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The quality of the longissimus lumborum muscle (Holstein-Friesian Black-and-White- HF BW x Belgian Blue - BB bulls) 
was determined after 14 days of storage under different modified atmospheres (MA) (vacuum; 40% CO2 + 60% N2; 
30% CO2 + 70% Ar) and 6 months of frozen storage following 14 days of MA storage. Weight loss and cooking loss 
were smaller, and drip loss was greater after frozen storage compared with refrigerated storage. The pH of stored 
meat was typical of high-quality beef. TBARS values increased after refrigerated storage and after frozen storage. 
The changes in color parameters point to metmyoglobin formation in frozen meat. Both refrigerator and freezer 
storage had beneficial influence on tenderness, and shear force values decreased in frozen beef. The composition 
of MA during refrigerated storage had no effect on the analyzed parameters of beef. Frozen meat that was stored 
in a MA containing Ar prior to freezing was characterized by the lowest weight loss, and vacuum-packaged meat - 
by the lowest TBARS values. 
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Introduction

The development of desirable quality attributes of beef is determined by the fattening performance of cattle (Al-
dai et al. 2012, Peña et al. 2013), meat packaging methods (Zhou et al. 2010, Arvanitoyannis and Stratakos 2012) 
and storage conditions (Farouk and Wieliczko 2003, Vieira et al. 2009, Zakrys et al. 2009, Olivera et al. 2013). The 
Belgian Blue (BB) is a beef cattle breed, which is characterized by muscular hypertrophy known as double muscling 
(DM). Muscular hypertrophy is caused by a natural mutation in the myostatin gene, responsible for and a higher 
rate of glycolytic metabolism, which is associated with a lower collagen content of muscles (Lepetit 2008, Dubost 
et al. 2013) and higher meat tenderness (Christensen et al. 2011, Purslow et al. 2012). Double-muscled animals 
and their crosses have a lower percentage content of fat (Cuvelier et al. 2006, Aldai et al. 2007), and a higher per-
centage content of protein (Keady et al. 2013) and unsaturated fatty acids (Wiener et al. 2009, Kim et al. 2010b). 

Similarly to other perishable food products, meat is susceptible to natural and mostly irreversible physical, chemi-
cal, biochemical and microbiological changes that may deteriorate its functional and sensory properties. Meat must 
be stored in the refrigerator or freezer to extend its shelf life (Leygonie et al. 2012, Ngapo et al. 2012a, 2012b). 
However, the time of refrigerated and frozen storage of meat is limited due to progressive changes in its color, sen-
sory quality and lipid oxidation (Viana et al. 2005, Brooks et al. 2008, Dransfield 2008). Weight loss caused by the 
drip during storage is another important consideration (Cayuela et al. 2004, Lagerstedt et al. 2008). Chilled stor-
age affects also the meat aging process aimed at achieving the consumer-desired attributes (Lindahl et al. 2010, 
Li et al. 2012). The quality of fresh packaged meat is largely determined by its type, the time of cold storage, gas 
mixture composition, the type of packaging and storage temperature (McMillin 2008, Zhou et al. 2010). Surplus 
meat can be preserved by freezing, and frozen meat can be exported worldwide. The quality of frozen meat is 
affected by both primary and secondary changes that occur at successive stages of freezing and storage (Leygo-
nie et al. 2012). Storage methods should be adjusted to the key characteristics of meat products, and should be 
selected in view of the fact that certain changes occur during storage and influence the ultimate quality of meat.

The aim of this study was to evaluate the quality of meat (weight loss during storage, water-holding capacity - 
WHC, pH, lipid oxidation, color, sensory properties, shear force values) from young crossbred (Holstein-Friesian 
Black-and-White - HF BW x Belgian Blue - BB) bulls. The quality of the longissimus lumborum (LL) muscle was de-
termined after 14 days of refrigerated storage under different modified atmospheres (MA) (vacuum; 40% CO2 + 
60% N2; 30% CO2 + 70% Ar) and 6 months of frozen storage following 14 days of MA storage.
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Materials and methods
Animals and experimental materials

The experimental materials comprised 10 carcasses of F1 bulls produced by crossing HF BW and BB cattle. All ani-
mals were the offspring of double-muscled sires. Young bulls were raised indoor on the same farm and were fed 
farm-made feed. In autumn and winter, they received hay ad libitum, maize silage and ground cereal grain (approx. 
2 kg). In summer, they were fed green forage ad libitum, ground cereal grain and hay. The bulls were transported 
to a meat processing plant over a distance of approximately 90 km. On arrival, their average body weight was 762 
± 47 kg. Before slaughter, they stayed in lairage, in individual pens, for around 18 h. The bulls were slaughtered in 
September, at 23 months of age. Average hot carcass weight was 447 ± 42 kg. After weighing, the carcasses were 
chilled at a temperature of 1–4 °C for 48 h. During carcass dressing, the lumbar segments of the right musculus 
longissimus dorsi (LD) between the last but one and the last thoracic vertebrae, and the last lumbar vertebra, i.e. 
musculus longissimus lumborum (LL), were collected. The samples were weighed, vacuum-packaged and trans-
ported to the laboratory in isothermal containers. In the laboratory, LL muscles were divided into 4 parts of similar 
weight (approx. 1500 g), which were further divided into 4 groups: A-A1, B-B1, C-C1 and D-D1 (Fig. 1). 

