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This study aimed to address the effects of frozen storage temperature and duration on the changes in physicochemical properties
of beef myofibrillar protein. The beef was stored at —1, -6, -9, —12, and —18°C for 28, 84, 126, 168, and 168 days, respectively. The
myofibrillar protein of beef samples denatured gradually with the extention of storage period. Regarding the samples stored at
temperature range of —12~-1°C, higher storage temperature resulted in more severe denaturation (the myofibrillar protein
exhibited lower sulfhydryl content, Ca®*-ATPase activity, ionic bonds, hydrogen bonds, and higher surface hydrophobicity).
Particularly, difference in —12 and —18°C did not yield significant effects upon the protein properties throughout 168-day storage
(P >0.05). These results indicated that lowering freezing temperature may not minimize myofibrillar protein denaturation in a

limited storage duration, which was also confirmed by the quality properties of beef.

1. Introduction

Beef, containing abundant protein and nutrients, is an
excellent food source for human health. Frozen storage has
been applied for many years to maintain beef safety and
quality. In this regard, freezing temperature is one of the
most important factors for extending the shelf-life of highly
perishable food such as fresh meat [1]. Superchilling
storage (1~2°C below the initial freezing point of products)
was also used for beef preservation [2]. This method re-
quires strict temperature control, whereas it is difficult to
maintain a stable temperature in the meat-processing in-
dustry. Conventional freezing storage (-18°C) is widely
used for long-term beef preservation [3]. However, it
consumes a lot of energy during storage and temperature
abuse occurs frequently. Hence, it is essential choosing a
suitable storage temperature for beef to meet the current
demands in the meat-processing industry. Compared to the

aforementioned storage temperatures, there is rather
limited information on the effects of temperature range of
—3~-18°C on meat freezing preservation.

Meat contains approximately 17~20% proteins and
65~75% water [4]. Consequently, the interaction between
proteins and water plays an important role in maintaining the
muscle structure. Muscle proteins mainly consist of myofi-
brillar protein, sarcoplasmic protein, and muscle matrix pro-
tein [5]. Myofibrillar protein accounts for 50~55% of the
muscle proteins, which has a significant effect on the ap-
pearance, sensory, tenderness, and water-holding capacity of
meat [6-8]. On account of the ice crystal formation and
volume expansion, long-term frozen storage could trigger a
series of changes to myofibrillar protein [9], such as surface
hydrophobicity, Ca®*-ATPase activity, sulthydryl content, and
others [10-12]. However, there is a paucity of understanding
on the effects of storage temperature and duration on the
changes in physicochemical properties of myofibrillar protein.
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In the present study, the effects of storage temperature
and duration on myofibrillar protein denaturation of beef
were mainly investigated. Sulthydryl content, Ca**-ATPase
activity, ionic bonds, hydrogen bonds, and surface hydro-
phobicity of beef myofibrillar protein were determined
during storage at -1, —6, -9, —12, and —18°C. Moreover, in
the end of each storage period, the conformation and
physicochemical properties of myofibrillar protein were
assessed by using differential scanning calorimetry and
Fourier transformation infrared spectrum methods.

2. Materials and Methods

2.1. Materials. Bovine longissimus dorsi muscles were ob-
tained from 2-year-old bulls weighing 400+5kg (Sim-
mental x Mongolian cattle, Mengdu Meat Co. Ltd., Inner
Mongolia, China). The initial values of muscle pH
(5.56 +0.01), lightness (42.1 +1.2), redness (26.5+0.6), and
yellowness (15.1+0.7) of meat samples were determined.
After removing the visible connective tissue and external fat,
30 beef longissimus dorsi muscles were cut (perpendicular to
the fibre direction) into 50 mm % 30 mm * 30 mm pieces
(50+£0.5g) and divided into five equal portions (n =150, in
total) and then assigned randomly into five groups (stored at
-1, -6, -9, —12, and —18°C). Beef samples were vacuum
packaged and allocated to six freezers with temperatures
monitored. Based on our previous study [13], considering
the shelf-life of beef samples, the present experimental
durations for samples stored at -1, —6, -9, —12, and —-18°C
were set to 28, 84, 126, 168, and 168 days, respectively. The
refrigeration conditions were stable, and each sample was
held at the set temperature throughout whole storage.

