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Abstract—Ice formation of a 20% w/v sucrose solution was monitored during the freezing process by magnetic resonance imaging
(MRI). An original experimental setup was designed with oil as a cooling fluid that allows accurate control of the temperature. The
NMR signal intensity of particular sampled volumes was observed during the entire cooling period, from 0 to —50 °C, showing a
peak characteristic to a transition before the loss of the signal. Moreover, spatial ice distribution of the frozen matrix was observed
by high resolution MRI with an isotropic resolution of 78 x 78 x 78 pm>. MRI has proved to be a novel technique for determining
the glass transition temperature of frozen sucrose solutions, in the concentration range where calorimetric measurements are not

feasible.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Freezing is an important means of preserving foods and
other biological materials. The quality of thawed food
products (like fish,"? meat,** fruits>®) depends on an
irreversible freezing process because cell deteriorations
are generated. The lyophilization process requires the
characterization of the frozen matrix.” In other areas,
the cryo-conservation of semencea of animal species®
or of organs’ has to be a well-controlled process. When-
ever possible, ice crystallization damages have to be
avoided for all of these processes by using, for example,
vitrification where a glassy state forms instead of ice for-
mation. For this, it is necessary to know exactly the state
diagram of the studied solution upon cooling and partic-
ularly the T, value (temperature for the appearance of
the first ice crystal) and 7, value (the temperature at
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which the viscosity of the unfrozen liquid phase becomes
a limiting factor for the growth of the size of ice crystals,
that is, the solution turns from the liquid state to a
glassy one).

Magnetic resonance imaging (MRI) allows the visual-
ization of the freezing process following the spatial dis-
tribution of non-frozen water for samples placed in a
cold air flow.'° This feasibility for determining the liqui-
dus curve by NMR was explored from 1989, on sucrose
solutions by Harz et al.'' The general relationship
between the NMR signal intensity and the structure of
a solution is given by

U(t) = Upsexp(—(t/2(T2s))" ) Uoi(exp(—/T21)) (1)

where Uy and Uy, are the maximal intensity of the sig-
nal of the solution in the solid and in the liquid, respec-
tively, and 7, and T, the spin—spin relaxation time,
respectively, for the two forms. Different components
may be encountered if protons belong to different mole-
cules (sugar protons and water protons) and/or if they
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are involved in different physical states (liquid or solid).
Thus, the NMR signal intensity of an aqueous mixture
reflects the amount of water in both the liquid (unfrozen
water) and solid states (ice) during cooling.'”

In imaging experiments with a classical spin-echo
sequence, the relaxation signal intensity S is given by

S o p(l —e TR/ TE/T (2)

with TR (repetition time) and TE (echo time) are imag-
ing parameters, 7 spin-lattice relaxation time and 7,
spin—spin relaxation time specifics of the studied pro-
ton. It is known that temperature influence reflects
principally on 7 assessment, the effect used in ther-
mometry. So, upon cooling, the liquid relaxation signal
intensity decreases because of many factors such as
temperature decreases and its direct effect on relaxation
time values, the decrease in the liquid water amount
and also the cryo-concentration of the remaining
liquid. However, monitoring the freezing kinetics of a
sucrose solution is possible, by studying the cooling
curve, which depicts ‘global signal’ intensity evolution
as a function of cooling time, that is, as function of
temperature.

Previous literature has indicated that the ice phase in
sucrose solutions is pure water only and that the confor-
mation of aqueous sucrose does not depend on tempera-
ture and or initial sucrose concentration.'® Usually, the
experimental glass transition temperature values (7)
are obtained from differential scanning calorimetry
(DSC) for sucrose solutions, but only for highly concen-
trated sucrose solutions (over 65/35 sucrose/water).'*
The slower the cooling process, the more time the crystals
have to grow and the T, value of the solution decreases.
The cooling rate is a determinant factor for the molecular
rearrangement and for fast freezing the T, values are eas-
ily measurable. For example, a cooling rate equal to
20,000 °C/s is necessary to vitrify pure water.'> Some lit-
erature data for sucrose solutions and pure compounds'®
are reported in Table 1 and were used to produce the su-
crose/water phase diagram in Figure 1. Roos'* has used
Gordon and Taylor’s formulae, which allows calculation
of T, values for binary polymer mixtures, to obtain the
theoretical curve of T, values of carbohydrates at various
water contents, reported in Figure 1.