	

Samples A were subjected to laboratory analyses immediately after collection (approx. 54 h post mortem), and 
samples A1 were vacuum-packaged and frozen on arrival at the laboratory. Samples B-B1 were vacuum-packaged 
and stored for 14 days in the refrigerator; next, all samples were unpackaged, samples B were subjected to analy-
ses and samples B1 were vacuum-packaged and frozen. Samples C-C1 were packaged under MA composed of 40% 
CO2 + 60% N2, and were stored for 14 days in the refrigerator; next, all samples were unpackaged, samples C were 
subjected to analyses and samples C1 were vacuum-packaged and frozen. Samples D-D1 were packaged under MA 
composed of 30% CO2 + 70% Ar, and were stored for 14 days in the refrigerator; next, all samples were unpack-
aged, samples D were subjected to analyses and samples D1 were vacuum-packaged and frozen. 

Meat samples were packaged in bags made of ethylene-vinyl alcohol (EVOH) copolymer with enhanced gas barri-
er performance, with the use of the PP15 (MGO) Tepro Vacu Tronic 2000 vacuum packaging machine (Tepro S.A.). 
Before freezing, samples B, C and D were stored in a Freon refrigerating chamber without forced air-flow at a tem-
perature of 2°C for 14 days. Relative air humidity in the chamber was 50%.

Samples A1 (immediately after collection), and samples B1, C1 and D1 (after 14 days of refrigerated MA storage) 
were vacuum-packaged and frozen at –26 °C (quick freezing, 5–20 cm h-1), and were stored at this temperature 
for 6 months. The samples were frozen and freezer-stored in a Freon freezing chamber with a digital tempera-
ture control system. At the end of the freezer-storage period, meat samples were thawed in the air at a tempera-
ture of 2 °C, in a refrigerating chamber with air flow control, until the temperature at the geometric center of the 
sample reached 4 ± 2 °C. The time of freezing and thawing was comparable. Thawed samples were analyzed to 
determine their quality attributes.

Analytical procedures
Samples intended for analyses of pH and water-holding capacity (forced drip) were passed three times through a 
3 mm plate in a meat grinder, and were thoroughly mixed. Weight loss after refrigerated and frozen storage was 
determined based on the difference in weight before and after storage. The results were expressed as a percent-
age relative to initial weight. Drip loss and cooking loss were determined as described by Honikel (1998). The wa-
ter-holding capacity of meat (forced drip) was determined by the method proposed by Grau and Hamm (van Oeckel 
et al. 1999). The pH of each sample was measured in the water homogenates of meat (10 g of meat was homog-
enized with 10 ml of distilled water using an IKA Ultra Turrax® T25 digital homogenizer at around 1/4 speed with 
3 × 5 s bursts), using a combination Polilyte Lab electrode (Hamilton) and an inoLab Level2 pH-meter equipped 
with a TFK 325 temperature sensor (WTW).

Fig. 1. Division of musculus longissimus lumborum into samples intended for refrigerated and frozen storage
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The extent of lipid oxidation was estimated based on TBARS values (Pikul et al. 1989). Absorbance was measured 
with the Specord® 40 spectrophotometer (Analytik Jena AG, Jena, Germany) at a wavelength of 532 nm, and TBARS 
values were expressed in mg of malondialdehyde (MDA) per kg of meat. 

Meat color was determined based on the values of CIELAB coordinates, L* (lightness), a* (redness), b*(yellowness), 
C* (chroma) and h° (hue angle) (CIE 1978). Color space parameters L*, a* and b* were measured three times by 
the reflectance method using a HunterLab MiniScan XE Plus spectrocolorimeter (Hunter Associates Laboratory 
Inc., Reston, VA, USA) with standard illuminant D65, a 10 standard observer angle and a 2.54-cm-diameter aper-
ture, at different points over the muscle cross-section area. The apparatus was standardized using black and white 
standard plates. The values of C* were calculated from the following formula: C* = (a*2 + b*2)1/2. The values of h° 
were calculated from the following formula: h° = tan-1(b ÷ a). 

