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Abstract The main purpose of the study was to under-
stand and interpret the effects of freezing times on the pro-
ton dynamics and chrominance of tofu. Low-field nuclear
magnetic resonance (LF-NMR) and magnetic resonance
imaging (MRI) were used to monitor real-time changes in
microstructure and water distribution at different freezing
times. The T, relaxation parameters included the relative
intensity (A,;) and the population of T,; component (M,,).
Three proton populations focusing on approximately 0.93—
4.72, 25-49, and 402-505 ms were identified as Ty, 15,
and T,,, respectively. The generated ice crystals damaged
the hydration layer of the soybean protein and T, increased
over the 2 h. The side chains of the soybean protein then
began to unite owing to the protein’s reduced affinity for
water, making the protons of the hydrophilic groups
exchangeable, and resulting in decreased mobility of the
T,, fraction. The appearance of exchangeable hydrophilic
group protons caused an increase in A,, from 2 to 6 h. The
subsequent increases in A,, and M,, 6 h later were due to
access to the unfrozen free water. The water molecules
(T, fraction) changed into ice crystals, reducing A,; and
M,,. The disappearance of the T,, fraction peak 6 h later
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was attributed to residual unfrozen water molecules, with
the minor component turning into ice with a fast relaxation
time. The MRI results showed that the outline of the sam-
ple was blurred at 2 h and could not be detected 6 h later.
Significant correlations were further detected between T,
relaxation parameters and color parameters. LF-NMR has
great potential as a reliable tool for the study of tofu.

Keywords Frozen tofu - Freezing time - Low-field
nuclear magnetic resonance - Magnetic resonance imaging

Introduction

Tofu, or soybean curd, is a traditional Chinese soya prod-
ucts; it is a gel-like food that is made by adding various
coagulants to soymilk [1]. Fresh tofu contains innumerable
holes of various sizes. Some holes are connected to each
other and some are closed forming small containers, both
are both filled with water. At atmospheric pressure, the
water inside tofu changes into ice when the temperature
falls below 0°C. The volume of the tofu simultaneously
increases by approximately 10%. Ice at atmospheric pres-
sure—denoted as ice I (density, 0.92 g/cm®)—is the only
ice that is less dense than liquid water [2]. In other words,
only ice I expands in volume during phase transition; high-
pressure ices (ice II-ice IX) do not [3]. When ice I expands
the original pores are stretched and the whole piece of tofu
is extended to form a mesh. When the ice melts and flows
out of the tofu, it leaves a honeycomb structure compris-
ing a great many holes, which gives the tofu a gray appear-
ance. Compared with fresh tofu, frozen tofu has a disrupted
structure and a spongy texture, especially when it is slowly
frozen at —20°C and atmospheric pressure [2]. It is just a
disrupted and porous texture that makes frozen tofu layered
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on the palate and tasty. Moreover, frozen tofu is rich in
dietary fiber, which promotes the metabolism of fat, and its
loose and porous structure facilitates fat absorption.

There have been many studies on frozen tofu in recent
years: Chuang et al. [4] studied the effects of cryoprotect-
ants on the textural changes in tofu during the frozen stage;
Frozen wild blueberry tofu soymilk desserts were obtained
by Camire et al. [5]; Fuchigami et al. [2] studied the effects
of high-pressure thawing on the structural and textural
quality of high-pressure frozen tofu; Fuchigami et al. [6]
researched the effects of trehalose and hydrostatic pressure
on the structure and sensory properties of frozen tofu; and
the effects of freezing soybeans on the quality of tofu were
investigated by Noh et al. [7]. These studies have focused
on the texture, structure, and sensory evaluation of fro-
zen tofu. However, the effects of freezing time on proton
dynamics in frozen tofu have not yet been reported.