The present state-of-the-art does not make it possible
to choose between T, equal to —33 °C predicted from
the extrapolation of the experimental results or 7, equal

Table 1. T}, and T, values for some different concentrations of sucrose/water solutions (% in w/v); the experimental values have been obtained with a

cooling rate of 10 °C/min

Compound T (°C) T, (°C) Method Literature data
Pure sucrose 192 66 Experimental DSC Blond et al.'®
80% Sucrose —46 Experimental DSC Roos™
70% Sucrose —68 Experimental DSC Roos'*
55% Sucrose —-55 Around —35 Experimental DSC Blond et al.'®
20% Sucrose —-1.5 —125 Theoretical Blond et al.'®
Pure water 0 —135 Johari et al.'®
water Temperature ‘K sucrose
525
478 «Tm=465 K
425 /
375 Studied solution
325 / O <+ Tg =335 oK
Tm =273 K275 O——= /d
225
175
Tg =138 K—>125(=)/ . . .
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Figure 1. Concentration—temperature state diagram for aqueous sucrose solutions (data'®): (O) experimental data, (—) theoretical lines (calculated

o1 Tg1+kanTy

with the Gordon and Taylor’s formulae 7, = =22

where w; and w, are the weight fractions of the solute and water, respectively, Ty, is the T,

of the anhydrous solute, Ty, is the T, of water and k is a constant (for sucrose k = 5.12)). All temperatures are in kelvin.



494 R. Mahdjoub et al. | Carbohydrate Research 341 (2006) 492498

to —125 °C obtained from theoretical model, for a 20%
sucrose solution. The aim of this MRI study is to try to
resolve this question by monitoring, in situ and non-
invasively, the freezing of this solution. Quantitative
analysis of the signal acquired during freezing of a
20% w/v sucrose solution was performed and highly
spatially resolved images of the frozen matrix were
obtained.

2. Materials and methods
2.1. Samples

The model used was an aqueous solution with 20% w/v
of sucrose (Sigma Aldrich, USA, Mw =342.49) in a
7 mL glass vial, with the outer and inner diameters being
20 and 18 mm, respectively. The vial was filled with
2.5 mL of the solution, corresponding to a 10 mm height.
For dynamic studies, (i.e., in situ monitoring of NMR
signal intensity with decreasing temperature) samples
were pre-cooled to 0°C and then frozen to —50 °C.
High-resolution MRI studies were performed on sam-
ples uni-directionally frozen to —50°C. The sample
was then immersed into liquid nitrogen to stabilize the
structure of the frozen matrix. During imaging experi-
ments, the sample temperature was fixed at —20 °C.

2.2. Cooling system
The cooling system, which was specifically developed for

this experiment, consisted of a cooling apparatus (cryo-
stat Bioblock, Huber CC180, Germany) with a —80 to

(a)

100 °C range, and a beaker-like vessel containing both
the coil and the sample. Cooling fluid (silicone oil) was
circulated in the double jacket of the beaker. This cool-
ing system and the beaker were linked with two silicone
pipes of 10 mm inner diameter. The evolution of freez-
ing power as a function of the temperature is provided
by the manufacturer. The temperature as a function of
cooling time is given by

0=6.10"7() — 0.0202(¢) (3)

where 0 is the temperature in °C and ¢ the cooling time
in seconds.

