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�e e�ects of freezing temperature on the microstructure and moisture migration of beef were investigated, aiming to provide the
potential theoretical basis for the beef storage. Drip loss, surface hydrophobicity, and secondary structure of myo�brillar proteins,
ice crystal, and micro- and ultrastructure of meat were analyzed at 4°C, −1°C, −6°C, −9°C, −12°C, and −18°C, respectively. Results
indicated that the drip loss and surface hydrophobicity of samples stored at −12°C were signi�cantly lower than that stored at 4°C
and −1°C (p< 0.05) and no signi�cant di�erence with −18°C (p> 0.05). Result from Fourier transform infrared spectroscopy
suggested that protein denaturation occurred after storage. �ere was an increase in α-helices and decline in random coil at lower
temperature (−12°C and −18°C). It was indicated that the samples stored at −12°C and −18°C could e�ectively restrain the
denaturation of protein and maintain the stability of secondary structure. �e analysis of the ice crystal and micro- and ul-
trastructure of the muscle indicated that the structure of samples stored at −12°C and −18°C had more integrity and was complete
than that stored at 4°C and −1°C. �e spaces (water “reservoir” and “channel”) where was the origination of drip were small.
Furthermore, the results of low-�eld nuclear magnetic resonance and 1H magnetic relaxation image showed that the freezing at
−12°C could inhibit the migration of immobilized water to free water.

1. Introduction

Beef production and consumption are growing rapidly and
emerging as an important source of protein in China to
supply energy for humans due to rapid economic growth [1].
Meanwhile, frozen technology is vital to meat process and
plays an important role during the circulation, sale, and
storage [2]. Temperature and its ¡uctuation in the process of
storage will absolutely in¡uence the quality of frozen meat
[2, 3]. Currently, the most common temperature used for
meat preservation is from −18°C to −40°C [4]. However, it
consumes high amount of energy, and temperature abuse
occurs frequently. Furthermore, it takes long time in
thawing which leads to inevitable deterioration in quality of
meat during the process [5], such as weight decrease, color

deterioration, ¡avour losses, texture changes, and high drip
loss [6]. An appropriate freezing temperature is critical to
maintain “fresh” meat quality to the largest extent.

Beef contains roughly 75% of the total muscle mass,
which plays a vital role inmeat andmeat products [7]. About
85% of water content is located in the intramyo�brillar space
and 15% of water content is present outside the myo�brillar
network [8]. Water in the meat tissue could be characterized
by three distinct populations (states): bound water, im-
mobile water, and free water [9]. �erefore, the changes in
the state of water will lead to signi�cant e�ects on muscle
structure and meat quality [10]. Low-�eld nuclear magnetic
resonance (LF-NMR) has been e�ectively used to analyze the
state, mobility, and distribution of water in meat. A new
freezing temperature zone (−6°C to −12°C) of beef was
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determined by LF-NMR, which falls between superchilling
temperature (−1°C) and conventional freezing (−18°C). .e
effects of new temperature zone compared with conven-
tional chilling (4°C), −1°C and −18°C, on the quality and
storage time of beef were analyzed in our previous study.
However, the effect of different frozen temperatures on the
water mobility and distribution of beef is unclear. Since the
structure of myofibrillar protein and muscle is crucial for
holding water in meat [11], it is important to know how the
freezing temperatures affect the physicochemical properties
and structural changes of protein that contribute to water
holding and migration of meat.

.e objective of this study was to investigate the effects of
different temperatures on the microstructure and moisture
migration of beef after storage. Drip loss, surface hydro-
phobicity, secondary structure of myofibrillar proteins, ice
crystal, and micro- and ultrastructure of meat were analyzed
at 4°C, −1°C, −6°C, −9°C, −12°C, and −18°C, respectively.

2. Materials and Methods

2.1. Materials. Samples of bovine longissimus dorsi were
obtained from a 2-year-old bull weighing 400± 5 kg (Sim-
mental×Mongolian cattle, Zhuo Chen Animal Husbandry
Co. Ltd, Beijing, China). Samples were cut into
50mm∗ 50mm∗ 50mm pieces after removing the visible
fats, ligaments, and tendons. .en, the samples were divided
into two groups, one for the storage and other for low-field
nuclear magnetic resonance (LF-NMR) analysis. .e sam-
ples were assigned randomly to six groups and stored at 4°C
(10 d), −1°C (24 d), −6°C (84 d), −9°C (126 d), −12°C (168 d),
and −18°C (168 d), respectively. .e storage time was de-
cided according to the quality assessment of meat during
storage. .e drip loss, hydrophobicity, secondary structure
of myofibrillar proteins, ice crystal, microstructures of
myofibrillar proteins, and water mobility were determined
after storage.