2.2. Myofibrillar Protein Extraction. Frozen beef samples
were thawed at 4°C overnight. Myofibrillar protein (MP) was
extracted according to the method described by Li et al. [14].
Thawed beef samples (10 g) were homogenized for 30 s with
40mL ice-cold 20mM phosphate buffer (pH 7.0) in a
blender (7012G, Waring, USA). After centrifuging (2,000x g,
4°C, 15min) and discarding the supernatant, the myofibril
pellet was washed twice with 40 mL phosphate buffer and
centrifuged under the same conditions. After that, the
myofibril pellet was washed two more times by 40 mL 0.1 M
NaCl and centrifuged using the same conditions. The pu-
rified MP isolate was collected and stored in a tightly capped
bottle (in 4°C refrigerator) and utilized within 48 h. Protein
concentration of the purified MP isolate was measured by
the biuret method using bovine serum albumin (Sigma
Chemical Co., St. Louis, MO) as standard. For each treat-
ment group, three MP samples from three steaks were used
to conduct the following tests.

2.3. Sulfhydryl Content. The measurement of sulthydryl
content was performed as described by Li et al. [14]. An
aliquot of the 1.0 mL MP sample (2.0 mg/mL) was added to
1.0 mL Tris-HCl buffer (6 M guanidine hydrochloride, 1 mM
EDTA, pH 8.3). After incubation (25°C for 30 min) with
10 uL 5, 5'-dithiobis (2-nitrobenzoic acid) (DTNB) reagent
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(10mM DTNB in 100 mM Tris-HCI buffer, pH 7.6), the
solution was measured at the absorbance of 412 nm. Sample
blanks without DTNB were prepared. The value of sulthy-
dryl content (nmol/mg protein) was calculated by using a

molar absorption of 13,600 M ™" cm™.

2.4. Carbonyl Content. Carbonyl content of MP samples was
determined as described by Park et al. [15]. An aliquot of
0.1 mL MP solution (2.0 mg/mL) was incubated with 0.5 mL
10 mM 2,4-dinitrophenylhydrazine (DNPH) in 2.0 M HCl at
25°C for 40 min. The control sample was incubated with
0.5mL 2.0 M HCI at 25°C for 40 min. After the incubation,
0.5mL trichloroacetic acid (20%) was added to the aliquot
and centrifuged at 11,000x g for 10min at 4°C. The pre-
cipitate was washed three times with 1.0 mL ethanol: ethyl
acetate (1:1, V/V) mixture to remove unreacted DNPH. After
that, the precipitate was blow-dried and incubated with
1.0 mL guanidine hydrochloride (6.0 M) at 37°C for 30 min.
The solution was measured at the absorbance of 370 nm. The
value of carbonyl content (nmol/mg protein) was calculated
by using a molar absorption of 22,000M ' cm ™.

2.5. Ca®*-ATPase Activity. Ca**-ATPase activity was mea-
sured according to the method of Pan et al. [16] with slight
modifications. The blank was conducted by replacing the MP
solution with 0.6 M NaCl. The results were expressed as
umol/mg protein/h.

2.6. Surface Hydrophobicity. Surface hydrophobicity of MP
samples was measured as described by Chelh et al. [17].
2.0mL of MP solution (2.0 mg/mL) was reacted with 40 yL
1.0 mg/mL bromophenol blue (BPB) (pH 6.0) at 25 °C for
15 min and then centrifuged (4,000 x g, 4°C) for 15 min. The
control was prepared by adding 40 uL 1.0 mg/mL BPB to
2.0 mL 20 mM phosphate buffer (pH 7.0). The solution was
measured at the absorbance of 595 nm against a phosphate
buffer blank. The amount of bound BPB, expressed as the
difference between total and free BPB, acts as an indicator of
protein surface hydrophobicity. The value was calculated by
using following equation: bound BPB (ug)/mg
PrOtein =40 ug * (ODcontrol - ODsample)/ODcontrol~

