented significantly lower shear force values than control ones; also, WPC/
MWPC+NaCl added muscles presented similar values than those from the other treatments. After cooking,
muscles with STPP+NaCl or WPC/MWPC+NaCl depicted compacted and uniform microstructures. Muscles
with STPP+NaCl showed a pink colour, meanwhile other treatment muscles presented colours between
pinkish-grey and grey-brown. STPP+NaCl added samples presented the highest values of global tenderness
and juiciness. The addition of STPP+NaCl had a better performance than WPC/MWPC+NaCl. However, the
addition of WPC/MWPC+NaCl improved total yield in comparison to NaCl added or control ones.

© 2011 Elsevier Ltd. All rights reserved.
1. Introduction

In the last years, the increment of the demand of ready-to-eat
products has encouraged the application of new food processing
technologies; among them the sous vide cooking system. This system
is based on the application of a controlled cooking-pasteurization
process to raw material (or raw material with intermediate foods)
vacuum packaged in a heat-stable pouch or container (Hauben,
1999). After the thermal treatment, the product must be rapidly
cooled at temperatures around 0–3 °C, and under this condition it
could be stored for 3 to 5 weeks before reheating and consumption
(Nyati, 2000; Vaudagna et al., 2002). This technology has emerged
as an interesting alternative to expand the current beef-based prod-
ucts market (Garcia-Segovia, Andrés-Bello, & Martínez-Monzo, 2007;
Resurreccion, 2003), and its commercial success depends on the qual-
ity and the shelf-life of the manufactured goods. However, the most
important disadvantage of this technology, when it is applied to
meat products, is the retention — inside the package — of the juices
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released during the thermal treatment (Church & Parsons, 2000;
Szerman et al., 2007). As a consequence, the product has an unpleas-
ant appearance and the economical profit is reduced. Thus, with the
intention of increasing water holding capacity (WHC) of meat, and
consequently, reducing cooking weight loss, additives such as sodium
chloride and alkaline phosphates are frequently used for meat prod-
ucts manufacturing (Baublits, Pohlman, Brown, Yancey, & Johnson,
2006; Pietrasik & Shand, 2004, 2005; Vaudagna et al., 2008). Never-
theless, the consumption of high quantities of these additives could
cause health problems in sensitive population. For instance, excessive
intake of sodium has been linked to hypertension and consequently to
an increased risk of stroke and premature death from cardiovascular
diseases (Ruusunen & Puolanne, 2005). Alkaline phosphates are asso-
ciated with the increased risk of bone diseases (Shahidi & Synowiecki,
1997). Several studies were carried out in order to reduce or replace
those additives in meat products (Ruusunen & Puolanne, 2005).
Most of them have evaluated the addition of natural functional ingre-
dients, as whey and soy protein isolate and concentrate, polysaccha-
ride gums, starches and blood plasma to different types of meat and
products (Chen & Trout, 1991; El-Magoli, Laroia, & Hansen, 1996;
Ensor,Mandigo, Calkins, & Quint, 1987; Hayes, Desmond, Troy, Buckley,
& Mehra, 2006; Hughes, Mullen, & Troy, 1998; Kerry, Long, & Buckley,
2001; Lin & Keeton, 1998; Parks & Carpenter, 1987; Shand, Sofos, &
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Table 1
Treatments applied on Semitendinosus beef muscles. Additive concentrations are
expressed on the basis of muscle just injected (%w/w).

Treatments Additives (%)a

T1 NaCl: 1.25 WPC: 1.88
T2 NaCl: 1.25 MWPC: 1.88
T3 NaCl: 1.25 STPP: 0.25
T4 NaCl: 1.25
T5 Control (non-injected)

NaCl, sodium chloride; WPC, whey protein concentrate; MWPC, modified whey protein
concentrate; STTP, sodium trypoliphosphate.

a Expressed on injected raw muscle weight basis.
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Schmidt, 1993; Szerman et al., 2007, Thomsen, 1996). Particularly, the
addition of WPC to meat induces an increment of WHC, with the
consequent reduction of the cooking weight loss. This additive also
improves sensory quality and enhances nutritional values of meat
products (Thomsen, 1996).

The addition of brines formulated with WPC to whole beef pieces
presents some difficulties, especially in products prepared with low
injection rates (10–30%) and high WPC levels [i.e. 3.5% (w/w) on
product basis]. In those cases, the high viscosity of the brine induces
an uneven distribution into the meat pieces. In previous studies of
our research group, the most adequate injection and tumbling proce-
dures were selected for the incorporation and distribution of brines
containing WPC (Szerman, 2009; Szerman et al., 2007). Also, WPC
and NaCl concentrations and cooking temperature were optimized
for manufacturing of whole sous vide cooked beef muscles (Szerman
et al., 2008). In our previous studies we concluded that the addition
of WPC was effective to partially replace the sodium chloride in
whole beef muscles, producing comparable yields and improving
sensory attributes (Szerman et al., 2008). However, the addition of
WPC had a lesser influence in the total yield when the NaCl concen-
tration was higher than 1.6% (w/w) when the sous vide cooking-
pasteurization protocol was 70 °C–2 min at the slowest heating
point of muscles (Szerman et al., 2008). Moreover, considering the
sensory analysis results of that study, it was suggested the maximum
concentrations of NaCl andWPC of 1.9% and 2.6%, respectively, for the
same cooking protocol. Regarding MWPC, there are few studies
wherein its performance for the manufacturing of cooked meat prod-
ucts was evaluated (Thomsen, 1996). In addition, studies concerning
the effect of MWPC on WHC, in comparison to the effect of native
WPC, are scarce.

