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Abstract The diffusion coefficient of the water component
in a freeze-concentrated matrix is a useful parameter for
predicting and controlling the recrystallization rate of ice
crystals in sugar solutions relevant to frozen desserts.
Herein, application of molecular dynamics (MD) for
estimating the water diffusion coefficient in a freeze-
concentrated matrix of sugar solutions is described.
Diffusion coefficients evaluated using MD with the
optimized potentials for liquid simulations all atom force
field and water models of three types (simple point charge,
simple point charge extended, and transferable intermolec-
ular potential-4 point) show a good positive linear relation
with measured values, indicating that the MD methods used
in this study are useful for predicting differences in water
diffusion coefficients in a sugar freeze-concentrated matrix.
Furthermore, similarly to measured values, the estimated
diffusion coefficients show a good positive correlation with
recrystallization rates of ice crystals, which suggests that
MD is useful to predict differences in recrystallization rates
of ice crystals in frozen sugar solutions.
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Introduction

Recrystallization of ice crystals in frozen foods is charac-
terized by an increased average size of ice crystals after
completion of water solidification.1,2 Recrystallization
causes deterioration during storage and distribution in
frozen foods. For example, for ice cream, the increased
size of ice crystals in ice cream brings about a coarse,
grainy, and icy texture, destroying its preferred creamy and
smooth texture.2,3 Recrystallization in frozen meat damages
the cell structure, causing drip loss after thawing. Conse-
quently, the recrystallization process has been considered as
an important phenomenon to be controlled for proper
storage and distribution of frozen foods. Storage experi-
ments examining frozen foods4–13 and model systems14–21

have been conducted to elucidate the recrystallization rates
of ice crystals under various experimental conditions.
However, these storage experiments are generally time-
consuming because storage for days to months is often
needed to observe distinct recrystallization process. For
example, Martini and Zaritzky5 conducted a maximum
storage period of 5 months to examine the recrystallization
rate in frozen beef. Consequently, it is unreasonable to try
examining many of the recrystallization rates of frozen
foods in the markets using storage experiments. To
understand recrystallization in various frozen foods under
various storage conditions better, a more systematic
approach is necessary. Finding a common mechanism
accounting for different recrystallization rates will enable
prediction and control of recrystallization behavior for
widely various frozen foods under various conditions.
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Recently, we showed that the diffusion coefficient of
the water component in a freeze-concentrated matrix is a
useful parameter for predicting and controlling recrystal-
lization of ice crystals in sugar solutions relevant to frozen
desserts.21 That is to say, knowing the water diffusion
coefficient in a freeze-concentrated matrix would engender
prediction of recrystallization rate of ice crystals and save
time-consuming storage experiments. Very recently, Budke
et al.22 also have shown the correlation between ice
recrystallization rate and water diffusion coefficient in
sucrose solutions containing synthetic antifreeze glycoprotein
analogues.

A useful method to measure the water diffusion
coefficient is NMR, such as pulse field gradient stimulated
gradient echo proton NMR (PFGSTE 1H-NMR).23 This
method, however, requires expensive equipment. The
running cost for operating the related devices is also high.
Consequently, it is not widely used.

Molecular dynamics (MD) simulation can predict the
structure and dynamics of various systems, including gases,
liquids, solids, solutions, and glass.24 In this simulation
method, atoms and molecules are allowed to interact
according to the laws of physics, e.g., Newton’s laws of
motion. By analyzing a molecular or atomic trajectory,
physical properties of simulation systems such as viscosity
and diffusion coefficient can be calculated. Recent rapid
progress in computer technology and simulation techniques
has enabled the use of MD with lower cost and shorter
computational time. Regarding the properties of water,
several water models adapted to MD simulation have been
developed.

Reportedly, MD simulation using some of these models
can reproduce experimental water properties such as the
diffusion coefficient,25 density maximum temperature,26,27

dielectric constant,28 and expansion coefficient,29 although
no water model reproduces many water properties simulta-
neously. Furthermore, force fields for MD of organic
molecules30 and biomolecules31–33 such as proteins, carbo-
hydrates, lipids, and others have been developed. The
theoretical backbone for MD simulation of widely various
aqueous organic solutions is being established. In fact, MD
simulations of several sugar solutions were conducted to
probe molecular interpretation for their functions as
cryoprotectants and protein stabilizers.34–38 For example,
Ekdawi-Sever et al. performed MD simulations to compare
measured and simulated water diffusion coefficients in
aqueous solutions of sucrose or trehalose at room temper-
ature or above.38 They concluded that simulated water
diffusion coefficients in both disaccharides solutions were
in good agreement within 30% with measured ones.38 From
these aspects, the diffusion coefficient of water molecules
in freeze-concentrated matrix of frozen foods might be

evaluated using MD simulation. In addition, using diffusion
coefficient by MD simulation might enable prediction of
the recrystallization rates of ice crystals. However, most
water models and force fields described above are pre-
sumed to be used for simulations at or near room
temperature.