The sensory properties of cooked meat (Baryłko-Pikielna et al. 1964) were evaluated by five trained panelists, 
previously selected for their flavor and texture sensitivity (ISO 2012). Prior to sample evaluation, the panelists 
participated in orientation sessions to familiarize themselves with the sensory properties of cooked beef. Meat 
was cooked in a 0.6% NaCl solution (meat to solution weight ratio of 1:2) at 96 ± 2 °C. The ultimate temperature 
inside the sample was 80 °C. Approximately 1 cm3 cubes of meat were cut from the middle of each cooked sam-
ple and wrapped in aluminum foil. Coded meat samples were presented to the panelists under fluorescent light, 
at room temperature. The samples were presented individually. Distilled water was made available to the pan-
elists for mouth cleansing between samples. All sensory attributes (aroma, taste, juiciness and tenderness) of 
each sample were evaluated during a single session. A maximum of five meat samples were assessed per session 
(Daszkiewicz et al. 2015). Numerical scaling (5-point-scale) was used to express the intensity and desirability of 
traits (Daszkiewicz et al. 2012).

The shear force of meat was determined using a Warner-Bratzler head (500 N, speed 100 mm min-1.) attached to 
an Instron universal testing machine (model 5542). Meat samples were prepared and shear force was measured 
as described by Honikel (1998).

Statistical analyses
STATISTICA software, version 12.0 (StatSoft, Inc., 2012) was used for statistical analysis. The data were processed 
by one-way ANOVA. Duncan’s test was applied to estimate the significance of differences (p≤0.05 and p≤0.01) in 
meat quality parameters between meat samples.

Results
Weight loss and water-holding capacity of meat

Refrigerated MA storage for 14 days had no significant (p>0.05) effect on weight loss in the analyzed meat samples 
(B, C, D) (Table 1). Weight loss was greater (p≤0.05) in meat samples frozen without prior refrigerated storage (A1) 

than in those frozen after storage in MA composed of 40% CO2 + 60% N2 (C
1). Weight loss was smaller (p≤0.01) in 

meat samples frozen after storage in MA containing Ar (D1) than in those frozen without prior refrigerated stor-
age (A1) and vacuum-packaged before freezing (B1). Greater (p≤0.01) weight loss was observed in meat samples 
stored in the refrigerator (C and D) than in those stored in the freezer (C1 and D1). 

Meat samples that were not subjected to refrigerated MA storage (A) were characterized by greater (p≤0.01) drip 
loss than the remaining samples (B, C, D) (Table 1). Drip loss was greater (p≤0.01) in meat samples frozen imme-
diately (A1) than in those frozen after MA storage (B1, C1, D1). Average drip loss values before freezing (A, B, C, D) 
were lower (p≤0.01) than those noted in the same groups (A1, B1, C1, D1) after frozen storage. 

Fresh meat samples (A) were characterized by smaller (p≤0.01) cooking loss than samples stored for 14 days in 
MA composed of 40% CO2 + 60% N2 (C) (Table 1). No significant (p>0.05) differences in cooking loss were found 
between samples evaluated after frozen storage. Greater (p≤0.01) cooking loss was observed in samples stored 
under different MA conditions (B, C, D) compared with those stored in the freezer (B1, C1, D1). 

Storage under various MA conditions had no significant (p>0.05) influence on the water-holding capacity of meat 
determined by the Grau and Hamm method (Table 1). Greater drip loss was noted in meat samples frozen imme-
diately (A1) than in those frozen after 14 days of storage in vacuum packages (B1) (p≤0.01) and in MA composed of 
40% CO2 + 60% N2 (C

1) (p≤0.05). The average water-holding capacity of meat before freezing (A, B, C, D) was not 
significantly (p>0.05) different from the values noted after frozen storage (A1, B1, C1, D1).
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pH of meat

No significant (p>0.05) differences in the average pH values of meat were found between groups (A, B, C, D) be-
fore freezing (Table 2). The average pH of meat samples frozen without prior MA storage (A1) was lower (p≤0.05) 
compared with that noted in the remaining groups (B1, C1, D1). No significant (p>0.05) differences in the average 
pH values of meat were observed between the corresponding groups evaluated before freezing (A, B, C, D) and 
after frozen storage (A1, B1, C1, D1).

Lipid oxidation (TBARS value)
TBARS values were lower (p≤0.01) in meat samples evaluated post mortem (A) than in those stored under MA (B, 
C, D) (Table 2). In comparison with meat samples frozen after 14 days of storage in MA composed of 40% CO2 + 
60% (C1), samples frozen immediately (A1) (p≤0.01) and those stored in vacuum packages (B1) (p≤0.01) and in MA 
containing Ar (D1) (p≤0.05) had lower TBARS levels. Meat samples evaluated after refrigerated storage under MA 
(B, C, D) had higher (p≤0.01) TBARS values than those analyzed after frozen storage (B1, C1, D1).