The objective of the present research was to compare the effect of
the incorporation of the different additives [NaCl alone or in combina-
tion with WPC or MWPC or STPP] on technological parameters, phys-
icochemical properties, microstructure and sensory attributes of
Semitendinosus beef muscles cooked by sous vide system.

2. Materials and methods

2.1. Materials

Forty Semitendinosus muscles were dissected from British breed
steer carcasses 48 h post slaughter, trimmed free of fat, vacuum pack-
aged (Cryovac BB4L, permeability to: O2 30 cm3.m−2, 24 h−1.bar−1;
CO2 150 cm3.m−2.24 h−1.bar−1; vapour 20 g.24 h−1.m−2, Sealed
Air Co., Buenos Aires, Argentina), and stored for 72 h at 1.5±0.5 °C
until their processing. The unfatted raw muscles had an average
weight of 1623.4±157.6 g and an average pH of 5.50±0.08. Total
viable count mean value of raw muscles was 2.1 log CFU cm2. Brines
were formulated with the following ingredients: native whey protein
concentrate [WPC, Lacprodan® 80, Arla Food Ingredients S.A., Buenos
Aires, Argentina; protein content as is 85.9±2.1% (w/w)], modified
whey protein concentrate [MWPC, Nutrilac® SA7505, Arla Food
Ingredients S.A., Buenos Aires, Argentina; protein content as is
86.1±1.6% (w/w)], sodium tripolyphosphate (STPP, N 15–16, Che-
mische Fabrik Budenheim R.A Oetker, Budenheim) and sodium chlo-
ride (NaCl, Dos Anclas, Buenos Aires, Argentina). Also, ARYSA D20
antifoam [21% dimethylpolysiloxane (active compound), Arysa
Argentina S.A., Buenos Aires, Argentina] was added to the brines.

2.2. Experimental design

A completely randomized block design with five fixed treatments
(Table 1) and two randomized blocks was applied in this study. In
each processing batch (corresponding to a block), four experimental
units (whole muscle) were used for each treatment, using a total of
twenty (20) muscles. In the complete design a total of forty (40)
Semitendinosus muscles were used.

2.3. Tumbling and injection procedures

Firstly, all muscles (20) corresponding to a processing batch
(block), were vacuum packaged in Cryovac CN510 bags (permeabil-
ity to O2 35 cm3.m−2, 24 h−1.bar−1, Sealed Air Co., Buenos Aires,
Argentina), then submitted to a pre-injection tumbling (PreIT) treat-
ment. This treatment consisted in the application of a continuous
tumbling at 8.5 rpm for 0.5 h, at 1.5±0.5 °C in a Lance Industries
tumbler (model LT-15, Allenton, USA) using a drum load of 45 kg
(half of the maximum working capacity) under constant vacuum
(2 kPa). After the application of PreIT, the muscles were stored over-
night at 1.5±0.5 °C. The conditions applied in the PreIT procedure
were based on previously reported studies (Szerman, Vaudagna, &
Gonzalez, 2006; Szerman et al., 2007). Afterwards, muscles (except
the ones from T5) were injected using an automatic multi-needle
injector (36 needles, FRICOR, Buenos Aires, Argentina). Brines were
formulated to reach the concentrations of additives established by
the experimental design (Table 1). Those concentrations were se-
lected based on previous studies (Szerman et al., 2008; Vaudagna
et al., 2008). The antifoam was added to the brines at 0.15% (w/v).
The temperature of brines was 1.5±0.5 °C. The brine pH was dif-
ferent according to its formulation: 6.91±0.06 for MWPC+NaCl,
6.92±0.05 for WPC+NaCl, 8.07±0.14 for NaCl and 8.13±0.07
for STPP+NaCl. Muscles, at a temperature of 3.0±1.0 °C, were
injected to 130% over original weight (measured before the PreIT). In
order to achieve this injection level, muscles were injected once, and
then turned over and re-injected. The injection pressure was between
100 and 200 kPa, depending on the viscosity of the brine, and the
number of strokes was 30 per minute.

Immediately after the injection procedure, muscles were vacuum
packaged in Cryovac CN510 bags. Then, they were submitted to a
post-injection tumbling (PostIT) treatment, which consisted in the
application of a continuous tumbling at 8.5 rpm for 5 h at 1.5±
0.5 °C (drum load of 45 kg; vacuum at 2 kPa) in the equipment pre-
viously described. Thereafter, muscles were weighed and vacuum
packaged into cook-in bags (Cryovac CN510) and finally submitted
to sous vide cooking. As it was described for the PreIT, the conditions
selected for the application of PostIT were based on previously
reported studies (Szerman et al., 2006; Szerman et al., 2007). Control
muscles (non-injected, T5) were submitted to the same PreIT and
PostIT treatments as injected ones.

2.4. Sous vide treatment

All muscles (20) corresponding to a processing batch (block) were
cooked in a water cascading retort (Steriflow Barriquand, model
Microflow Roanne, France), operated in static basket mode. Time–
temperature evolutions at the slowest heating point (SHP) of three
muscles and in the retort chamber were measured using T type
thermocouples and recorded with a digital multimeter Hydra 2625A
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data logger (John Fluke Mfg. Co., Inc., Everett, USA). Temperature
readings were taken at intervals of 30 s (scanning time) and the accu-
racy of temperature measurement was ±0.1 °C. In the present study,
a temperature–time combination of 70 °C–2 min was applied at the
muscle SHP. This treatment was previously reported by Gaze,
Brown, Gaskell, and Banks (1989) to achieve a 6D reduction of Listeria
monocytogenes. The suggested temperature–time combination was
then applied by Hansen, KnØchel, Juncher, and Bertelsen (1995)
and Szerman et al. (2007, 2008) for the sous vide processing of beef
pieces. Immediately after cooking, samples were immersed in an
ice-water bath until the temperature at SHP reached 26.0±1.0 °C
(Vaudagna et al., 2002) and finally stored at 1.5±0.5 °C for 18 h
until testing.