2.7. Ionic Bonds and Hydrogen Bonds. Measurements of
ionic bonds and hydrogen bonds were performed according
to the method of Gémez-Guillén et al. [18]. 2.0 mL MP
samples (2.0 mg/mL) were mixed with 10 mL three solutions
(0.05 mol/L NaCl (SA), 0.6 mol/L NaCl (SB), and 0.6 mol/L
NaCl + 1.5 mol/L urea (SC)), respectively. MP was partially
solubilized with these solutions to detect the existences of
ionic bonds (difference between the concentration of MP
solubilized in SB and SA) and hydrogen bonds (difference
between the concentration of MP solubilized in SC and SB).
The mixture was allowed to stand for 1 hour at 4°C and then
centrifuged (12,000x g, 4°C) for 15min. Protein concen-
tration of the supernatant was measured by using the Biuret
method. The results of ionic bonds and hydrogen bonds
were expressed as soluble protein (g)/supernatant (L).
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2.8. Secondary Structure. Secondary structure of MP was
determined by using Fourier transformation infrared
spectrum (FTIR), and the measurement was conducted
according to the method of Gangidi et al. [19]. A Fourier
transform infrared spectrometer equipped with MB-ATR
(multibounce attenuated total reflectance) was used to ob-
tain the spectra of the MP samples which were collected at
the end of each storage period, and the concentration was
adjusted to 10 mg/mL by using 20 mM phosphate bufter (pH
7.0). The spectra of MP samples were determined in the
range of 4, 000~400 cm ™' by OMNIC software. A total of 64
scans at a resolution of 4 cm ™~ were collected. Deconvolution
of the obtained infrared spectra was conducted using the
PeakFit Analysis Program.

2.9. Differential Scanning Calorimetry (DSC). The thermal
stability of beef muscle proteins was examined by a dif-
ferential scanning calorimeter (Q200, TA, USA) according
to the method of Bertram et al. [20] with slight modifi-
cations. At the end of each storage period, frozen beef
samples were collected and thawed at 4°C overnight. The
beef sample (15mg) was placed in a tightly sealed alu-
minium cell and accurately weighed whereas another
empty aluminium cell was used as reference. The sealed
aluminium cells were subjected to DSC analysis, where the
heat of fusion was measured by rising the temperature from
20°C to 100°C at a rate of 5°C/min and then cooled to 20°C.
The transition temperature (7,,, °C) and enthalpy (AH, J/g)
value were analysed by using the Universal Analysis 2000
software.

2.10. Quality Properties. The quality properties of beef
samples including colour, shear force value, drip loss, and
protein content of thawing drip were determined at the
end of each storage period. For each treatment, six steaks
were used to conduct the test (n =6). Colour measurement
was performed as described by Li et al. [14]. A chroma
colorimeter (model no. CR-400, Konica Minolta Sensing
Americas Inc., USA) was used to measure the L*, a*, and
b* values. Shear force values were measured as described
according to Qian et al. [13] by using the TA-XT2 texture
analyser (Stable Micro Systems, UK) with a knife blade
(code HDP/BS, Stable Micro Systems, UK). The cross-
head speed of the knife blade was 2 mm/s with the distance
of 30 mm. Six samples (1 x1x2cm) cut parallel to the
muscle fibres were obtained from each treatment. The
results were expressed in grams. Drip loss measurement
was measured according to the method described by Lan
et al. [21] with slight modifications. After the storage
period, samples were thawed at 4°C and weighed after
wiping drips from its surface. The percentage of drip loss
was calculated according to the following equation: drip
loss (%) = (weight of raw material — weight after thawing)/
(weight of raw material) x 100. In addition, the protein
content of thawing drip was determined by Kjeldahl
analysis with an automatic Kjeldahl apparatus (Kjeltec
2300, FOSS, Denmark).