2.2.Drip LossAnalysis. Drip loss was measured according to
the method described by Lan et al. with slight modifications
[12]. Briefly, the initial sample weights were recorded before
treatment. After storage, the samples were thawed at 4°C
overnight and reweighed after wiping drips from their
surface. .e percentage of drip loss was calculated according
to the following equation:

drip loss(%)

�
initial weight of raw material−weight after thawing

initial weight of raw material × 100%
.

(1)

2.3. Myofibrillar Proteins Preparation. Myofibrillar proteins
were prepared from bovine longissimus dorsi according to
the method of Park et al. and Li et al. [13, 14]. .e purified
myofibrillar protein isolate was stored in a tightly capped
bottle and analyzed within 24 h. Protein concentration of the

myofibril pellet was measured by the Biuret method using
bovine serum albumin as the standard.

2.4. Hydrophobicity Analysis. Hydrophobicity of myofi-
brillar protein was determined using the hydrophobic
chromophore bromophenol blue (BPB) according to the
method of Chelh et al. [15]. .e amount of bound BPB was
expressed as the difference between total and free BPB and
used as an index of hydrophobicity:

bound BPB (μg) �
40 μg × (OD control−OD sample)

OD control
.

(2)

2.5. Secondary Structure of Myofibrillar Proteins Analysis.
.e secondary structure of myofibrillar proteins was ana-
lyzed by Fourier transform infrared (FTIR) spectrometer
(Bruker Optics, Germany) according to the method of
Li et al. [9] with modifications [10]. A Fourier transform
infrared spectrometer equipped with MB-ATR (multi-
bounce attenuated total reflectance) was used to obtain
the spectra of myofibrillar protein. Samples of myofibrillar
protein were scanned in 4000∼400 cm−1 spectral. In order to
improve the signal-to-noise ratio for each spectrum, a total
of 64 scans at 4 cm−1 resolution were collected and each
spectral map was scanned 100 times. Background spectra
were subtracted using the Opus software. PEAKFIT 4.2
software was used to unscramble the amide _ band, which
ranges from 1600 to 1700 cm−1 spectrum.

2.6. Ice Crystal Observation. .e ice crystal was observed
according to the method of Kaale and Eikevik with modi-
fications [16]. .e samples were taken from the central part
of each group sample, respectively, and cut along the muscle
fiber direction using a surgical knife that was previously
stored at each test temperature. Samples were about 10mm
in length and 5mm∗ 5mm in cross section and fixed using
precooling stationary liquid (60% absolute ethanol, 30%
chloroform, and 10% glacial acetic acid, v/v) for 20 h. .e
fixed samples were dehydrated using ethanol and n-butyl
alcohol for 2 h at room temperature and then overnight in
n-butyl alcohol. Paraffin-embedded samples were prepared
under 60°C and cut into cubes and slices that are 5∼10 μm
thick by rotary microtome. After the samples were stained
with hematoxylin-eosin, Olympus BX41 inverted biologic
microscope (equipped with digital camera and image
analysis software Image-Pro Plus 4.0 and 5.0) was used to
shoot the typical image of the tissue.

2.7. Scanning Electron Microscope. .e microstructures of
the samples were observed by scanning electron microscope
(SEM) according to the method of Li et al. [6]. .e samples
were cut into 3mm∗ 3mm∗ 5mm and fixed with 3% glu-
taraldehyde overnight, rinsed 3 times in 0.1M phosphate
buffer (pH 7.2), and postfixed in 1% of osmium tetroxide
at 4°C for 2 h before being dehydrated with graded ethanol.
.e dried samples were mounted on a bronze stub and
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sputter-coated with gold (Eiko IB-5, Hitachi, Tokyo, Japan).
.e microstructures of samples were observed with SEM
(Quanta 200 FEG, FEI, the Netherlands) at a magnification
of 500x.