2.5. Sample analysis

2.5.1. pH measurement
The pH value wasmeasured in the samemuscle (raw and cooked).

For raw samples, 1.0 cm-slice was separated from the end part of
the muscle; and for cooked ones, 1.0 cm-slice was excised from the
middle part. Slurries (5 g of sample: 25 ml of distilled water standard-
ized at pH 7) were prepared with a laboratory blender (StomacherTM,
Colworth, UK). The pH measurement was performed in duplicate
with a pH-meter (Thermo Orion 710A+, Beverly MA, USA) equipped
with a combination pH electrode (Thermo Orion Model 8102BN ROSS
Electrode, Beverly MA, USA) and a ATC-Probe (Thermo Orion, Beverly
MA, USA).

The pH variation (pHvar) was calculated as the difference between
the cooked and the raw meat pH.

2.5.2. Technological parameters
The technological parameters measured on each muscle were:

post-injection tumbling weight loss (P1), cooking weight loss (P2)
and total processing yield (TY).

Each weight loss was determined using the relationship:

Pi ¼
100� mi−mf

� �

murm

where, for P1, mi is the mass of the injected muscle andmf is the mass
of the muscle after PostIT treatment; while for P2, mi is the mass of
muscle after PostIT treatment (prior to sous vide treatment) and mf

is the mass of the muscle after thermal treatment. These percentages
were calculated based on the mass of the unfatted raw muscle, murm.

TY was determined using the relationship:

TY ¼ 100�mf

murm

where mf is the mass of the muscle after thermal treatment and murm

is the mass of the unfatted raw muscle.

2.5.3. Expressible moisture
Cooked meat samples of 1.5±0.2 g were placed in a 50 ml centri-

fuge tubes containing a thimble, which consists in a filter paper
Munktell 1003 (6 μm particle retention) folded around with a second
filter paper Munktell 1 F (3 μm particle retention). Then, tubes were
centrifuged at 4800×g for 20 min at 4 °C in a Sorvall (Model RC3C,
Sorvall Instruments) centrifuge. All samples were run in triplicate.
The expressible moisture (EM) was expressed as:

EM ¼ 100� mb−mað Þ
mb

where mb and ma are the mass of the sample before and after centri-
fugation, respectively.
2.5.4. Shear force
Warner Bratzler shear force (WBSF) was determined on eight

cores (2.0 cm length; 1.27 cm diameter) obtained from a 2.0 cm-
thick slice separated from the central portion of each cooked muscle.
The procedure was performed following the general guidelines estab-
lished by AMSA (1995). For this purpose, a Warner–Bratzler meat
shear device (Chatllon, New York, USA) with a triangular shear was
used.

2.5.5. Microstructure analysis
For scanning electron microscopy (SEM) analysis, pieces of

2×2×10 mm were excised from the central area of a slice separated
from the medial portion of raw and cooked muscles. Samples were
immediately fixed in glutaraldehyde solution (2% v/v). Then, three
successive washes were made with sodium phosphate buffer 0.1 M
pH 7, followed by dehydration in ethanol solution (15 min each) at
increased concentrations (50% to 100% v/v). Afterwards, samples
were immersed in ethanol:acetone solution (50:50), and acetone.
The specimens were mounted on holders and coated with gold
(Polaron model E5100). The chosen areas were viewed at 1000–
10000 times magnification. Microscopic evaluation was performed
using a Leitz-AMR Model 1200 electron microscope and micrograph
pictures were taken with a 35 mm camera.

2.5.6. Colour parameters
Colour parameters of cooked muscles were measured with a

BYK Gardner Spectrometer model ColorView 9000 (Silver Spring,
USA) with a large view area using illuminant D65 and 10° observer.
Results were expressed as L* (lightness), a*(redness/greenness) and
b* (yellowness/blueness) in the CIELab system. Each colour parame-
ter was measured on 4 different points on the surface of a 2.5 cm-
thick slice, excised from the central portion of each cooked muscle,
and its average value was used for statistical analysis.

2.5.7. Visual appearance analysis
The appearance of cooked beef was evaluated on a 2.0 cm-slice

separated from the central portion of the muscle, and was assessed
by 10 trained panellists in a Veri-Vide CAC120 Gabinet box (dimen-
sions 129×75.5×62 cm) illuminated by a Veri-Vide Artificial Day-
light F-40 T12/D65 (colour temperature 6500 K, under tolerances
established in BS 950). The vacuum packed samples, prior to evalua-
tion, were unwrapped and kept at room temperature for 45 min. All
observers had been screened for normal colour vision using the Ishi-
hara Colour Vision Test (Ishihara, 1998). Each cycle of viewing took
between 30 and 45 min. During training, the group of panellists re-
ceived a set of samples as colour references. These references were
prepared by conversion of a portion of Longissimus dorsi beef muscle
to fully deoxy, oxy and metmyoglobin following procedures de-
scribed in AMSA (1995). Panellists were requested to judge four
visual attributes of the samples following the specification of AMSA
(1991) modified as described in Szerman et al. (2007): cooked
beef colour (1: Very red, 2: Medium red, 3: Pink, 4: Slightly pink,
5: Pinkish-grey, 6: Grey-brown, 7: Brown); colour uniformity (1: No
variation, 2: Slight amount of variation, 3: Small amount of variation,
4: Moderate amount of variation, 5: Extreme amount of variation);
intensity of defects (1: None, 2: Slight, 3: Small, 4: Moderate, 5: Ex-
treme), and amount of defects [expressed as percentage of total
slice area; 1: Non (0%), 2: Slight (1–19%), 3: Small (20–39%), 4: Mod-
est (40–59%) 5: Moderate (60–79%), 6: Extensive (80–99%), 7: Total
(100%)].