2.11. Statistical Analyses. All experiments were determined
at least in triplicate, and the data were presented as
means * standard deviations (SD). Data were analysed using
the general linear model procedures of SPSS Statistics 16.0.
Each triplicate was included as a random factor, and dif-
ferent frozen temperatures were arranged as fixed factors.
Duncan’s multiple range test was used to determine the
significance (with significance defined as P <0.05).

3. Results and Discussion

3.1. Sulfhydryl Content. The sulthydryl group acts as one of
the most reactive functional groups in proteins. The changes
in conformation of proteins could be reflected by the
transition between sulthydryl groups and disulfide linkage
[11]. During storage, the changes observed in sulthydryl
content of MP are shown in Figure 1. Sulfhydryl content of
the beef MP decreased with storage time for all groups, and
similar phenomenon was reported for refrigerated beef
meatballs by Turgut et al. [22]. At the end of each storage
duration, the sulfhydryl content of MP samples subjected to
-1, -6, -9, —12, and —18°C remained 41.2, 54.2, 49.3, 49.6,
and 53.9% of the initial values, respectively. Over the same
storage period, significantly greater sulfthydryl content
(P<0.05) for samples stored at -9, —12, and —18°C was
observed compared with samples subjected to —1 and —6°C.
Interestingly, the sulthydryl content did not show significant
difference (P > 0.05) among the MP samples subjected at -9,
-12, and -18°C throughout the storage period. During
frozen storage, the ice crystal formation would lead to
changes in spatial structure of MP which further induce thiol
groups to expose at the intramolecular level [23]. The oxi-
dation of thiol groups promotes the formation of disulfide
bonds, and as a result, sulthydryl content consistently de-
creases during frozen storage [24]. These results indicated
that lower storage temperature could inhibit the oxidation of
thiol groups to a certain extent.

3.2. Carbonyl Content. The changes observed in carbonyl
content of MP during storage are shown in Figure 2. As can
be seen, the carbonyl content of the beef MP increased with
storage time for all groups. During frozen storage, oxidative
damage leads to the irreversible conversion of specific amino
acid side chains into carbonyl groups [25]. The protein
oxidation positively correlates with the carbonyl content
[10, 26]. Samples subjected to —9, —12, and —18°C had rather
slower rises in carbonyl content than samples held at —1 and
—6°C. The carbonyl contents of samples subjected to —1 and
—6°C reached around 20 nmol/mg protein at 28 and 84 days,
respectively. However, regarding the -9, —12, and -18°C
treatment groups, the carbonyl contents remained
below18.7 nmol/mg protein throughout the storage period.
Furthermore, over the same storage period, significantly
lower (P <0.05)) carbonyl contents were observed for
samples stored at —12 and —18°C compared with —1 and
—6°C. Throughout storage duration, the carbonyl content did
not show significant difference (P >0.05) between —12 and
—18°C treatment groups. In the current study, the decrease in
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FiGure 1: Changes in the sulthydryl content of beef MP during
storage at -1, —6, -9, —12, and -18°C.

sulfhydryl content of beef MP was found with a concomitant
increase in carbonyl content, and a similar phenomenon was
reported by Li et al., [14].

3.3. Ca’*-ATPase Activity. Ca>*-ATPase activity is widely
used as an indicator of the integrity of myosin molecules.
Godiksen et al. [27] believes that freeze-induced denatur-
ation of MP would trigger the reduction of Ca**-ATPase
activity. As can be seen from Figure 3, the storage tem-
perature and duration had significantly affected the Ca**-
ATPase activity of beef MP (P <0.05). Regarding all the MP
samples, the Ca”*-ATPase activity consistently decreased
with storage time, and a similar phenomenon was reported
by Wu et al. [24]. During frozen storage, the generated ice
crystals would induce the aggregation of myosin globular
head and conformational changes in MP, which leads to the
rapid loss in Ca**-ATPase activity in the early stage of the
storage period [3]. Meanwhile, oxidation of total sulthydryl
and formation of disulfide bond could also reduce the Ca®*-
ATPase activity [27]. In agreement, the current study found
a decrease in Ca**-ATPase activity with a concomitant
increase in sulfhydryl content (Figure 1). Ca**-ATPase ac-
tivity of samples subjected to -9, —12, and —-18°C showed
significantly slower decrease compared to the samples
subjected to —1 and —6°C. Not surprisingly, over the same
storage period, samples subjected to lower temperatures
exhibited higher Ca®"-ATPase activity. Particularly, no
significant differences (P >0.05) were found between the
Ca®*-ATPase activity between —12 and —18°C treatment
groups throughout the storage period.