Table 1. Weight loss and water-holding capacity of meat

Beef processing

Specification Time of laboratory analyses Non-cold stored 
beef

Vacuum-
packaged beef 
stored in the 

refrigerator for 
14 days

Beef stored in 
the refrigerator 
for 14 days in 
MA composed 
of 40% CO2 + 

60% N2

Beef stored in 
the refrigerator 
for 14 days in 
MA composed 
of 30% CO2 + 

70% Ar

A B C D

A1 B1 C1 D1

Weight loss, %
before freezing – 2.18 ± 0.26 2.60 X ± 0.29 2.46 X ± 0.33

after frozen storage 2.30 Aa ± 0.25 1.95 B ± 0.27 1.63 a X ± 0.12 1.13 AB X ± 0.12

Drip loss, %
before freezing 2.71 ABC X ± 0.48 0.84 A X ± 0.07 0.86 B X ± 0.11 0.98 C X ± 0.13

after frozen storage 9.47 ABC X ± 1.24 3.76 A X ± 0.86 4.36 B X ± 0.80 5.61 C X ± 0.78

Cooking loss, %
before freezing 34.81 A ± 0.88 36.41 X ± 0.63 37.10 A X ± 0.68 36.81 X ± 0.53

after frozen storage 34.78 ± 0.67 33.27 X ± 0.63 32,79  X ± 0,78 33.70 X ± 0.52

Water-holding capacity before freezing 6.24 ± 0.31 5.83 ± 0.30 5.81 ± 0.41 5.74 ± 0.21

Grau and Hamm method, 
cm2 after frozen storage 6.73 Aa ± 0.26 5.13 A ± 0.31 5.36 a ± 0.26 5.90 ± 0.57

Values are reported as means ± SEM; Values in the same row with the same letters are significantly different: a (p ≤ 0.05); A, B, C (p ≤ 0.01); 
Values in the same column with the same letters are significantly different: X (p ≤ 0.01)

Values are reported as means ± SEM; Values in the same row with the same letters are significantly different: a, b, c (p ≤ 0.05); A, B, C (p ≤ 
0.01); Values in the same column with the same letters are significantly different: X (p ≤ 0.01)

Table 2. pH of meat and TBARS values

Beef processing

Specification Time of laboratory 
analyses

Non-cold stored 
beef

Vacuum-packaged 
beef stored in the 
refrigerator for 14 

days

Beef stored in 
the refrigerator 

for 14 days in MA 
composed of 40% 

CO2 + 60% N2

Beef stored in 
the refrigerator 
for 14 days in 
MA composed 
of 30% CO2 + 

70% Ar

A B C D

A1 B1 C1 D1

pH of meat
before freezing 5.53 ± 0.02 5.55 ± 0.01 5.53 ± 0.01 5.54 ± 0.02

after frozen storage 5.49 abc ± 0.01 5.54 a ± 0.01 5.55 b ± 0.02 5.54 c ± 0.01

TBARS before freezing 0.72 ABC ± 0.08 1.27 A X ± 0.11 1.63 B X  ± 0.09 1.55 C X ± 0.19

mg malondialdehyde 
kg-1 after frozen storage 0.47 A ± 0.01 0.45 B X ± 0.04 0.65 ABa X ± 0.06 0.52 a X ± 0.03
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Color parameters of meat

Beef handling before freezing had no significant effect on the color lightness (L*) of samples (A, B, C, D) (Table 3). 
Meat samples frozen immediately (A1) were darker in color (p≤0.05) than those frozen after storage in vacuum 
packages (B1). No significant (p>0.05) differences in average L* values were found between the corresponding 
groups evaluated before freezing (A, B, C, D) and after frozen storage (A1, B1, C1, D1).

Meat samples that were not stored before freezing (A) were characterized by a lower (p≤0.01) contribution of red-
ness (a*) than those stored under MA (B, C, D) (Table 1). Samples that were frozen immediately (A1) had a higher 
contribution of redness (a*) (p≤0.01) than those frozen after 14 days of storage in MA (B1, C1, D1). In all analyzed 
groups, higher (p≤0.01) a* values were noted before freezing (A, B, C, D) than after frozen storage (A1, B1, C1, D1).

Average b* values were lower (p≤0.01) in fresh meat before freezing (A) than in meat stored in the refrigerator in 
vacuum packages (B) and in MA packages containing 40% CO2 + 60% N2 (C) and Ar (D) (p≤0.05) (Table 3). No sig-
nificant (p>0.05) differences in the contribution of yellowness (b*) were found between meat samples evaluated 
after storage in the freezer. Similarly to parameter a*, meat samples analyzed before freezing (A, B, C, D) had a 
higher contribution of yellowness (p≤0.01) than those evaluated after frozen storage (A1, B1, C1, D1). 