2.5.8. Sensory analysis
Eight trained panellists, selected based on their experience in sen-

sory analysis of meat, evaluated the eating quality of cooked muscles.
The panellists were trained following the directions of Cross, Moen, &
Stanfield, 1978. Samples (cubes, 1.5 cm length) were obtained from
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the central portion of the muscles, corresponding to each treatment,
and warmed previous to sensory evaluation. In each analysis session,
panellist evaluated— at random— samples from different treatments,
being sessions replicated twice. Attributes (cooked beef flavour and
odour, myofibrillar and overall tenderness, juiciness and connective
tissue amount) were evaluated on a nine point scale (1: extremely
non-beef like, extremely though, extremely dry, abundant; 9: ex-
tremely beef like, extremely tender, extremely juicy, none). Addition-
ally, panellist were asked to assess the intensity of recognized off-
flavours (“liver”, “sour”, “metal”, “stale”, “salty” and “milky”) and
off-odours (“milky”, “cheesy”), by representing the perceived stimu-
lus on a 10 cm linear scale. The left end of the line corresponds to
“no off-flavour/off-odour” while the right end of the line represented
“extreme off-flavour/off-odour”. All tests were conducted in individu-
al booths under colour neutralizing lights.

2.6. Statistical analysis

For statistical analysis, a GLM (general linear model) was applied.
For all the parameters evaluated in the present study, the block effect
was non-significant (p>0.05). For each parameter, significant differ-
ences between treatments were determined using the Bonferroni test
(p=0.05). Data were analysed using SAS software (version 8, SAS
Institute Inc., 2004, Cary, NC).

3. Results and discussion

3.1. pH variation

The pH variation (pHvar) values obtained for all treatments are
presented in Table 2.

Thermal treatment per se induced an increase of the pH value, as
can be noticed in the difference of 0.31±0.05 units between cooked
and raw control muscles (T5). In a previous study, it was observed a
similar pH difference between cooked (70 °C) and raw Semitendinosus
beef muscles (Szerman et al., 2007). This increase would have been
caused by the thermal denaturation of meat proteins and consequent
exposure and ionization of the buried groups that took place during
cooking (Ledward, 1979).

Besides, pHvar values of muscles with different additives were
significantly higher (pb0.05) than control one (T5). However, these
increments were dependent on the additive used. Muscles with
STPP+NaCl (T3) presented a significantly higher (pb0.05) pHvar

value than the ones with WPC/MWPC+NaCl (T1 and T2), which
were similar between them. Muscles injected with brines only formu-
lated with NaCl (T4) presented pHvar values significantly lower
(pb0.05) in comparison to muscles treated with the other additives.
The mean values of cooked muscle pH were 6.03, 6.00, 6.19, 5.91
and 5.83 for T1, T2, T3, T4 and T5, respectively. The aforementioned
Table 2
Effects of the incorporation of different additives to Semitendinosus beef muscles on pH
variation (pHvar), post-injection tumbling weight loss (P1), cooking weight loss (P2)
and total yield (TY).

Treatments1 Technological parameters

pHvar
2 P1 (%) P2 (%) TY (%)

T1 0.52±0.05 b 7.4±1.4 b 28.2±3.3 bc 94.7±6.2 b
T2 0.51±0.06 b 7.5±1.6 b 29.2±3.3 b 92.9±3.6 b
T3 0.70±0.06 a 3.3±0.8 c 20.6±3.4 d 106.5±3.9 a
T4 0.42±0.03 c 9.6±1.5 a 35.6±3.3 a 84.8±4.3 c
T5 0.31±0.05 d 1.2±0.4 d 25.7±1.9 c 72.1±2.1 d

a–d Means values with different letters in the same column are significantly different
(pb0.05).
1Concentrations in muscles after injection: T1: WPC 1.88%+NaCl 1.25%; T2: MWPC
1.88%+NaCl 1.25%; T3: STPP 0.25%+NaCl 1.25%; T4: NaCl 1.25%; T5: Control (non-
injected).
2pHvar=cooked beef pH−raw beef pH.
pH increases were consequence of both, the thermal treatment and
the addition of brines with higher pH than the raw beef (5.4–5.7).
Brine pHs ranged from 6.8, when they were prepared with WPC/
MWPC+NaCl, to 8.1 for the ones formulated with STPP+NaCl.

In previous studies of our group, it was observed a similar pH
increase due to WPC+NaCl addition, also it was demonstrated
that the pH increase was dependent on the WPC concentration
(Szerman et al., 2007, 2008). Additionally, a similar behaviour was
observed with the addition of STPP; when the amount of this salt
increased from 0 to 0.25% (w/w) the pH increased almost linearly in
sous vide cooked muscles (Vaudagna et al., 2008).

The pH value of muscles is considered an important factor since
this parameter has a significant effect on the swelling of the fibres,
and consequently, on the WHC of the tissue. The minimum WHC is
reached when the pH is equal to the isoelectric point of meat proteins
(pH 5.3–5.5) (Shults, Russell, & Wierbicki, 1972). For that reason, pH
increases achieved in muscles injected with the different additives,
particularly STPP, have a direct effect on the weight losses obtained
during muscles processing.

3.2. Technological parameters

The effect of the addition of different additives on PostIT weight
loss (P1), cookingweight loss (P2) and total yield (TY) of Semitendinosus
beef muscles are presented in Table 2.