2.3. MRI

The MRI experiments were performed on an Oxford 2 T
magnet with 50 mT/min gradients. For dynamic studies,
the bottom of the vial was placed on a freezing surface,
and thus the reference temperature was fixed in a one-
dimensional freezing model. The vial and the coil both
had to be approximately at the same level above this sur-
face. Therefore, a six turn transmitter—receiver solenoi-
dal coil of 15mm length and 20 mm diameter was
built specifically according to the sample size and tuned
to 85.13 MHz ('H frequency) as shown in Figure 2a. To
limit resistive losses, the windings were spaced out to
reduce the proximity effect and a 2 mm diameter wire
was used to minimize the skin effect losses.'” To cancel
signals from hydrogen nuclei in the silicone oil used as
cooling fluid, a Faraday shield was inserted between
the cooling fluid chamber and the solenoid (Fig. 2b).
Matching the resonator to the preamplifier was done
using an inductive loop.

=
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(b) (c)

Figure 2. Solenoidal radiofrequency coil used for NMR measurements: (a) length = 15 mm, diameter = 20 mm, wire diameter = 2 mm, number of
turns = 6; (b) Location of the NMR coil inside the double jacket beaker; (c) volumes of interet (VOI) studied during kinetics. L = left; C = centre;

R =right; B = bottom; T = top.
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A conventional spin-echo sequence was used for con-
tinuous acquisition of a set of images during the cooling
process. The relaxation times of different protons can be
estimated from the literature data, that is, at 4 °C, for
sugar protons 75 ~ 58 ms and 7'} ~ 94 ms, and for water
protons T, ~485ms and T} ~ 636 ms.'® This knowl-
edge makes it possible to choose relevant values of the
imaging parameters TE and TR to reduce the acquisi-
tion time per image. Two series of kinetic studies were
made for each sample, hereafter referred to as kinetics
A and kinetics B. For kinetics A (Fig. 3a), parameters
values were: TE = 16 ms, TR = 100 ms, data matrix =
128 x 32, field of view = 19 x 19 mm, slice thickness =
I mm and 2 averages. The acquisition time was 6.4 s
per image and 425 images were acquired during the
first 45min 20s of the freezing process (from 0 to
—50°C). To increase temporal resolution, kinetics B,
shown in Figure 3b, used the parameter values:
TE = 15ms, TR = 50 ms, data matrix = 128 x 32, field

of view =19.3 x 19.3 mm, slice thickness =2 mm and
only one acquisition. The acquisition time was 1.6s
per image and 825 images were acquired during
22 min, starting 10 min after the beginning of the freez-
ing process (from —12 to —50 °C).

To obtain a high signal to noise ratio, the parameter
values of the three dimensional spin-echo sequence were
chosen as following: TE =16 ms, TR = 120 ms, data
matrix = 256 x 256 x 256, field of view =20 x20x
20 mm and 8 averages. The spatial resolution (voxel
size) was 78 x 78 x 78 (um)°.

2.4. Image processing

Magnitude images were reconstructed by direct Fourier
Transform of the raw data. For each dynamic study,
proton signal evolution as a function of time was per-
formed at six different locations in the sample as shown
in Figure 2c.
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Figure 3. (a) Kinetics A for the six VOI of the solution (cf. Fig. 2c) with a resolution of 6.4 s/point. The time is related to the cooling temperature by
Eq. (1). (b) Kinetics B for one VOI of the solution (e.g., LB) with a resolution of 1.6 s/point.
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3. Results and discussion
3.1. Kinetics of the cooling of a sucrose solution

Signal intensity variations were nearly identical in the six
selected volumes of interest VOI (Fig. 3a). During kinet-
ics A and B, the signal intensity first increased before
decreasing slowly and was broken up by a spiked peak.
The hump observed after 14 min (Fig. 3a and b) can be
explained by Curie’s law, which predicts that the magne-
tization varies as a function of 1/T (S increasing) but
also as a progressive loss of molecular mobility in a
medium that is becoming more and more motionless
while the temperature of the sample decreases (S
decreasing). This apparent continuous sample evolution
may also be caused by convective flow due to the tem-
perature gradients inside the sample. The spiked peak
was followed by an abrupt signal drop. This last effect
is believed to be caused by a phase transition of the solu-
tion from a glass to the solid state. For kinetics A, this
very fast phenomenon happened after 28 min of cooling
period, that is, at 239.3 K, with a duration less than 13 s.