Foods mainly comprise water and large molecules,
which suggests that proton relaxation reflects the phys-
icochemical properties of individual compounds and the
interaction between water and large molecules. Because
spin—spin relaxation (7,) has a greater effect on relaxa-
tion time in a multi-phase environment than spin-lattice
relaxation (77) [8], T, is often used as an indicator to moni-
tor the dynamic state of water in protein gel systems [9].
T, depends on the microenvironment of the proton, and is
closely related to the binding force and the degree of free-
dom of protons [10]. 7} and 7, are both determined by
low-field nuclear magnetic resonance (LF-NMR), which
is a rapid and nondestructive technique. The protein gel
structure of tofu has been studied using LF-NMR. Li et al.
[11, 12] used LF-NMR to investigate the effects of high-
pressure homogenization on water distribution in tofu using
T, measurements, and succeeded in applying 7, relaxation
measurements to determine the water holding capacity of
tofu. LF-NMR has also proved to be a powerful tool in the
study of other food including cake [13], bread [14], veg-
etables [15-18], cheese [19], chocolate [20], hake [21] and
pasta [22]. Another kind of NMR technology, magnetic res-
onance imaging (MRI) is often used in medicine to inves-
tigate the structural abnormalities of the body [23], but it
is also considered an accurate and nondestructive method
of visualizing the internal structure of food [24]. Moreo-
ver, the combination of NMR and MRI has emerged as a
means of investigating food processing [25, 26]. In particu-
lar, water mobility and distribution in biological macromo-
lecular systems have been monitored using both NMR and
MRI [27, 28], and NMR has also been used to investigate
ice relaxation behavior in frozen sucrose—protein solutions
[29].

The studies mentioned above suggest that NMR and
MRI might be useful for exploring the preparation of fro-
zen tofu. Therefore, in the present work, we used LF-NMR
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to investigate the effects of freezing time on the proton
dynamics of frozen tofu using 7, relaxation and MRI. We
used NMR and MRI to investigate the mobility, distribution
and structural changes of water within frozen tofu during
freezing. Herein, we also discuss the relationship between
changes in the color of frozen tofu and freezing time; the
relationships between the individual 7, relaxation param-
eters and the color of tofu during freezing were investigated
using NMR.

Experimental
Samples preparation

Commercial soybeans from northeast China were kindly
provided by the Key Laboratory of Biology and Genetic
Improvement of Soybeans, the Ministry of Agriculture,
People’s Republic of China (Nanjing, People’s Republic
of China). The soybeans were rinsed and soaked in deion-
ized water at a ratio of 1:5 (w/w) for 15 h at ambient tem-
perature. They were then homogenized using a DJ12B-K5
household soymilk maker (Joyoung Co., Ltd., Shandong,
China), heated gradually to 98 °C, and maintained at 98 °C
for 6 min. When the soymilk maker cycle was complete,
the soymilk was filtered twice through double layers of
cheesecloth.

The soymilk (2 L) was boiled using a JYC-21HECO05
electromagnetic oven (Joyoung Co., Ltd., Shandong,
China), stirred for 3 min, and cooled to 90 °C. Coagulants
(magnesium chloride and glucono-delta lactone; w/w, 7:3)
were dispersed at a concentration of 3% (w/w) in deionized
water at 90 °C. The soymilk was immediately added to the
coagulant solution at room temperature and continuously
stirred with a stainless steel spoon for 10 s. The mixture
was then decanted into a water bath for 20 min at 90 °C,
then transferred to a wooden mold and pressed at 0.01 kg/
cm? for 30 min to produce the tofu curd. The curd was
stored at 4 °C in a refrigerator before analysis.