Regarding P1, injected muscles presented significantly higher
(pb0.05) values than control ones (Table 2). Before cooking, injected
muscles had higher water content in comparison to non-injected
muscles (T5); consequently, the last were only able to lose part of
the free physiological water of the tissue. Muscles injected only
with NaCl (T4) presented the highest P1 values among those treated
with additives. The addition of WPC/MWPC+NaCl (T1 and T2,
respectively) significantly reduced P1 values (pb0.05) in comparison
to NaCl alone (T4). It is important to note that the addition of the
brine with the highest pH value (STPP+NaCl) produced the lowest
P1 value.

The swelling of fibres is the most accepted mechanism to explain
the increase of WHC with the addition of NaCl to fresh meat (Offer
& Knight, 1988). In the present study, muscles with NaCl retained
approximately a 66% of the incorporated brine (P1=9.6%; injection
level 30%). However, when STPP+NaCl were incorporated, the
water retention increased and P1 was reduced up to 3.3%, which
represents approximately a 90% of brine retention. The effect of the
STPP on WHC was extensively reported (Offer & Knight, 1988;
Ruusunen & Puolanne, 2005; Trout & Smith, 1986). Enhancement by
STPP is observed even at low NaCl concentrations (0.4 M; Ruusunen
& Puolanne, 2005) but not without NaCl, as a result of the synergic
action of both salts in the depolymerisation of the thick filaments
(Offer & Knight, 1988).

Muscles with WPC/MWPC+NaCl may retain water by a different
mechanism thanmuscles with STPP+NaCl or NaCl alone. Thus, the P1
values obtained for T1 and T2 treatments were similar between them;
higher than for T3 (STPP+NaCl) and lower than for T4 treatment
(NaCl alone). In this way, whey proteins might partially retain
the water added with the brines due to their hydration properties
(protein–water interactions) or to the formation of protein aggre-
gates (Huffman, 1996). Moreover, it should be considered that brines
formulated with WPC/MWPC+NaCl had a lesser amount of water
than those formulated with salts (STPP+NaCl or NaCl alone).

For all treatments, except T1, cooking weight loss (P2) was signifi-
cantly different (pb0.05) than the control (Table 2). Muscles with
NaCl alone (T4) had the highest P2 value (35.6%). The incorporation of
STPP to the brine (T3) reduced significantly this parameter (pb0.05),
presenting the lowest value (20.6%). Similar P2 values were obtained
in muscles with WPC/MWPC+NaCl (T1 and T2, respectively), which
were significantly lower (pb0.05) than T4 but higher (pb0.05) than T3.
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Fig. 1. Effect of the incorporation of different additives to Semitendinosus beef muscles
sous vide cooked on expressible moisture (EM) values. T1: WPC 1.88%+NaCl 1.25%, T2:
MWPC 1.88%+NaCl 1.25%, T3: STPP 0.25%+NaCl 1.25%, T4: NaCl 1.25%, T5: Control
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values are significantly different (pb0.05).
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Fig. 2. Effect of the incorporation of different additives to Semitendinosus beef muscles
sous vide cooked onWarner–Bratzler shear force (WBSF) values. T1: WPC 1.88%+NaCl
1.25%, T2: MWPC 1.88%+NaCl 1.25%, T3: STPP 0.25%+NaCl 1.25%, T4: NaCl 1.25%,
T5: Control (all the concentrations are expressed on the basis of muscle just injected).
a–b mean values are significantly different (pb0.05).
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Thermal treatment of muscles injected with salts (NaCl; STPP)
induces the formation of a gel-like structure. The formation of this
type of gels requires, as a first step, the salt-induced extraction and
solubilisation of myofibrillar proteins and then, the application of
heat (Katsaras & Budras, 1993; Offer & Knight, 1988; Vaudagna
et al., 2008). The network formed helps to maintain the structural
organization of the cells by minimizing fibres contraction and to
retain the water incorporated with the brine through capillarity
forces (Katsaras & Budras, 1993). In the present study, the addition
of STPP+NaCl to muscles increased the pH and ionic strength values,
consequently enhancing the absorption of the brine inside the fibres
and the extraction and solubilisation of myofibrillar proteins. From
these proteins, the subsequent heating would have induced the
formation of a three-dimensional network capable of retaining
water inside.

The addition of WPC/MWPC+NaCl to the muscles decreased
cooking weight losses in comparison to muscles with NaCl alone.
During thermal treatment, whey proteins are partially unfolded and
consequently sites for water binding were available, favouring
water retention and formation of aggregates (Huffman, 1996). The
ionic strength reached with the addition of brine formulated with
NaCl alone, would not be enough to achieve an important swelling
of the myofibrils and a large protein extraction and, in consequence,
the gel-like structure obtained would be weaker (Vaudagna et al.,
2008). The P2 values obtained for control samples were similar to
the ones observed in previous studies (Szerman et al., 2007).

Regarding total yield (TY), muscles injected with additives (T1, T2,
T3, and T4) presented significantly higher values than the control
(T5, Table 2). The maximum yield was obtained for muscles with
STPP+NaCl (T3), which was approximately a 34% above that
attained for control muscles (106.5% vs. 72.1%). The addition of
WPC/MWPC+NaCl (T1 and T2) also improved TY compared to the
control muscles. The increase of this parameter was approximately
22% (94.7–92.9% vs. 72.1%). It is important to remark that both
whey concentrates used (native or modified), produced similar TY
values. In a previous study, it was observed that when Semitendinosus
beef muscles were injected with WPC+NaCl similar yields were
obtained when the concentration of one ingredient was diminished
while the other one was increased. However, this effect was observed
up to 1.9% NaCl, above that level further increments of WPC concen-
trations did not enhance TY (Szerman et al., 2008).

3.3. Expressible moisture

The effect of the incorporation of different additives on the
expressible moisture (EM) of sous vide cooked Semitendinosus beef
muscles is shown in Fig. 1.