Signal intensity

Y

100%

10%

Figure 4. Schematic description of the observed peak and definition of
times referenced in text: #; = beginning of the transition, the viscosity
value of the solution is maximum, #, = T}, glass transition temperature,
t; =end of the sample crystallization.

The spiked peak was also observed using an acquisi-
tion time per image of 1.6s, that is, kinetics B
(Fig. 4b). The intense peak emergence could be observed
14 min after the beginning of the data acquisition (data
collection started 10 min after the beginning of the sam-
ple cooling), that is, at 235.6 K. The discrepancy be-
tween 28 and 24 min, and the non-equal temperatures
—33.7 and —37 °C, respectively, may be due to differ-
ences in the freezing ramp period. In the first case
(28 min, —33.7 °C), the freezing ramp was chosen from
0 to —50°C with a 6.4s acquisition interval while a
freezing ramp from —12 to —50 °C with a 1.6 s acquisi-
tion interval was taken in the second one (24 min,
—37 °C). This transient state was represented as a sharp
intensity peak followed by a rapid exponential-like drop
towards zero with a time constant t in the order of 11 s
(Fig. 4). Starting from the beginning of the cooling
experiment, three characteristic times have been defined:
t, corresponds to the origin of the peak, ¢, to the top of
the peak and 73 the time of the decay. Notice that 7, cor-
responds to the glassy-solid transition temperature
designed as T,. An original observation was that the
beginning of the transition started at the same time (val-
ues of #; and ¢, in Table 2) through the whole volume of
the sample.

As expected, the crystallization time, which is charac-
terized by 73 — 15, was found to be shorter at the bottom
sample than at the top and shorter at the centre of the
sample than at sides (Table 2 and Fig. 5). We note that
the beaker was open to the atmosphere and cold losses
could occur at its surface top. These observations are
in accordance with the presence of the cooling gradient
from bottom to top.

At time 7, the viscosity of the sucrose solution is at its
maximum and molecules rearrange to allow crystalliza-
tion, which is an exothermic process. The temperature
increases rapidly from the nucleation temperature up
to the freezing equilibrium temperature.'” Due to a
supercooling effect, water molecules retrieve some
mobility leading to a high intensity NMR signal. This
crystallization process has been associated with a con-
vective mass flow moving molecules present in the liquid
state.’” In this hypothesis, water molecules diffuse
through the liquid matrix towards the surface of ice
crystals, while sucrose molecules are excluded from the

Table 2. Characteristic times for kinetics B, as defined in text: #; corresponds to the beginning of the peak and #, to the maximum of the peak

Position t; (min:s) t, (min:s) t3 (min:s) At=1t — 1 At =t3— 1,
Left-top 23:45.6 23:56.8 25:36.0 11.2 100
Left-bottom 23:45.6 23:56.8 24:38.4 11.2 42
Centre-top 23:45.6 23:56.8 25:05.6 11.2 70
Centre-bottom 23:45.6 23:56.8 24:27.2 11.2 31
Right-top 23:45.6 23:55.2 25:29.6 9.6* 94
Right-bottom 23:45.6 23:55.2 24:38.4 9.6° 43

Freezing rates, characterized by #; values, were higher at the bottom than at the top of the sample (precision + 1.6 s).
#Due to cooling jacket beaker conception, the cooling flux was coming from the same side (here, the right side).
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Figure 5. Temperature gradients in the vial.

surface of the ice crystals. This reorganization time is
given by At =t, — t; (mean value of 10.67 £ 1.6 s). Fi-
nally, the intensity drop as a function of time may be
used to quantify ice crystallization rate (t value) and
crystallization duration values, given by At' =13 — 1,
(Table 2).