2.8. Transmission Electron Microscopy. .e microstructures
of the samples were observed by transmission electron
microscope (TEM) according to the method of Li et al. [6].
.e samples were cut into 4mm∗ 4 mm∗ 2mm and fixed
with 2.5% glutaraldehyde, rinsed in the 0.1M phosphate
buffer (pH 7.4), and postfixed in 1% of osmium tetroxide at
4°C for 2 h before being dehydrated with graded ethanol
and acetone. .e samples were later embedded in Spurr’s
resin, and sections were stained with both lead citrate and
uranyl acetate. .e ultrastructures of samples were ob-
served with TEM (H-7500, Hitachi, Japan) at a magnifi-
cation of 25,000x.

2.9. Water Mobility Analysis. .e NMR probe for spin-spin
relaxation time (T2) was used. .e T2 values of the water
protons in the samples were measured on a 0.5-Tesla magnet
(PQ-001, Niumag Electric Corporation, Shanghai, China)
using the Carr–Purcell–Meiboom–Gill (CPMG) sequences
by biexponential fitting of the data to a linear combination of
three exponentials in terms of relaxing time constant T21,
T22, and T23. .e measurements were taken at 32°C. .e
τ-value (time between 90° pulse and 180° pulse) was 200 μs.
Data from 8,000 echoes were acquired as four scan repe-
titions for each sample. .e repetition time between the two
succeeding scans was 1,000ms. .e multiexponential decay
curve was obtained from NMR relaxation measurement
using the mathematical model as follows:

A(t) � 􏽘
i

A0i exp
−t
T2i

􏼠 􏼡, (3)

where A(t) is the amplitude size when attenuation to t; A0i is
the amplitude size when the first component balance; t is the
decay time; and T2i is the relaxation time of the I relaxation
component. Distributed multiexponential fitting of CPMG
decay curves were performed using MultiExpInv Analysis
software (Niumag Electric Corporation, Shanghai, China).
P21, P22, and P23 were used to represent the percentages of
T21, T22, and T23, respectively. P21, P22, and P23 (the areas
under each peak) were determined by cumulative
integration.

2.10. Proton Density Images Analysis. .e proton density
images of samples were stored through different methods
and scanned using a MINI MR-60 instrument (Niumag
Electric Corporation, Shanghai, China). .e magnetic re-
laxation image (MRI) measurements were acquired as
proton density images usingMSE imaging sequence with the
following parameters: time to repetition (TR)� 800ms, time
to echo (TE)� 18.2ms, center frequency (SF)� 23.319MHz,
field of view (FOV) read� 50mm, and FOV phase 50mm.
.e samples were divided into four layers for analysis; the
width of each layer was 1.8mm, and slice gap was 0.5mm.

Each image was acquired as a sum of eight scans. Images
were converted to a BMP image format. Arbitrary color-
scale surface plots were used to represent the distribution
of water within the samples. .e distribution of grey scale
intensities in the MR images was analyzed using the Image
Evaluation computer software (Shanghai Niumag Corporation).

2.11. StatisticalAnalysis. All experiments were carried out at
least in triplicate, and the values given below were the means
of these triplicates except FTIR. Statistical analyses were
performed using SPSS version 19.0 (SPSS Inc., Chicago, IL,
USA). Significant differences were analyzed using one-way
ANOVA and Duncan’s multiple-range test at a significance
level of 0.05.

3. Results and Discussion

3.1. Drip Loss Analysis. .e results of the drip loss are
presented in Figure 1. .e mean values of drip loss of the
samples at different temperatures were around 3.31%–
4.92%. Higher amounts of drip loss were observed in the
group at 4°C and −1°C (p< 0.05). .e drip loss of samples
treated at the test temperature (−6, −9, and −12°C) was
significantly lower (p< 0.05) than that of samples treated at
4°C and −1°C. In addition, there were no significant dif-
ferences (p> 0.05) between the drip loss of samples which
were frozen at −12°C and −18°C. It was indicated that
samples treated at −12°C could maintain the WHC of
samples effectively. In this study, the drip loss of samples
corresponded with the reduction in hydrophobicity
(Figure 2).