Chroma (C*) values were lower (p>0.05) in fresh beef (A) than in samples stored under MA (B, C, D) (Table 3). 
Color saturation was higher (p≤0.01) in meat frozen immediately (A1) than in meat frozen after storage under MA 
(B1, C1, D1). The values of parameter C* were higher (p≤0.01) before freezing (samples A, B, C, D) than after stor-
age in the freezer (samples A1, B1, C1, D1).

No significant (p>0.05) differences in hue angle (h°) values were observed between meat samples before freez-
ing (Table 3). Beef frozen without prior refrigerated storage (A1) had lower (p≤0.01) h° values than the remaining 
samples (B1, C1 and D1). Average hue angle (h°) values were lower (p≤0.01) in meat frozen immediately (A1) than 
in fresh meat (A). in the remaining groups, h° values were higher in meat samples stored in the freezer (B1, C1 and 
D1) than in those stored in the refrigerator (B, C and D).

Sensory properties and shear force values

No significant (p>0.05) differences in the aroma intensity of beef were observed before freezing (Table 4). Meat 
samples frozen immediately (A1) received lower (p≤0.05) scores for aroma than those frozen after storage in vac-
uum packages (B1) and under MA composed of 40% CO2 + 60% N2 (C

1). Fresh meat (A) scored higher (p≤0.01) for 
aroma intensity than freezer-stored meat (A1).

Values are reported as means ± SEM; Values in the same row with the same letters are significantly different: a, c (p ≤ 0.05); A, B, C (p ≤ 0.01); 
Values in the same column with the same letters are significantly different: x (p ≤ 0.05); X (p ≤ 0.01)

Table 3. Meat color parameters

Beef processing

Specification Time of laboratory 
analyses

Non-cold stored 
beef

Vacuum-packaged 
beef stored in the 
refrigerator for 14 

days

Beef stored in the 
refrigerator for 14 days  

in MA composed of 
40% CO2 + 60% N2

Beef stored in 
the  refrigerator 

for 14 days  in MA 
composed of 30% 

CO2 + 70% Ar

A B C D

A1 B1 C1 D1

L* lightness
before freezing 35.36 ± 1.08 36.16 ± 1.61 35.27 ± 1.40 36.59 ± 1.79

after frozen storage 36.59 a ± 0.89 40.27 a ± 1.30 38.40 ± 1.24 39.40 ± 0.89

a* redness
before freezing 19.26 ABC X ± 0.74 23.77 A X ± 0.38 23.33 B X ± 0.41 22.21 C X ± 0.56

after frozen storage 13.29 ABC X ± 0.50 10.06 A X ± 0.54 9.93 B X ± 0.54 10.01 C X ± 0.47

b* yellowness
before freezing 20.99 ABc X ± 1.03 24.39 A X ± 0.19 24.12 B X ± 0.24 23.14 c X ± 0.37

after frozen storage 11.83 X ± 0.32 12.16 X ± 0.36 11.44 X ± 0.21 12.34 X ± 0.31

C* chroma
before freezing 28.73 ABC X ± 1.04 34.06 A X ± 0.40 33.57 B X ± 0.44 32.98 C X ± 0.90

after frozen storage 17.83 ABC X ± 0.49 15.84 A X ± 0.48 15.19 B X ± 0.41 15.94 C X ± 0.38

h° hue angle
before freezing 46.82 X ± 1.02 45.77 X ± 0.28 45.98 x ± 0.29 46.22 X ± 0.32

after frozen storage 41.79 ABC X ± 1.13 50.61 A X ± 1.58 49.41 B x ± 1.51 51.07 C X ± 1.53
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Storage under different MA conditions and in the freezer had no significant (p>0.05) influence on the aroma de-
sirability of beef (Table 4). Fresh meat (A) (p≤0.01) and meat stored in vacuum packages (B) (p≤0.01) and in MA 
containing Ar (D) (p≤0.05) scored higher for aroma desirability than the respective samples evaluated after fro-
zen storage (A1, B1, D1). 

Neither beef handling before freezing nor storage in the freezer exerted significant (p>0.05) effects on taste in-
tensity (Table 4). Storage under MA had no influence (p>0.05) on taste desirability. After frozen storage, higher 
(p≤0.05) flavor desirability was noted in meat samples that were stored in MA composed of 30% CO2 + 70% Ar 
before freezing (D1) compared with those stored in vacuum packages (B1). Meat samples were characterized by 
higher (p≤0.01) taste desirability before freezing (A, B, C) than after frozen storage (A1, B1, C1). 

An analysis of variance revealed that storage under different MA conditions and frozen storage exerted no signifi-
cant (p>0.05) effects on beef juiciness (Table 5). 

Fresh beef evaluated before freezing (samples A) was less (p≤0.05) tender than beef stored in MA composed of 
40% CO2 + 60 % N2 (C) (Table 5). Meat samples frozen immediately (A1) were less tender (p≤0.05) than those fro-
zen after storage in MA composed of 30% CO2 + 70 % Ar (D1). No significant (p>0.05) differences in average ten-
derness values were found between meat samples within the same groups before (A, B, C, D) and after (A1, B1, 
C1, D1) frozen storage. 