Muscles with STPP+NaCl and WPC/MWPC+NaCl had similar EM
values, which were significantly (pb0.05) higher than the control. EM
value from T4 samples was also significantly (pb0.05) higher than
the control, but similar to WPC/MWPC+NaCl added muscles.

Muscles which presented the higher TY values lost the major
amount of water during centrifugation, indicating a positive relation-
ship between TY and EM. Similar behaviour was observed by Szerman
et al. (2007). In addition, Boles and Shand (2001) found that EM had
a positive correlation with the cooking yield achieved in different
enhanced beef muscles (1.8% NaCl, 1.0% sugar and 0.3% STPP) cooked
to an endpoint temperature of 73 °C.

3.4. Shear force

The Warner–Bratzler shear force values (WBSF) obtained for the
different treatments are depicted in Fig. 2. All WBSF values showed
a tendency to be reduced by the incorporation of additives. However,
only the muscles with STPP+NaCl (T3) presented significantly
(pb0.05) lower WBSF values than control ones (T5).
Previous reports support these findings, thus Baublits et al. (2006)
reported that Biceps femoris beef muscles added with 0.4% STPP and
1.5% NaCl (cooked at 70 °C) showed significantly lower WBSF values
when they were compared to non-injected muscles. Vote et al.
(2000) achieved lower values of shear force for loin beef pieces
containing 0.5% NaCl, 2.5% sodium lactate and 0.25% STPP (cooked
at 66 °C and 77 °C) compared to control non-injected pieces. Sheard
and Tali (2004) have studied the incorporation of different additives
to pork loin cooked at 79 °C, establishing that the addition of 0.5%
NaCl and/or 0.5% STPP reduced WBSF values in relation to the control
muscles (non-added). Moreover, Pietrasik and Shand (2004, 2005)
proposed a relationship between the reduction of WBSF values and
the increment of the WHC of meat. Baublits et al. (2006) have sug-
gested that the effect of salts addition on the shear force of beef
may be related to the increase of protein solubilisation and the
water retention enhancement, due to the formation of a protein–
water matrix that requires less force to shear than non-injected beef
pieces. In the present study, the described relationship between TY
and WBSF was only observed for samples from T3.

3.5. Microstructure analysis

The study of the microstructure of raw and sous vide cooked meat
tissue, provided further information to the results of technological
and physical parameters and allowed a more complete interpretation
of the effects produced by the different treatments.

Micrographs obtained of transverse sections of raw muscles
injected with different additives and control muscles all subjected
to tumbling treatments are presented in Fig. 3. Control muscles (T5)



Fig. 3. Scanning electron micrographs of Semitendinosus beef muscles raw, 120 h post-mortem, submitted to pre-injection tumbling 8.5 rpm–0.5 h, injected to 130% (over original
weight) and then submitted to post-injection tumbling 8.5 rpm–5 h. Transversal views: a) T5 (control), arrows indicate gaps among fibre bundles and between fibres; b) T4 (NaCl
1.25%); c) T2 (MWPC 1.88%+NaCl 1.25%), arrows indicate gaps among fibre bundles and between fibres; d) T3 (STPP 0.25%+NaCl 1.25%), arrows indicate the presence of material
onto the fibres.
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showed a disorganized structure, with appreciable gaps among fibre
bundles and between fibres (Fig. 3a). In addition, the myofibrils
showed a dehydrated and separated appearance even though they
did not show an important fragmentation (inset in Fig. 3a). The
NaCl added samples (T4, Fig. 3b) showed some differences with re-
gard to the control (T5, Fig. 3a). The structure was also disorganized
although it was more compacted than those from control samples.
Thus, micrograph depicts fibres nearer than the fibres of control sam-
ples, due to the swelling of the myofibrils (inset in Fig. 3b). Muscles
with MWPC+NaCl (Fig. 3c) and WPC+NaCl (not shown) presented
similar micrographs. The structure appeared as disorganized as the
control, showing gaps among fibre bundles and between fibres. In ad-
dition, myofibrils seemed to be dehydrated, separated and partially
fragmented (inset in Fig. 3c). In the presence of whey proteins, NaCl
did not produce the same structural changes that it did when it was
added alone, particularly in relation to the hydration of myofibrils.
Microstructure of muscles with STPP+NaCl (T3, Fig. 3d) presented
more hydrated fibres in comparison to samples from treatments T5
and T2 (Fig. 3a and c). It was also seen as the presence of materials
onto fibres, which could be composed of fragmented myofibrils and
extracted myofibrillar proteins.

A general view of all micrographs from rawmuscles indicated that
cell microstructure was mainly modified by the mechanical treatment
applied (tumbling). This effect was expected, because the application
Fig. 4. Scanning electronmicrographs of Semitendinosus beef muscles, 120 h post-mortem, su
then submitted to post-injection tumbling 8.5 rpm–5 h, and sous vide cooked. a) Transversal
indicate gaps between fibres; b) longitudinal view, T5, arrows indicate coagulated endomisia
partial fragmentation of the fibres; c) transversal view, T4 (NaCl 1.25%); d) longitudinal vie
1.25%), arrows in the inset figure indicate the presence of coagulated material and fragmen
1.25%), arrow in the inset figure indicates fractures of myofibrils along the Z-line level; h) lo
of tumbling treatment produces the separation of fibres and myofi-
brils and the disruption of the membranes (Feiner, 2006; Xargayó,
2010). Also it was found that tissue microstructure changes were
dependent on the incorporated additive. Thus, muscles with NaCl
alone or STPP+NaCl presented organized microstructures with com-
pacted fibres and hydrated myofibrils. On the contrary, in samples
with WPC/MWPC+NaCl, the myofibrils were dehydrated, separated
and partially fragmented. Regarding these microstructural changes,
it could be stated that the minimum P1 value observed in muscles
with STPP+NaCl was a consequence of a higher myofibrillar swelling
and improved extraction of myofibrillar proteins (Offer & Knight,
1988). Also muscles with WPC/MWPC+NaCl hold more brine than
those with NaCl alone (higher P1); however nonperceptible myofi-
brillar hydration was observed in the muscles with WPC/MWPC+
NaCl. Thus, it appeared that the WHC enhancement took place by a
different mechanism than myofibrillar swelling. This could be associ-
ated, as it was aforementioned, to the capacity of hydration of whey
proteins and/or to the possibility of forming aggregates capable of
retaining water.