3.2. Protein Surface Hydrophobicity Analysis. Surface hy-
drophobicity can be a suitable parameter to estimate protein
denaturation, and higher protein surface hydrophobicity
represents more protein denaturation [17]. As shown in
Figure 2, surface hydrophobicity of myofibrillar protein
changed significantly at different temperatures (4, −1, −6,
−9, −12, and −18°C). .e surface hydrophobicity of samples
stored at −12°C and −18°C was significantly lower (p< 0.05)
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Figure 1: Changes of drip loss at different storage temperatures.
Values are expressed as mean± standard deviation. Same letters
above the bars indicate no significant difference (p> 0.05).
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than that of samples at 4°C and −1°C. .e BPB content of
−12°C at day 168 was 30.43± 0.16 μg, which had no sig-
nificant differences (p< 0.05) with the −18°C method, of
which the BPB content is 28.45± 0.37 μg at day 168. It was
suggested that the storage at −12°C has an effective in-
hibitory action to protein surface hydrophobicity. .e dif-
ference of surface hydrophobicity was due to conformation
changes that are hydrogen bonds and disulfide bonds [17].
Bound water that connected with protein and part of
immobilized water easily transformed into free water, which
causes the increase of drip loss. .e results of surface hy-
drophobicity were consistent with the drip loss and the
LF-NMR (Figure 1; Table 1 and Figure 7).

3.3. Secondary Structure of Myofibrillar Proteins Analysis.
FTIR was used to scan all the wave bands (400∼4000 cm−1)
of samples. Multiple characteristic absorption bands will be
formed in the infrared region, among which the amide _ is
located in the 1600∼1700 cm−1 wave band [18], which is led
by the stretching vibration of C�O. .e wave band ranging
from 1615∼1637 cm−1 and 1682∼1700 cm−1 is called β-sheet,
1646∼1664 cm−1 is called α-helix, 1637∼1645 cm−1 is called
random coil, and 1664∼1681 cm−1 is called β-turn [19]. As
shown in Figure 3, the content of α-helix presented an
increased trend from 4°C to −18°C (p< 0.05), while the
content of β-sheet and β-turn was quite similar. And content
of random coil at −12°C and −18°C was slightly higher than
4°C and −1°C. .e stabilized α-helix structures were main-
tained by hydrogen bonds between –CO and NH– of
a polypeptide chain [20]. .e reduction of α-helix at 4°C and
−1°C illustrated that the stability of the secondary structure of
myofibrillar protein like hydrogen bonds would be damaged.
And the hydrophobic group that was expected to be inside the
protein is exposed to the surface, which increased the protein
surface hydrophobicity. .ese results were expected to ex-
plain the reduced drip loss and surface hydrophobicity at
−12°C and −18°C.

3.4. IceCrystalObservation. Both the amount and volume of
ice crystals increased during frozen storage. .e muscle cell
would be squeezed seriously by ice crystal growth and caused
irreversible influences [21]. .e muscle cell could hardly
recover to their original status even after thawing and
formed a “reservoir” and “channel”. Figure 4 shows the ice
crystal distribution of samples in different groups. Muscle
bundles shrink, and obvious gaps and holes were observed in
tissues after frozen storage. .e gaps found while storage at
−6°C were obviously larger than samples at −9, −12, and
−18°C, respectively. It was suggested that the ice crystal
growth at −6°C samples was faster than the other 3 groups,
causing even greater damage to the muscle tissues. Mean-
while, the volume of ice crystals at −12°C and −18°C had no
significant difference. Muscle integrity can be maintained
at −12°C and −18°C, which was consistent with the results
of microstructure. .erefore, sample stored at −12°C and
−18°C showed higher water-holding capacity.

3.5.Microstructure Observation. Current study analyzed the
changes in the microstructures of muscle fibers at different
storage temperatures by SEM and TEM. Muscle fibers of the
4°C and −1°C shrink critically after storage (Figure 5). .e
gap between fiber bundles was widened and exomysium was
seriously fractured and separated. Diameter of muscle fibers
in the two groups was enlarged and the structural integrity of
the muscle fiber bundle was damaged. .e loose structure
and expanded muscle fiber structures cause the declining in

Table 1: LF-NMR-T2 analysis of beef three water populations over
different storage temperatures.