NMR relaxometry

NMR relaxometry experiments were performed on a Mes-
oMR23-060V-I NMR Analyzer (Niumag Co., Ltd., Shang-
hai, China) equipped with a 0.5 T permanent magnet, oper-
ated at 23.2 MHz for 1H-resonance frequency and 32°C; a
temperature control system, was used to maintain the tem-
perature of the samples (—20 to 130°C). After storage at
4°C for 24 h, the tofu samples were cut into small pieces
of approximately 7 g. The tofu samples obtained from the
middle of the tofu curds were frozen at —20°C in a DW-
251262 refrigerator (Haier Specialty Electrical Appliance
Co., Ltd., Shandong, China) for 0, 0.25, 0.5, 1, 2, 4, 6, 8,
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12 and 24 h. Each tofu sample corresponding to a particu-
lar freezing time-points was placed in a glass NMR tube.
The glass tube was inserted into a 40-mm diameter radio
frequency coil to measure 7, relaxation times, using the
Carr—Purcell-Meiboom-Gill (CPMG) sequence with a T
value of 300 ps (intervals between the 90° and 180° and the
90° and 180° pulses of 20 and 41 ps, respectively). The tofu
samples were maintained at —20 °C. Each measurement of
8 scans was performed with 6000 echoes to prevent imper-
fect pulse settings. The repetition time between subsequent
scans was 2 s and each measurement was performed in
triplicate. MultiExp Inv- analysis software (Niumag Elec-
tric Corporation, Shanghai, China) was used to obtain dis-
tributed multi-exponential fitting curves, namely LF-NMR
relaxation curves, using the inverse Laplace transform algo-
rithm. The relaxation time (75, its corresponding relative
intensity (A,;), and the water population (area ratio; M)
were calculated using the LF-NMR relaxation curves. Each
sample was evaluated ten times and each test was com-
pleted with five samples at the various freezing time-points.

MRI

MRI data were also acquired on the MesoMR23-060V-I
NMR Analyzer. Proton density weighted images were
acquired by spin echo sequence. The echo time (TE)
was 20 ms and the repetition time (TR) was 1600 ms.
Four coronal slices were acquired; each was 2 mm thick
and the interval between slices was 2 mm. The 3rd slice
was used for data analysis. The field of view (FOV) was
100 mmXx 100 mm. The image files were analyzed using
OsiriX 7.5.1 (Pixmeo, Bernex, Geneva, Switzerland).

Color

The color of the tofu samples was evaluated at the various
freezing time-points using a HunterLab UltraScan PRO
colorimeter (HunterLab Co., Ltd., USA). A standard white
tile with reflectance values of L=90.2, a=0.4, and b=3.4
was used as a reference. A representative sample was
placed on a 3-cm petri dish. Hunter L (0.00=dark black,
100.00 =white), a (+=red, — = green), and b (+=yellow,
— = blue) were then determined for each sample. White-
ness values were calculated using the following equation:

H =100 = [(100 — L)* + & + b*]'

Color measurements were performed on five samples
per batch.

Statistical analysis
Statistical analyses were carried out using SPSS version

18.0 (SPSS Inc., Chicago, IL, USA). One-factor analy-
sis of variance (ANOVA) was carried out to evaluate the

Amplitude (a.u.)

0.01 0.1 1 10 100 1000
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Fig.1 LF-NMR T, multi-component inversion relaxation curves of
tofu at different freezing times

Table 1 T, relaxation times (T, T,;, T5,) of tofu at different freez-
ing times

Freezing T, (ms) T,, (ms) T,, (ms)

time (h)

0 0.93+0.07 47.76 +3.31%¢ 450.30+£12.91%
0.25 1.07+0.27 47.69 +0.00°¢ 439.76 +0.00%°
0.5 3.50+0.38% 48.83 +1.98¢ 439.76 +0.00%°
1 4.01+0.164 49.97 +1.98¢ 472.13+£32.76™
2 4.72+0.19¢ 37.98 +3.95 402.37 +41.90°
4 2.78 £0.35% 38.78 £2.69* 505.26 +0.00°
6 2.10+0.15° 34.62+£3.73%® 493.97+19.57"
8 3.85+0.57¢ 34.68+9.51%

12 3.28+0.55% 30.28 +5.06%

24 2.26+0.65° 2520+4.31*

Results are presented as the mean +standard deviation. Means with
different superscript letters within the same column are significantly
different (p <0.05)

difference between means for each of the parameters. Sta-
tistical significance was set at (*) p<0.05. Linear regres-
sion analysis was carried out using Origin 8.5.1 (Microcal,
Northampton, Massachusetts, USA).