3.2. Structure of a cooling sucrose solution

Three-dimensional images with an isotropic spatial res-
olution of 78 um (Fig. 6a and b) show the internal struc-
ture of two samples of a frozen opaque 20% w/v sucrose
solution. After freezing to —50 °C and storing in liquid
nitrogen, the sample was kept for 5h at —20 °C inside
the magnet bore to stabilize the temperature before the
NMR experiment. This temperature is above the glass
transition temperature (g = —35 =+ 2 °C) of the solution.
The sample structure can be considered as a compromise
between a solid frozen ice structure, and a viscous con-
centrated phase containing a sucrose solution where
hydrogen nuclei mobility allows the observation of a
NMR signal. Unfortunately, the acquisition time for
such NMR microimaging is generally more than 20 h.
Under such conditions, Ostwald ripening may occur
leading to ice crystal size increases by clustering. This
recrystallization phenomenon is driven by a chemical
potential force, which tends to minimize the surface en-

ergy.'® This phenomenon was widely observed and stud-
ied in the frozen food area, especially in ice-cream
storage.”’"?? Such an image does not give a precise view
of the structure of the ice network in this particular sam-
ple. White areas are rich in motion-free hydrogen nuclei
and correspond to a viscous phase. In dark areas

Figure 7. Observation by reflection microscopy of a 10% w/v solution
of sucrose frozen in a 7 mL vial. Ice appears as gray areas and the cryo-
concentrated matrix appears here as dark channels: (a) observation of
the middle of the sample and (b) observation at the bottom of the
sample. Scale = 265 pm.

(a)

(b)

Figure 6. Internal structures of a frozen sucrose solution. A thin layer (thickness = 300 pm) of highly concentrated in sucrose, can be observed at the
surface of the sample. It may be possible to observe: (a) a sheet-like ice crystal pattern on the left side, sucrose aggregates on the right side and a
thinner structure at the bottom of the sample; (b) a more regular sheet-like ice crystal pattern and bigger cylindrical ice channels. Scale = 2 mm.?
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hydrogen nuclei are bound to solid ice. Aggregates and
sheet-like white zones can be observed inside the whole
sample, which appears heterogencous. Moreover, no
ice structure can be observed at the bottom of the sam-
ple because the ice crystals are too small compared to
the spatial resolution of images. This phenomenon can
be explained by primary nucleation, which generates
small ice crystals from the liquid phase, and occurred
preferentially at the vial bottom where the under-cooling
degree was a maximum. This ice structure pattern has
also been confirmed by reflection microscopic studies
of the frozen matrix* as shown in Figure 7. A concen-
trated sucrose layer of approximately 300 um thickness,
was observed at the surface of the sample. This ‘crust
effect” was probably due to the diffusion of sucrose from
ice crystals to the thin layer during crystallization pro-
cess.”* Therefore, the high resolution MRI technique
permitted the observation of the main patterns of the
freezing process.

4. Conclusion

Freezing used in food storage, cryopreservation of living
systems and other areas must be an irreversible phenom-
enon because ice crystallization leads to cell deteriora-
tions. MRI is able to image the freezing process after
the solution becomes opaque due to ice formation. In
addition the technique can probe the final microstruc-
ture of the solution non-invasively. For this, an original
setup of a temperature ramp probe has been described
here to allow freezing phenomena to be studied in situ
in the magnet. This experiment has been performed on
a binary system (20 sucrose/80 water). The kinetic stud-
ies with short acquisition times (1.6 s/image) showed the
evolution of sucrose and water molecules in solution
before the glass phase transition leading to the crystalli-
zation of the whole sample. The glass transition temper-
ature T, and the duration of crystallization phenomena
have been evaluated. These preliminary results prove
that MRI may be employed for the determination of
state diagram of sucrose solutions, in a range of concen-
trations, which is not available by other techniques.
Moreover MRI microscopy with an isotropic resolution
of 78 x 78 x 78 um? is also able to characterize dendritic
ice structure and reveals some patterns of ice channels
and sucrose in the sample. These observations are in

accordance with two-dimensional information on the
matrix structure obtained using reflection microscopy.
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