3.4. Surface Hydrophobicity. Surface hydrophobicity,
regarded as an indicator of subtle structural changes in
proteins, is widely used to further assess the conformational
stability of MP [28]. As can be seen from Figure 4, a sharp
increase in protein surface hydrophobicity of samples stored
at —1°C was observed in the early stage of storage. The
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samples subjected to —6, -9, —12, and —18°C also showed
consistently increasing trends. At the end of each storage
period, the surface hydrophobicity increased by 71.9, 58.4,
40.6, 24.6, and 20.3% for samples held at -1, -6, -9, =12, and
—18°C, respectively. During frozen storage, protein mole-
cules are stretched and unfolded due to the formation of ice
crystals, and as a result, the conformational structures of
protein became loose and destabilized [29]. In the present
study, the increase in surface hydrophobicity of the MP
sample was found with a concomitant decrease in Ca*'-
ATPase activity which revealed the conformational changes
in MP. Consequently, the protein surface hydrophobicity
increased with frozen storage duration. Over the same
storage period, the surface hydrophobicity of samples
subjected to -9, —12, and —18°C was significantly lower
(P <0.05) than that of =1 and —6°C. These results indicated
that lowering storage temperature could effectively maintain
MP conformational stability.

3.5. Ionic Bonds and Hydrogen Bonds. Ionic bonds and
hydrogen bonds play a key role in maintaining stability of
protein structures, especially the interaction between pro-
teins and water [30], which could reflect water-holding
capacity of protein. The changes observed in ionic bonds and
hydrogen bonds of MP during storage are shown in Figure 5.
The ionic bonds and hydrogen bonds tended to decrease
sharply with storage duration in all treatment groups. These
results might be attributed to the alteration of the charged
polar groups on the amino acid residues and the reduced net
charge on the surface of proteins that occurred with freeze-
induced denaturation [31]. These changes could lead to the
reduced reactions between the polar groups and water
molecules and further give rise to the fracture of ionic bonds
and hydrogen bonds. MP samples subjected to -9, =12, and
—18°C showed rather slower decreases compared to that of
-1 and -6°C. Among these groups (-6, -9, —12, and -18°C),
samples subjected to —12 and —18°C showed relatively higher
ionic bonds and hydrogen bonds, and no significant dif-
ference was observed between —12 and -18°C treatment
groups (P >0.05).

3.6. Secondary Structure. The relative contents of a-helix, f3-
sheet, f-turn, and random coilin beef MP are presented in
Table 1. a-helix and f8-sheet are the representatives of or-
dered structure, whereas f§-turn and random coil represent
the disordered structure [32]. As can be seen from Table 1, at
the end of each storage period, samples subjected to lower
temperatures exhibited higher relative contents of a-helix,
and however, for the values of i-turn and random coil, they
showed an opposite trend. During frozen storage, the
freezing-induced protein denaturation would unfold the
protein molecule chains and rupture partial hydrogen
bonds. Consequently, the damage in the forces that stabilize
the protein structure such as hydrogen bonds would trigger
the reduction of ordered structure [33]. In the present study,
samples subjected to lower temperatures showed greater
hydrogen bonds (Figure 5), which is in agreement with the
above findings.