The analysis of the micrographs obtained from sous vide cooked
muscles contributes to the understanding of the effect of the evaluat-
ed additives on the cooking weight loss (P2). Micrographs from con-
trol cooked muscles show a dehydrated aspect, with a disorganized
structure (Fig. 4a,b), which was more compacted in comparison to
bmitted to pre-injection tumbling 8.5 rpm–0.5 h, injected to 130%, over original weight,
view, T5 (control), arrows indicate gaps among fibre bundles; arrows in the inset figure
l and perimisial collagen and granulated sarcolemma, arrows in the inset figure indicate
w, T4, arrows indicate rupture of the fibres; e) transversal view, T3 (STPP 0.25%+NaCl
ted myofibrils; f) longitudinal view, T3; g) transversal view, T2 (MWPC 1.88%+NaCl
ngitudinal view, T2, arrows indicate the presence of coagulated material.
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Table 3
Effect of the incorporation of different additives to Semitendinosus beef muscles sous
vide cooked on chromatic parameters.

Treatment1 Chromatic parameters

L* a* b*

T1 61.64±1.54 a 6.06±0.87 ab 17.24±0.78
T2 60.40±1.27 ab 5.80±0.79 ab 17.61±0.61
T3 58.96±1.30 b 6.79±0.77 a 17.48±1.05
T4 61.41±1.61 a 4.94±0.62 b 17.19±1.26
T5 58.48±1.59 b 6.19±0.56 a 17.40±0.57

a–b Means values with different letters in the same column are significantly different
(pb0.05).
1Concentrations in muscles after injection: T1: WPC 1.88%+NaCl 1.25%; T2: MWPC
1.88%+NaCl 1.25%; T3: STPP 0.25%+NaCl 1.25%; T4: NaCl 1.25%; T5: Control (non-
injected).

Table 4
Effect of the incorporation of different additives to Semitendinosus beef muscles sous
vide cooked on visual appearance attributes.

Treatment1 Cooked
beef colour

Colour
uniformity

Intensity
of defects

Amount
of defects

T1 5.25±0.19 a 2.18±0.22 4.28±0.74 a 5.00±0.59 a
T2 5.38±0.43 a 2.73±0.72 4.08±0.19 a 3.48±0.47 b
T3 3.78±0.60 b 2.75±0.39 1.78±0.53 b 1.65±0.44 c
T4 5.25±0.42 a 2.63±0.46 3.93±0.52 a 3.03±0.39 bc
T5 5.58±0.15 a 2.73±0.37 2.70±0.83 b 4.00±0.63 ab

a–c Means values with different letters in the same column are significantly different
(pb0.05).
1Concentrations in muscles after injection: T1: WPC 1.88%+NaCl 1.25%; T2: MWPC
1.88%+NaCl 1.25%; T3: STPP 0.25%+NaCl 1.25%; T4: NaCl 1.25%; T5: Control (non-
injected).
Scales: Cooked beef colour (1: Very red, 7: Brown), colour uniformity (1: No variation,
5: Extreme amount of variation), Intensity of defects (1: None, 5: Extreme) and Amount
of defects [1: Non (0%), 7: Total (100%)].
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raw muscle one (Fig. 3a). In addition, gaps among fibre bundles,
and fragmentation and contraction of the fibres were observed
(inset in Fig. 4a). Despite the fact that myofibrils were dehydrated,
they were organized. In the longitudinal view, it can be seen as the
partial rupture of fibres that could be caused by the mechanical treat-
ment (inset in Fig. 4b). The fibres also had on their surface coagulated
endomisial and perimisial collagen and granulated sarcolemma.
Cooked muscles with NaCl (T4) presented a disorganized structure
with rupture of the fibres and a great separation between fibre bun-
dles (Fig. 4c,d). However, the fibres showed a compact aspect and a
gel-like structure. In the longitudinal view (Fig. 4d), the presence of
coagulated endomisial and perimisial collagen and granulated sarco-
lemma can be observed. The addition of STPP+NaCl induced impor-
tant changes in the microstructure of cooked muscles (Fig. 4e,f).
Firstly, the microstructure was more conserved and compacted than
in T4 and T5 samples (Fig. 4a–d). Fibres had a well rounded shape,
and fragmented myofibrils and coagulated material were observed
in the interfibre spaces (inset in Fig. 4e). Muscles with MWPC
+NaCl presented, as with STPP+NaCl, a more uniform microstruc-
ture and a lower separation between fibres (Fig. 4g,h) than samples
from T4 and T5. Besides, fibres were more compacted and the pres-
ence of abundant coagulated material between and onto the fibres
was observed, which could be composed of fragmented myofibrils
and added whey protein. Whey protein addition would have induced
the agglutination and fragmentation of myofibrils at heating. Thus,
the terraced appearance observed in the inset of Fig. 4g would be
the result of the fractures of the myofibrils along the fibre at Z-line
level (Rowe, 1989). Samples of cookedmuscles withWPC+NaCl pre-
sented similar microstructures (micrographs not shown).