Results and discussion
T, relaxation analysis

As shown in Fig. 1 and Table 1, the LF-NMR T, distribu-
tion and relaxation times were obtained for the tofu curds
at different freezing times after multi-exponential fit-
ting. The T, relaxation signals in tofu were mainly attrib-
uted to hydrogen protons in oil and water. According to
Li’s report [12], the T, relaxation time of the oil protons
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Table 2 The relative intensity (A,,, A,;, A,y) of T, components of
tofu at different freezing times

Freezing Ay Ay Ay

time (h)

0 18.21 +0.66° 521.82+15.73¢ 17.70+1.51°
0.25 7.66+2.81° 340.63 +8.28¢ 10.90 +0.68*
0.5 6.31+0.73° 326.13 +1.86¢ 10.35+0.39*
1 10.31+0.59? 315.63+4.51¢ 9.51+1.17
2 5.86+2.63 227.04+15.69° 11.32+1.63°
4 20.98 +1.04° 202.15+10.48° 24.39+791°
6 17.23+2.28° 177.66+37.18° 2547 +4.47°
8 55.66+6.35° 19.71£2.75%

12 51.52+6.53¢ 22.30+2.40°

24 43.45+4.18° 24.68 + 4.78*

Results are presented as the mean + standard deviation. Means with
different superscript letters within the same column are significantly
different (p < 0.05)

in tofu obtained by vacuum freeze drying, centered at
approximately 86—100 ms, accounted for less than 1% of
the total T, relaxation proportions in tofu without vacuum
freeze drying treatment. Consequently, the effect on 7,
relaxation measurements of the oil in tofu in this experi-
ment was ignored in the following analysis of the results.
Figure 1 indicates that tofu produced three peaks iden-
tified as T,,, T,;, and T,, according to previous assign-
ments [30, 31] after less than 6 h of freezing, and the
number of peaks was the same as the number detected in
Li’s study [11]. When the freezing time was extended to
8 h, the number of peaks was reduced to two. The relaxa-
tion time of T,, as the fastest fraction (0.93-4.72 ms) ini-
tially increased and then decreased with increasing freez-
ing time. T,, was the intermediate fraction (25-49 ms) and
its relaxation time presented a downtrend with increasing
freezing time. In contrast, 7,, was regarded as the slowest
fraction (402-505 ms), and there were no regular changes
in its relaxation time with increasing freezing time. The
two components 75, (0.93-4.72 ms) and T,; (25-49 ms)
in the samples were similar to T, (1.5-2.5 ms) and T,
(2149 ms) [11]. Moreover, the T, fraction (0.93-4.72 ms)
was attributed to the water molecules tightly associated
with the protein biopolymer. The T, fraction (2549 ms)
was ascribed to the water molecules in the small meshes of
the tofu microstructure. However, the third component T,
(402-505 ms) was markedly different to 7, (151-505 ms)
[11]. The T,, fraction (402-505 ms) was attributed to the
water molecules in the large pores and gaps in the three-
dimensional tofu network. The difference in preparation
of tofu between our research and Li’s research [11] made
a difference to the three-dimensional network of the tofu,
leading to the difference in relaxation time of the T,
fraction.
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The relative intensities (A,,, A,;, and A,,) of the T}, com-
ponents are shown in Table 2. When the freezing time of
tofu exceeded both 2 and 6 h, A,, increased significantly.
A,, decreased by degrees over the initial 6 h of freez-
ing, and fell off significantly later (p <0.05). A,, initially
decreased and then increased with increasing freezing time.
Table 3 shows the population (M,,, M,,, and M,,) changes
in the 7, components with freezing time. T, accounted for
only 2-8% of the total signal during the first 6 h of freez-
ing time, and approximately 70% 8 h later. Moreover, T,
was a major component and occupied 80-95% of the total
signal over the first 6 h, and approximately 25-36% after
8 h. The population of T), significantly increased when the
freezing time was prolonged to 4 h (p <0.05). However, the
T,, component remained a minor fraction throughout, and
varied from 3 to 12% during 24 h of freezing.