Storage temperatures P21 (%) P22 (%) P23 (%)
4°C 1.47± 0.21b 96.55± 0.34b 2.46± 0.05a
−1°C 1.70± 0.11a 96.32± 0.27b 1.98± 0.31b
−6°C 1.42± 0.30b 96.08± 0.93c 1.50± 0.63c
−9°C 1.36± 0.15bc 97.18± 1.14a 1.46± 0.17c
−12°C 1.58± 0.05ab 96.54± 0.35b 1.28± 0.13d
−18°C 1.37± 0.02bc 97.26± 0.13a 1.27± 0.09d
Note. .e data in the table are the average value± standard deviation; a, b, c,
and so on in the same column express that there are significant differences
between different treatment groups (p< 0.05).
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Figure 4: Ice crystal observation of beef muscle stored at (a) −6°C, (b) −9°C, (c) −12°C, and (d) −18°C.
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Figure 5: .e effects of different storage temperatures on microstructure of beef muscle at (a) 4°C, (b) −1°C, (c) −6°C, (d) −9°C, (e) −12°C,
and (f ) −18°C by scanning electron microscopy (magnification ×500).
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Figure 6:.e effect of different storage temperatures on ultrastructure of beef muscle at (a) 4°C, (b) −1°C, (c) −6°C, (d) −9°C, (e) −12°C, and
(f ) −18°C by transmission electron microscopy (magnification ×25,000).
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Figure 7: Effect of different storage temperatures on the H-proton density image of beef muscle at (a) 4°C, (b) −1°C, (c) −6°C, (d) −9°C,
(e) −12°C, and (f ) −18°C.
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water-holding capacity, which ultimately leads to drip loss
and deterioration of meat structure. .e gaps between fiber
bundles at −6°C and −9°C groups were widened due to the
shrinkage of muscle fibers, but the exomysium was not
fractured. Compared to the other groups, the muscle fiber
structures of samples stored at −12°C and −18°C were more
compact and well preserved, ensuring better water-holding
capacity.

.e TEM diagram of microstructures by the end of each
storage condition is shown in Figure 6. Muscle fibers were
composed of multiple sarcomeres, and each sarcomere in-
cluded 2 Z-lines (the region between two neighboring
Z-lines was called one sarcomere). Sarcomere was the basic
contractile unit of muscle, and the length of sarcomere was
positively correlated with the water-holding capacity of
muscles [6]. .e muscle fiber structures of samples stored at
4°C and −1°C were uneven with sarcomere dislocation, and
Z-line disintegration. A-bands, I-bands, and Z-lines in
Figure 6 are obvious. .e results showed that the sarcomere
shortening, light Z-lines distorting, and the bandings were
less regular than that of samples stored at −12°C and −18°C.
Some spaces would be formed due to the results. .e drip
was discharged from the spaces and formed drip loss.

3.6. Water Mobility Analysis. .e change of muscle fiber
structure leads to the migration of the muscle water dis-
tribution during storage. Based on LF-NMR results, the
water in samples was characterized by three forms: bound
water (0.1∼10ms), immobilized water (10∼100ms), and
free water (100∼1000ms) [22, 23]. .e relative percentages
of the three waters were represented as P21, P22, and P23,
and the results are shown in Table 1.

P21 was rather low, and no significant differences
(p< 0.05) were found among these groups, which means
that the storage has little influence on the bound water in
samples. .is result was consistent with the findings re-
ported by [24]. .e result of P22 showed that samples in 4°C
and −1°C groups had significantly lower content of
immobilized water (p< 0.05) compared to the samples
stored at −6, −9, −12 and −18°C groups. Contrary to the
content of immobilized water, the free water content (P23) of
4°C and −1°C groups was significantly higher (p< 0.05) than
the other groups. .e results suggested that the frozen state
of −6, −9, and −12°C was nearly the same and particularly,
no significant difference (p> 0.05) was found between free
water content of −12°C and −18°C.

3.7. Proton Density Images of Muscle Analysis. MRI can
readily show the distribution of H-proton inside the tested
materials without damaging the proton [25, 26]. .e deeper
red color represents higher H-proton density, and the deeper
blue color stands for lower H-proton density [27]. As shown
in Figure 7, image colors of the samples showed obvious
changes after thawing. .e 4°C group had the most region of
red color, which means it had the highest H-proton density
(means it had the highest free water content); the −1°C group
ranks the second, and then followed by −6, −9, −12, and −18°C
groups. .e images of samples stored at −12°C and −18°C

showed a rather blue color, which means that, compared to
other groups, the free water content was lower, and water
migration was slower in these two groups. .e hydrogen pro-
ton density images were in agreement with LF-NMR results.

4. Conclusions

Freezing at −12°C and −18°C could effectively reduce the
denaturation of beef protein. It showed the increase in
α-helices and decline in random coil for samples stored at
−12°C and −18°C, suggesting a stable secondary structure
and increased water-holding capacity. Moreover, freezing at
lower temperatures could inhibit the migration of immo-
bilized water to free water.
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