3.7. Differential Scanning Calorimetry (DSC). The DSC
thermograms of beef samples after frozen storage are shown
in Figure 6. Thermograms of samples in all groups indicated
three main transitions and, namely, Peak I (myosin), Peak II
(sarcoplasmic proteins), and Peak III (actin) [20]. Table 2
presents the transition temperatures and enthalpy values of
beef samples after frozen storage. As can be seen, for all
transitions (Peak I, Peak II, and Peak III), higher transition
temperature (T,,,) and enthalpy value (AH) were observed for
beef samples subjected to lower storage temperature, and
similar phenomenon was reported for mackerel by Saeed &
Howell [12]. Particularly, no significant differences
(P >0.05) were found in T,, and AH of beef samples sub-
jected to —12 and -18°C after 168 days of storage. The
enthalpy value (AH) is closely related to the content of
ordered secondary structure of proteins [34]. In the present
study, the increase in AH was founded with a concomitant
increase in relative contents of a-helix in MP, which is
corresponded to the above study. The values of T,, and AH
could reflect the extent of protein denaturation [35]. The
DSC results indicated that lower storage temperatures could
more effectively suppress the protein denaturation. Addi-
tionally, storage at —12°C got similar inhibitory effects on
beef protein denaturation compared with —18°C after 168
days of storage, which is in agreement with the above
findings.

3.8. Quality Properties. The quality properties of beef
samples after frozen storage including colour, shear force
value, and drip loss are shown in Table 3. The surface
colour of the beef samples after storage was measured by
lightness (L*), redness (a*), and yellowness (b*). Beef
samples subjected to —12 and —18°C exhibited relatively
higher a* value and lower b* value than other groups.
Holman et al. [36] noted that a* values (redness) pro-
vided the best prediction of consumer acceptance of beef
colour and which was considered acceptable when a*
values were equal to or above 14.5. Compared to -1, -6,
and -9°C, storage at —12 and —18°C could provide a better
protective effect against beef discolouration. The shear
force value of samples stored at —12 and —18°C was
significantly higher (P <0.05) than that of -1, —6, and
—-9°C, which could be ascribed to the longer storage
duration. After frozen storage, the beef samples stored at
—-12 and -18°C exhibited significantly lower (P <0.05)
drip loss than that in samples stored at —1 and -6°C. In
addition, the protein content of drip from samples
subjected to —12°C (9.41%) and —18°C (9.21%) was also
significantly lower (P <0.05) than that of —1°C (10.29%)
and —6°C (9.78%). The drip contains substances and
water that leaked from disrupted cells caused by freeze
treatment. This damage effects induced by ice crystal
formation can be alleviated by lowering frozen tem-
perature [37]. Particularly, no significant differences
(P >0.05) were found in the quality properties among the
beef samples subjected to —12°C and —18°C, which was
corresponded with the aforementioned results of myo-
fibrillar protein denaturation.
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FIGURE 5: Changes in the ionic bonds (a) and hydrogen bonds (b) of beef MP during storage at —1, -6, -9, —12, and —18°C.

TaBLE 1: Secondary structure relative contents of beef MP after frozen at —1°C (for 28 days), —6°C (for 84 days), —9°C (for 126 days), —12°C
(for 168 days), and —18°C (for 168days).

Storage temperature a-Helix(%) B-Sheet(%) B-Turn(%) Random coil(%)
-1C 15.3+0.9° 416+1.2° 255+1.3° 17.6 +1.0°
-6°C 184+1.2° 40.6+1.4%° 222+0.7° 18.8+0.9°
-9°C 20.0 + 0.5%° 40.6+1.4%° 20.9+1.6° 18.5+0.4°
—12°C 20.9 +0.94%° 383+ 1.76° 21.3+0.95 19.5+0.73°
-18°C 224+1.01% 38.0+1.95 22.7+0.71° 16.9 +0.63°

Values represent means + SD (n = 3). Different lowercase letters in the same column indicate significant differences (P <0.05).
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FiGure 6: DSC thermograms of beef after frozen at —1°C (for 28 days), —6°C (for 84 days), —9°C (for 126 days), —12°C (for 168 days), and
—18°C (for 168 days).