Hills et al. [32] proposed that proton relaxation behav-
ior not only reflects the state of water but also the state
of biopolymers and morphology. Li et al. [11] assigned
the three water fractions based on the microstructures of
tofu. Tofu is a soybean protein matrix that is induced by
coagulants, and it has a three-dimensional network struc-
ture composed of pores and meshes of various sizes.
When tofu is subjected to freeze treatment, these pores
and meshes form a more heterogeneous microenviron-
ment. Furthermore, the formation of ice crystals and the
freezing denaturation of the soybean protein also pro-
mote a more complex and diverse relaxation behavior
in the water. When tofu begins to freeze, the water mol-
ecules (7,;) that maintain an intermediate distance from
the surrounding protein network in the small meshes
initially form into ice crystals and are precipitated out.
Acids and salts in the small meshes form a concentrated
solution in the residual water, leading to the denaturation

Table 3 T, populations (M,,, M,,, M,,) of tofu at different freezing
times

Freezing My, M,, My,

time (h)

0 0.03 +0.00° 0.94 +0.00° 0.03 +0.00°
0.25 0.02+0.01° 0.95+0.00* 0.03 +0.00°
0.5 0.02 +0.00° 0.95+0.00* 0.03 +0.00°
1 0.03 +0.00° 0.94 +0.00° 0.03 +0.00°
2 0.02+0.01° 0.93 +0.00° 0.05+0.01°
4 0.08 +0.00* 0.82+0.03¢ 0.10+0.03°
6 0.08 +0.00* 0.80+0.05¢ 0.12+£0.04°
8 0.71+0.05¢ 0.29+0.04*

12 0.70+0.05¢ 0.30+0.04*

24 0.64 +0.06° 0.36+0.06°

Results are presented as the mean =+ standard deviation. Means with
different superscript letters within the same column are significantly
different (p < 0.05)
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of soybean protein accompanied by salting-out effect.
It was inferred that the greatest distance between the
water molecules (7,,) in the large pores and the gaps in
the surrounding protein network resulted in slower heat
exchange than in the T,, fraction. Therefore, T,,, A,|,
and M,, reflected the same decreasing tendency, and
T,, changed irregularly. The significant increase in A,,
and M,, after 4 h of freezing may have been caused by
the excess of unfrozen free water in the small meshes.
The disappearance of the T,, fraction peak 6 h later was
attributed to the residual unfrozen water molecules, with
the minor component turning into ice with a fast relaxa-
tion time. The soybean protein was slowly concentrated
as the free water slowly froze. The advanced structure
of protein is maintained by intramolecular hydropho-
bic bonds between non-polar groups, and by hydrogen
bonds, the distribution of which is closely related to the
structure and state of the molecules in the surrounding
of protein [33, 34]. The hydration layer of the protein,
namely water molecules (7,,) tightly associated with the
protein biopolymer, is damaged by the generation of ice
crystals. The binding force between the T, fraction and
the protein is weakened and T, increases during the first
2 h. Moreover, part of the T, fraction existing in the
side chains of the soybean protein is frozen during the
extension of freezing, which destroys the colloidal prop-
erties of the protein and reduces its affinity for water.
Consequently, the side chains are united together and
the protons of the hydrophilic groups became exchange-
able [35]. Therefore, the decrease in the protein’s affin-
ity for water accompanied by exchangeable protons may
be responsible for the change of T, during 2 to 24 h of
freezing. The sudden increase of M,, and the decrease
of M,, at 8 h may be caused by the large difference in
the freezing rate between T,, and T,; with distinctively
different states of water. The significant decrease of M,
and the increase of M,; at 24 h require further study
(p <0.05).

When the samples are considered to be an integral
component, the relaxation time (7,y) and amplitude
of the mono-component can be acquired after multi-
exponential fitting, as seen in Fig. 2. The food matrix
comprises water and large molecules, and the interac-
tion between water and macromolecules is therefore
the most important factor influencing the relaxation of
hydrogen protons in the food matrix. As can be seen in
Fig. 2, the relaxation time and amplitude both decreased
with increasing freezing time. This phenomenon may
be explained by the formation of ice crystals during the
freezing process. Proton relaxation in ice crystals is too
rapid to be detected by LF-NMR. To sum up, 7, relaxa-
tion can be used to monitor the distribution of unfrozen
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Fig. 2 LF-NMR 7, mono-component inversion relaxation time and
relative amplitude of tofu at different freezing times

water, and is considered a good indicator of the time-
induced structural changes in tofu during freezing.