Values are reported as means ± SEM; Values in the same row with the same letters are significantly different: a, b (p ≤ 0.05); Values in the same 
column with the same letters are significantly different: x (p ≤ 0.05); X (p ≤ 0.01)

Table 4. Aroma and taste of meat

Beef processing

Specification Time of laboratory 
analyses

Non-cold 
stored beef

Vacuum-packaged 
beef stored in the 
refrigerator for 14 

days

Beef stored in 
the refrigerator 

for 14 days in MA 
composed of 40% 

CO2 + 60% N2

Beef stored in 
the refrigerator 
for 14 days in 
MA composed 
of 30% CO2 + 

70% Ar

A B C D

A1 B1 C1 D1

Aroma intensity, points
before freezing 4.75 X ± 0.08 4.75 ± 0.08 4.80 ± 0.08 4.65 ± 0.08

after frozen storage 4.30 ab X ± 0.08 4.60 a ± 0.07 4.65 b ± 0.13 4.50 ± 0.11

Aroma desirability, points
before freezing 4.80 X ± 0.08 4.80 X ± 0.11 4.80 ± 0.11 4.95 x ± 0.05

after frozen storage 4.30 X ± 0.11 4.30 X ± 0.15 4.55 ± 0.12 4.60 x ± 0.12

Taste intensity, points
before freezing 4.75 ± 0.08 4.70 ± 0.11 4.70 ± 0.08 4.85 ± 0.08

after frozen storage 4.50 ± 0.11 4.45 ± 0.12 4.40 ± 0.15 4.65 ± 0.11

Taste desirability, points
before freezing 4.85 X ± 0.08 4.85 X ± 0.08 4.90 X ± 0.07 4.85 ± 0.08

after frozen storage 4.45 X ± 0.12 4.35 a X ± 0.11 4.40 X ± 0.12 4.70 a ± 0.08

Values are reported as means ± SEM; Values in the same row with the same letters are significantly different: a (p ≤ 0.05); A, B, C (p ≤ 0.01); 
Values in the same column with the same letters are significantly different: X (p ≤ 0.01)

Table 5. Juiciness, tenderness and shear force values of meat 

Beef processing

Specification Time of laboratory 
analyses

Non-cold stored 
beef

Vacuum-packaged 
beef stored in the 

refrigerator for 14 days

Beef stored in 
the refrigerator 

for 14 days in MA 
composed of 40% 

CO2 + 60% N2

Beef stored in 
the refrigerator 

for 14 days in MA 
composed of 30% 

CO2 + 70% Ar

A B C D

A1 B1 C1 D1

Juiciness, points
before freezing 4.40 ± 0.07 4.60 ± 0.10 4.65 ± 0.11 4.65 ± 0.11

after frozen storage 4.50 ± 0.11 4.40 ± 0.10 4.45 ± 0.16 4.70 ± 0.11

Tenderness, points
before freezing 3.85 a ± 0.21 4.35 ± 0.18 4.50 a ± 0.17 4.30 ± 0.19

after frozen storage 4.25 a ± 0.11 4.50 ± 0.11 4.45 ± 0.16 4.75 a ± 0.11

Shear force, N
before freezing 33.68 ± 2.86 30.15 X ± 2.00 32.75 X ± 2.73 31.38 ± 2.99

after frozen storage 39.36 ABC ± 3.11 18.01 A X ± 1.40 21.70 B X ± 1.41 24.34 C ± 2.75
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An analysis of variance revealed no significant (p>0.05) differences in the average values of shear force (N) of beef 
before freezing (A, B, C, D) (Table 5). Meat frozen immediately (A1) had higher (p≤0.01) shear force values than 
the remaining samples (B1, C1, D1). Meat samples evaluated after refrigerated storage (B, C) were characterized 
by higher (p≤0.01) shear force values than those analyzed after frozen storage (B1, C1).

Discussion
Weight loss and water-holding capacity of meat

Weight loss observed in meat during refrigerated and frozen storage results from the drying of the surface layer 
of meat due to evaporation and drip loss (Payne et al. 1998, Bustabad 1999). The results of studies investigating 
the effect of MA composition on weight loss and drip loss in stored meat are inconclusive. Clausen et al. (2009) 
observed no clear correlation between weight loss and MA composition, which is consistent with our findings. 
Lindahl et al. (2010) and Sekar et al. (2006) reported lower drip loss in beef packaged under MA composed of 
80% O2 + 20% CO2 than in vacuum-packaged beef. According to Zakrys-Waliwander et al. (2012), meat storage in 
MA with high O2 content contributes to greater drip loss, which is associated with increased susceptibility of pro-
teins to oxidation.