In general, cooked muscles with STPP+NaCl or WPC/MWPC+
NaCl presented a more conserved and compacted microstructure,
with less separation between fibres than muscles with NaCl alone
and than controls. However, microstructures of muscles from T1, T2
and T3, presented some differences. Thus, samples from T1 and T2
depicted a major rupture of the sarcomere, with the presence of frag-
mented material among fibres. Instead, T3 samples presented a
gel-like material among the fibres. These differences could indicate
that the additives improved water retention at heating by different
mechanisms. Thus, the addition of STPP+NaCl increased the extrac-
tion and solubilisation of myofibrillar proteins resulting in the forma-
tion of a gel-like material by heating, responsible for the water
retention. On the other hand, the addition of WPC/MWPC+NaCl
would induce a lower extraction and solubilisation of myofibrillar
proteins. However, the incorporation of these additives and the sub-
sequent thermal treatment would have caused an important aggluti-
nation and fragmentation of myofibrils, resulting in a reduction of
water loss at heating.

3.6. Colour parameters

The effect of the incorporation of different additives on chromatic
parameters, L* (lightness), a* (redness/greenness) and b* (yellowness/
blueness) of sous vide cooked Semitendinosus beef muscles is presented
in Table 3.

With respect to the L* parameter, control muscles (T5) and those
treated with STPP+NaCl (T3) presented the lowest values, conse-
quently they have a darker appearance, with no significant differ-
ences between them (p>0.05, Table 3). Muscles from T1 and T4
presented the highest lightness values, which were significantly
(pb0.05) different from T5 and T3. Muscles from T2 showed no
significant different L* values in comparison to muscles submitted
to the other treatments.

Muscles with NaCl (T4) presented significantly (pb0.05) lower a*
values in comparison with muscles form T3 and T5. In association
with this result, it has been reported that NaCl affects the thermal sta-
bility of myoglobin and promotes its oxidation (Lytras, Geileskey,
King, & Ledward, 1999; Trout, 1989), phenomena that contributes
to the reduction of the redness. Apparently, the incorporation of
whey proteins (T1 and T2) minimizes the redness reduction, and
the a* values of muscles from these treatments were similar to the
control (T5) one. With regard to this issue, it has been proposed
that whey protein concentrates might have antioxidant properties
(Peña-Ramos & Xiong, 2003), diminishing the NaCl effect on oxida-
tion. On the other hand, muscles treated with STPP+NaCl (T3)
presented the highest a* value, which was similar to the control
(T5). The incorporation of STPP could be responsible for the reduction
of the myoglobin denaturation, by increasing pH and/or diminishing
pigment oxidation because of its antioxidant capacity (Trout, 1989;
Vaudagna et al., 2008).

3.7. Visual appearance and sensory analysis

Table 4 shows the scores of the visual appearance attributes
(“cooked beef colour”, “colour uniformity”, “intensity of defects” and
“amount of defects”) of sous vide cooked muscles. The addition of
NaCl alone (T4) or in combination with WPC or MWPC (T1 and T2,
respectively) did not modify cooked beef colour in relation to control
samples (T5). All samples depicted a colour between “pinkish-grey”
and “grey-brown”. Conversely, muscles with STPP+NaCl (T3) had a
significantly (pb0.05) different colour in comparison to the other
treatments, being more reddish (“pink” colour). This finding supports
that one obtained for chromatic parameters, having muscles with
STPP+NaCl the highest a* value (Table 3). Regarding colour unifor-
mity, there were no significant differences (p>0.05) among all
studied treatments. Concerning the intensity of defects, muscles
with STPP+NaCl (T3) presented values similar to T5, and both
were significantly lower (pb0.05) than samples submitted to the
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Fig. 5. Mean values obtained for sensory attributes for Semitendinosus beef muscles
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expressed on the basis of muscle just injected).
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other treatments (T1, T2 and T4; Table 4). Moreover, the amount of
defects of these muscles (T3) was significantly lower (pb0.05) than
the scores obtained for T1, T2 and T5, but similar to T4. The intensity
and amount of defects described for the injected samples are related
to the tissue disruption induced by the injector needles. However, for
T3 samples (also injected), both defects were minimized. The expla-
nation for that could be the higher protein extraction induced by
the combination of NaCl and STPP and the consequent gel-like struc-
ture formed during cooking (showed in Fig. 4e). Conversely, the
incorporation of whey proteins did not produce this mending effect
on tissue structure.

Results of the sensory evaluation are presented in Fig. 5. All
cooked samples were characterized as meat with a “slightly intense”
flavour and odour. Regarding myofibrillar and overall tenderness,
muscles with STPP+NaCl had higher scores than the control (T5),
being classified as “very tender” and “slightly tender”, respectively.
Samples from T1, T2 and T4 treatments presented intermediate
scores, and were classified as “tender”. Regarding juiciness attribute,
samples from T1, T2 and T4 treatments had intermediate scores
corresponding to “slightly juicy” meats, whereas T3 samples were
classified as “juicy” and T5 as “neither dry nor juicy” meat. Consider-
ing connective tissue amount attribute, all samples were assessed as
meats with “practically nothing” connective tissue. The exceptions
were samples with NaCl alone (T4), which were valuated as contain-
ing “some amount” of connective tissue.
4. Conclusions

Regarding all additives evaluated in this study, the combination of
STPP and NaCl had the best performance, reducing weight losses and
shear force values, and improving total yield and visual and sensory
attributes of sous vide cooked beef muscles. The addition of whey pro-
teins and NaCl had a lower performance than STPP+NaCl, although
those additives improved total yield in comparison to NaCl alone
or control samples. Native and modified whey proteins had similar
effects on technological parameters and physical and sensory proper-
ties of sous vide cooked beef muscles.
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