MRI

MRI as a rapid and nondestructive method that can be used
to detect the water distribution in the food matrix and to
visualize the internal structural changes during processing.
Figure 3A shows the pseudo-color images (low—high pro-
ton density, blue-red color) of the proton density-weighted
images (PDWIs) of tofu at different freezing time-points.
The PDWIs illustrate the total water distribution includ-
ing that of bound water and free water. The differences in
the layers in each sample at different freezing times were
observed intuitively. Specifically, the right edge of the
sample emitted a much lower signal intensity (blue color)
than other parts owing to the low water content. Moreo-
ver, the low signal from the area of the right edge progres-
sively increased. This may have resulted from immediate
contact with the fridge drawer and the rapid formation of
ice crystals. When the freezing time was increased to 2 h,
the outline of the sample became blurred with the increas-
ing number of ice crystals. Moreover, when the sample
was subjected to 6 h of freezing, the outline could not be
determined by MRI. The result was in accordance with the
sharp decrease in the relative intensity of 7, components at
6 h of freezing time, as shown in Table 2. It is possible to
infer that there were few ice crystals before 1 h of freezing;
subsequently, a large number of ice crystals were gener-
ated up to 2 h, and the number remained stable after 6 h.
The relative intensity of the PDWIs is shown in Fig. 3B.
It was obvious that the intensity of the PDWIs decreased
after freezing, which was consistent with the relative inten-
sity of the T, components. These results reveal that tofu
requires at least 6 h of freezing.
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Fig. 3 PDWIs of (A) and the

corresponding histogram of B
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Relationship between chrominance and LF-NMR

NMR is a rapid and nondestructive analytical method
that can be used instead of time-consuming and sample-
destructive analytical methods. Moreover, there is a strong
correlation between NMR parameters and relative physico-
chemical parameters. Color is a key parameter in tofu qual-
ity. Good-quality tofu is white or light yellow. Therefore,
we investigated the correlation between the NMR param-
eters and the color parameters of tofu at various freez-
ing time-points in this study. The tofu sample was tested
using a Hunter colorimeter as shown in Table 4. We found
that the L and whiteness values decreased with increasing
freezing time (p <0.05). The major cause of this phenom-
enon was the interactions between the soybean protein and
water, which deteriorates with increasing freezing time,
resulting in enhanced of protein—protein interactions and
the precipitation of soybean protein. The destruction of
the three-dimensional network structure of cryopreserved
tofu affects the reflection of light, and reduces the L and
whiteness values of the tofu sample. In this study, the L

C
e
N
n
o
n

2 4 6

Freezing time (h)

and whiteness values did not significantly decrease after
the first 1 h, which indicates that the three-dimensional net-
work structure was not obviously damaged during the pri-
mary freezing stage. Moreover, the a and b values changed
little change during the freezing time, which indicates
that the physico-chemical changes to the components in
tofu resulting from the freezing process did not affect the
absorption wavelength. Hence, the a and b as chromaticity
index values changed little.

In a previous study, Li et al. [12] discovered that there
is a strong linear relationship between the T,; relaxation
time and the water-holding capacity of tofu. Therefore, the
linear relationships between the NMR parameters and the
color parameters of tofu during the freezing process are of
particular interest (Table 5). In our study, there was a strong
linear relationship between the L values and the NMR
parameters (0.655 <R?<0.942), which was significant
except in the case of T,,. As similar correlation of values
(0.676 <R*><0.927) was observed for whiteness, but there
was no significant correlation in the case of 7. For a and
b values, significant correlation was restricted to 75,, A,,,