TaBLE 2: Transition temperature (T,,,, °C) and enthalpy (AH, J/g) value of beef after frozen at —1°C (for 28 days), —6°C (for 84 days), —9°C (for
126 days), —12°C (for 168 days), and —18°C (for 168 days).

Peak I Peak II Peak III
Storage temperature . . .
T,, (°C) AH(J/g) T,, (C) AH(J/g) T,, (°C) AH (J/g)

-1°C 56.0+1.3" 0.06 +0.00° 59.9+0.8° 0.05 +0.004° 77.5+0.2° 0.34 £0.06%°
-6°C 56.4 + 0.8 0.08 +0.00° 60.4+0.1° 0.07 +0.004%° 77.5+0.3° 0.35 + 0.06
-9°C 56.6 +0.2° 0.10+0.01° 60.7 +0.4%° 0.08 +0.003* 77.9 +0.4%° 0.37 £0.05°
-12°C 56.5+0.2° 0.13 +0.00° 61.3+0.8° 0.10 + 0.009* 78.0+ 0.3 0.36 +0.02°
-18°C 56.7 +0.1° 0.15+0.02% 61.4+0.6° 0.12 +0.002° 78.1+0.3° 0.38 £0.04°

Values represent means + SD (n =3). Different lowercase letters in the same column indicate significant differences (P <0.05).
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TasLE 3: Quality properties of beef after frozen at —1°C (for 28 days), —6°C (for 84 days), —9°C (for 126 days), —12°C (for 168 days), and —18°C

(for 168 days).

Storage temperature L a* b* Shear force (g)  Drip loss (%) Protein content in drip (%)
-1C 34624075 19.71+0.71° 12.89+0.54*  770.78+15.02%  5.38+0.76% 10.29 +0.15°
—-6°C 33.80+£0.60° 20.54+0.45° 12.30+0.95°  1041.00+9.49°  4.29+0.38" 9.78 +0.10°
-9°C 33.56+1.03° 2039+1.16° 1020+0.75° 1147.4+12.93®  3.75+0.55° 9.69 +0.21>
-12°C 3297+0.71%  21.33+0.71° 9374121  1214.95+16.02°  3.54+0.08 9.41 +0.19°
-18°C 33.67+£0.99° 21.04+046* 8.18+054%  1208.95+15.02°  3.31+0.88¢ 9.21 +0.45°

Values represent means + SD (n = 3). Different lowercase letters in the same column indicate significant differences (P <0.05).

4. Conclusion

During frozen storage, the denaturation of myofibrillar
protein in beef occurs gradually. Generally, for beef samples,
a longer storage duration and higher storage temperature
resulted in lower sulfhydryl content, Ca®*-ATPase activity,
ionic bonds, hydrogen bonds, and higher surface hydro-
phobicity of myofibrillar protein. It can be concluded that
the freeze-induced protein denaturation tends to less severe
when the freezing temperature is lower. However, our study
clearly showed that difference in frozen storage temperature
(-12 and -18°C) did not yield tangible effects upon the
protein properties throughout the storage period (168 days)
(P >0.05). In this regard, lowering the freezing temperature
may not minimize myofibrillar protein denaturation in a
limited storage duration, which was also confirmed by the
quality properties of beef samples after frozen storage. Given
the close connection between myofibrillar protein and meat
quality, these results could be beneficial to the meat-pro-
cessing industry, especially when choosing suitable tem-
perature for beef preservation. In terms of the protein
denaturation, —9°C might be more appropriate for beef
which is consumed quickly. For the beef which demands
long-term storage, —12°C is more suitable for preservation
compared to —18°C (energy saving).

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Additional Points

Practical Application. Storage temperature is one of the most
important factors for meat and meat product preservation.
Present work could be beneficial to the meat-processing
industry, especially when choosing suitable temperature for
meat preservation, to extend the shelf-life of meat while
avoiding temperature abuse.
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