A break in the integrity of the cell membrane and decreased water retention by myofilaments during meat stor-
age in the freezer may lead to a significant increase in weight loss and thawing drip loss, which can induce changes 
in the quality of frozen meat. In the present study, weight loss after frozen storage was low, also when compared 
with that observed after refrigerated MA storage. However, drip loss leading to weight loss could have taken place 
after storage. This is confirmed by the high average values of weight loss in beef frozen immediately, without pri-
or storage. Domaradzki et al. (2011) found that 30-day frozen storage had no significant effect on cooking loss 
in the bovine LL muscle. In a study by Vieira et al. (2009), frozen storage for 30, 75 and 90 days had no influence 
on weight loss in the longissimus thoracis muscle, whereas cooking loss increased significantly (p≤0.01). In the 
current experiment, only drip loss was greater in meat stored in the freezer than in the refrigerator. Weight loss, 
cooking loss and the water-holding capacity of meat (Grau and Hamm method) were comparable before freezing 
and after frozen storage, which points to the high quality of beef and suggests that the parameters of the freez-
ing process and storage conditions were adequate.

pH of meat
During cold storage under MA, the pH of meat may be affected by CO2 present in the package. The water-solubility 
of CO2 increases with a decrease in temperature. In meat stored in MA, part of CO2 dissolves in water (meat juice) 
to form carbonic acid H2CO3 which undergoes dissociation, thus decreasing the pH of meat (Jacobsen and Ber-
telsen 2002, Sørheim et al. 2004). However, according to Vergara and Gallego (2001), and Sørheim et al. (2004), 
the effect exerted by CO2 on the pH of meat varies depending on CO2 concentration in MA. In the present study, 
no significant differences in the pH of meat were observed between samples stored under MA containing 30 and 
40% CO2. This could be due to the fact that both concentrations of CO2 and the difference between them were 
too low to significantly affect the pH of beef. 

The optimal ultimate pH of beef should range from 5.4 to 5.8 (Page et al. 2001, Viljoen et al. 2002). In the cur-
rent experiment, the pH of all samples was normal, which points to the high quality of beef analyzed after fro-
zen storage. The pH of frozen samples did not change relative to fresh meat and meat stored in the refrigerator. 
This indicates that fresh beef was characterized by high quality, and that the parameters of the freezing process 
and frozen storage were set appropriately. Domaradzki et al. (2011) and Pietrasik and Janz (2009) also found that 
freezing and frozen storage had no effect on the pH of beef.

Lipid oxidation
Lipid oxidation can lead to a significant deterioration in the quality of meat, or even spoilage. The adverse chang-
es resulting from lipid oxidation can be prevented by maintaining adequate storage conditions (Lavieri and Wil-
liams 2014, Mancini and Ramanathan 2014, Rogers et al. 2014), i.e. low temperature and proper packaging, to 
limit enzyme activity. 

A decrease in the oxidative stability of lipids in meat stored in MA with high O2 content has been reported by many authors 
(Imazaki et al. 2012, Murphy et al. 2013, Rogers et al. 2014). Oxidative changes in meat are also affected by cattle breed. 
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Imazaki et al. (2013) found that the extent of lipid oxidation was lesser in meat from BB cattle than in meat from 
Limousin cattle. According to Wood et al. (2004), red muscle fibers are more susceptible to lipid oxidation because 
they have a higher content of iron and unsaturated phospholipids than white muscle fibers (which predominate 
in BB cattle).

Frozen storage can more effectively inhibit adverse oxidative changes in meat lipids than refrigerated storage. Vieira 
et al. (2009) found no significant changes in TBARS values in vacuum-packaged beef that was stored in the freezer 
for 30 and 75 days. Only beef stored for 3 months was characterized by higher (p≤0.05) TBARS values than fresh 
meat. In the present study, a decrease in the oxidative stability of lipids (an increase in TBARS values) was noted 
in beef packaged under MA without O2, and stored in the refrigerator. Frozen storage contributed to a decrease in 
TBARS values. The smallest oxidative changes were observed in vacuum-packaged meat. Our results are difficult to 
compare with the findings of other authors due to the use of different TBARS assay methods, different slaughter 
conditions and post-slaughter handling (time of carcass chilling), which could lead to differences in TBARS values. 