Table 4 Hunter L, a, b and

. Freezing time (h) L* a* b* H

whiteness value of tofu at

different freezing times 0 88.89+0.36° 0.13+0.16° 18.70 +0.63%¢ 78.24 +0.65°
0.25 89.28 +0.24° 0.34+0.06° 17.21+£0.23% 79.61+0.15°
0.5 88.67+0.14° 0.46+0.08° 17.18 £0.18%® 79.41+0.17°
1 89.08 +0.42° 0.25+0.14° 18.16+0.19% 78.81+£0.37°
2 82.42+0.494 0.61+0.15° 21.03+£0.76° 72.58 +0.78¢
4 77.15+3.13° 0.26 +0.36° 19.47 +0.83> 69.91 +2.48°
6 76.60 + 1.49¢ 0.30+£0.50° 20.86 +0.62° 68.64 +1.38°
8 56.69+3.11° -0.70+0.36 1573 +3.74* 53.74+1.83°
12 53.02+3.53* 1.47+0.55¢ 16.01 +1.95* 50.29 +3.05*
24 51.48+3.32% 1.66 +0.39¢ 16.82+2.65% 48.53 +2.42°

Results are presented as the mean =+ standard deviation. Means with different superscript letters within the
same column are significantly different (p < 0.05)
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Table 5 Linear regression analysis between NMR parameters and
Hunter values and whiteness

T, parameters R R? P

Correlation with L*

Ty, 0.154 0.024 ns

T, 0.810 0.655 p <0.01

T,, 0.460 0.212 p <0.05

Ay 0.930 0.865 p <0.01

Ay 0.899 0.809 p <0.01

Ay 0.811 0.657 p <0.01

M, 0.958 0.918 p <0.01

My, 0.971 0.942 p <0.01

M,, 0.869 0.755 p <0.01
Correlation with a*

Ty, 0.024 0.001 ns

T, 0.508 0.259 p <0.05

T,y 0.246 0.061 ns

Ay 0.283 0.080 ns

Ay 0.387 0.150 p<0.1

Ay 0.194 0.038 ns

M,, 0.387 0.150 p<0.1

M,, 0.347 0.120 p<0.1

M,, 0.094 0.009 ns
Correlation with b*

Ty, 0.111 0.012 ns

T, 0.040 0.002 ns

T, 0.161 0.026 ns

Ay 0.581 0.337 p<0.05

Ay 0.286 0.082 ns

Ay 0.583 0.340 ns

M,, 0.584 0.341 p <0.05

M, 0.547 0.299 p <0.05

M,, 0.645 0.416 p <0.05
Correlation with H

Ty, 0.152 0.023 ns

T, 0.822 0.676 p <0.01

T, 0.417 0.174 p<0.1

Ay 0.921 0.848 p <0.01

Ay 0.896 0.802 p<0.01

Ay 0.800 0.640 p <0.01

My, 0.951 0.904 p<0.01

M, 0.963 0.927 p <0.01

M,, 0.852 0.727 p <0.01

My, and M,, and A,y, My, M,,, and My, respectively. The
correlation between the values suggests the potential use of
NMR parameters in monitoring the color change of tofu at
different freezing time-points.

Conclusions

In this study we proved that the investigation of the tofu
freezing process at atmospheric pressure is feasible using
LF-NMR and MRI. The freezing process changed free
water (7,, and T, fractions) into ice crystals. However, the
distances to the surrounding protein network were different
in these two water fractions, and consequently their heat
exchange rates and ice crystal generation rates were differ-
ent. This explains why the 7,, and T,, parameters behaved
differently during the freezing process. The freezing dena-
turation of the soybean protein weakened its affinity for
water, and the T,, protons became more active. Further-
more, the union of the side chains of the soybean protein
produced exchangeable protons on the hydrophilic groups,
which decreased the relaxation time of the T, protons
and increased the A,, from 2 to 6 h. In the residual frozen
water, access to the T, fraction was accompanied by an
increase in A,, and M,, after 6 h of freezing. The water pro-
ton migration and the formation of ice crystals destroyed
the three-dimensional network structure and changed the
tofu population distribution, resulting in a decrease in the L
and whiteness values. Therefore, there was significant lin-
ear correlation between the T, parameters and the Hunter
colorimetric readings. To sum up, LF-NMR and MRI can
be used for rapidly determining the state of water and for
visualizing the water distribution in tofu during freezing.
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