Color parameters of meat
The color of meat surface and subsurface layers changes during storage. The optimization of storage parameters 
in view of meat type and muscle type is required to preserve a desirable and stable color of meat (Mancini et al. 
2005, Vieira et al. 2009, Esmer et al. 2011, Lindahl 2011). Meat color is determined by the composition and concen-
tration of muscle pigments. In the current study, the changes in beef color were a natural consequence of changes 
in muscle pigments. During storage, meat color is largely determined by chemical transformations of myoglobin, 
the primary pigment of muscle tissues (Mancini and Hunt 2005, Mancini et al. 2008). The rate of those changes 
and, consequently, meat color, are affected by the concentrations of hydrogen ions (pH), O2 availability, tempera-
ture, access to light, tissue structure, the activity of reducing enzymes, and lipid oxidation (Mancini et al. 2011, 
Nassu et al. 2012, Pastsart et al. 2013). Esmer et al. (2011), Lindahl (2011), Ramanathan et al. (2011), Imazaki et 
al. (2012), Resconi et al. (2012) and Rogers et al. (2014) pointed to an adverse effect of MA containing O2 on the 
process of meat color development. In the cited studies, the process of metmyoglobin formation was reflected in 
a decrease in the value of parameter a* and a simultaneous increase in the value of parameter h°. In meat sam-
ples stored under “anaerobic” conditions, an increase was noted in the contribution of redness and yellowness, 
and color saturation. In our study, the contribution of redness and yellowness, and color saturation also increased 
in meat samples stored in the refrigerator, relative to those evaluated before storage. In frozen beef, the changes 
in muscle pigments led to a decrease in yellowness, redness and color saturation, and an increase in hue angle, 
compared with meat samples analyzed before freezing (after storage in the refrigerator). Such relationships were 
also observed by Vieira et al. (2009) in the longissimus thoracis muscle after 90 days of frozen storage. The chang-
es in meat color parameters, noted in the present and other studies, point to metmyoglobin formation in frozen 
meat. Jeong et al. (2011) also found that frozen/thawed meat was characterized by a lower contribution of red-
ness and yellowness, lower oxymyoglobin content, and higher metmyoglobin content.

Sensory properties and shear force values
The rate and extent of changes in the sensory quality of meat are determined by meat handling before packag-
ing, the composition of gas mixture in MA packaging, and the time and method of meat storage (Brewer and No-
vakofski 2008, Zakrys et al. 2009, Zhou et al. 2010, Resconi et al. 2012, Vitale et al. 2014). Changes in the sensory 
properties of meat are observed even under optimal storage conditions, mostly due to lipid oxidation (Lagerstedt 
et al. 2007, Warren et al. 2008, Zakrys et al. 2008) and protein transformations (Lund et al. 2007, Iwanowska et 
al. 2010, Kim et al. 2010a). 

Clausen et al. (2009) demonstrated that the warmed-over flavor (WOF) developed more frequently (p≤0.001) in 
samples of the bovine LD muscle stored under MA containing O2 than in those stored in vacuum packaging and 
air. According to the cited authors, Jayasingh et al. (2002) and Resconi et al. (2012), the development of WOF is 
correlated with high average TBARS values. In the present study, the deterioration in the flavor of beef stored in 
the freezer, compared with meat samples stored in the refrigerator for 14 days, was not related to the oxidation 
of fatty acids because TBARS values were low. However, it should be stressed that frozen meat scored more than 
4 points for aroma and taste (on a 5-point scale).

The results of studies investigating the effect of frozen storage on beef texture are ambiguous. According to Shanks 
et al. (2002), frozen storage improves beef tenderness, which is particularly important in meat that is not sub-
jected to the aging process. Domaradzki et al. (2011) reported that frozen storage caused a significant (p≤0.01) 
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decrease in shear force values, compared with non-frozen meat. In our study, frozen storage also had a beneficial 
influence on beef tenderness, which was reflected by a decrease in shear force values. In contrast, Litwińczuk et 
al. (2005) demonstrated that beef stored in the freezer for 60 days was characterized by higher shear force values 
than meat stored in the refrigerator. Kołczak et al. (2005) did not observe significant changes in the texture of fro-
zen/thawed beef, but noted a decrease in its tenderness (an increase in shear force values) relative to fresh meat. 

Conclusions

Both refrigerator and freezer storage of meat frozen after 14 days of MA storage affected weight loss and the 
WHC of meat. Weight loss and cooking loss were smaller, and drip loss was greater after frozen storage compared 
with refrigerated storage. The pH of meat stored in the refrigerator and freezer was typical of high-quality beef. 
TBARS values increased (the oxidative stability of lipids decreased) after MA storage and decreased after frozen 
storage. Differences in the contribution of redness (a*) and yellowness (b*) in the analyzed meat samples led to 
differences in the average values of chroma (C*) and hue angle (h°). The changes in color parameters point to 
metmyoglobin formation in frozen meat. The aroma and taste of beef deteriorated after frozen storage. Both re-
frigerator and freezer storage had a beneficial influence on tenderness, and shear force values decreased in fro-
zen beef. The composition of MA during refrigerated storage had no effect on the analyzed parameters of beef. 
Frozen meat that was stored in a MA containing Ar prior to freezing was characterized by the lowest weight loss, 
and vacuum-packaged meat - by the lowest TBARS values.
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