Few reports to date have described MD simulation of
aqueous organic solutions at subzero temperatures. There-
fore, no information is available about whether MD
simulation is useful to predict the water diffusion coeffi-
cient of a freeze-concentrated matrix or not at subzero
temperatures. No reported study has investigated the
correlation between simulated diffusion coefficient of water
molecules in freeze-concentrated matrix and experimental
recrystallization rate either. Our objective is to provide
reliable information related to the relation between previous
experimental recrystallization rate21 and diffusion coeffi-
cient of water molecules obtained using a MD simulation in
the freeze-concentrated matrix in various sugar (mono and
disaccharide) solutions having relevance to frozen desserts.

Materials and Methods

Simulation System

Table 1 presents details of the sugar solutions examined in
this study. The concentration and ice content are shown in
weight percent. The measured values of the recrystallization
rate and diffusion coefficient of water molecule in a freeze-
concentrated matrix (by PFGSTE 1H-NMR) were obtained
from a previous study.21

Molecular structure data of the sugars for MD simulation
were obtained from the Hetero-compound Information
Centre, Uppsala (HIC-Up; http://xray.bmc.uu.se/hicup/).
The force field potential parameters for the sugar molecules
were from the optimized potentials for liquid simulations all
atom (OPLS-AA) force field optimized for carbohy-
drates.39. The OPLS-AA includes bonded interaction terms
representing the energy of deformation of bond length,
bond angle, and dihedral angles and non-bonded terms: the
Lennard–Jones potential (van der Waals interaction) and
electrostatic potential between atom-based charge. The
OPLS-AA was also used in a preceding study38 for the
prediction of water diffusion coefficient in sugar solutions
at room temperature or above with success. As a water
model, simple point charge (SPC)40, SPC extended (SPC/E),41

and transferable intermolecular potential-4 point (TIP4P)42

were selected because they have been often used in the
simulation in organic solutions.

The initial model of freeze-concentrated matrix (Table 1)
was constructed as follows. Sugar molecules and water
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molecules were located in a cubic unit cell with a
periodic boundary condition. The amounts of sugar and
water per unit cell were arranged so that the sugar
concentration was the same as that in freeze-concentrated
matrix (Table 1). This procedure was done using the MD
program suite Groningen Machine for Chemical Simula-
tions (GROMACS).43 Table 2 presents details of the
simulated system. Initial cell sizes were set so that the
system densities were equal to reported ones of real
solutions at 20 °C.44

MD Simulation

All MD simulations were done using the MD program
suite, GROMACS,43 on a home-built PC equipped with a
quad-core processor Core 2 Quad (Intel Corp.).

First, the initial system was energy-minimized using the
steepest descent method, with a bond and angle of the
sugar molecule flexible. Then, similarly to the method
used by Roberts and Debenedetti,35 the initial velocity of
each atom was assigned from a Maxwell–Boltzmann
distribution at 450 K and MD simulation, with NVT
ensemble performed for 100 ps of simulated time to
randomize the system. The system was then cooled to the
simulation temperature shown in Table 1 and equilibrated
for 500 ps with the NPT ensemble. Subsequently, produc-
tion MD simulation with the NPT ensemble was carried for
4,000 ps of simulation time for the evaluation of the water
diffusion coefficient.

The cutoff distance used for the van der Waals
interactions was 0.7 nm. Long-range electrostatic interac-
tions were calculated using the particle mesh Ewald
method.45,46 Temperature control was done using the
Nosé–Hoover method.47,48 The system pressure was set to
1 atm using the Parrinello–Rahman approach during

simulations using NPT ensemble.49 The time step of
simulations was 0.5 fs (5×10−16 s). The resultant trajectory
data were saved at every 250 steps (125 fs; 1.25×10−14 s).

From the trajectory data of water molecules, the
diffusion coefficient of water molecules was calculated
based on the Einstein relation24 as shown below.

D ¼ lim
t!1

1

6tn

X

n

rðtÞ � rð0Þ½ �2 ð1Þ

In that equation, D signifies the diffusion coefficient, t
stands for the time of production MD simulation, n denotes
the number of water molecules, and r(t) is the position of
center of mass of water molecules at time t. This calculation
was performed using the command of g_msd on GRO-
MACS. g_msd gathered the mean square displacement of
the center of each water molecules with the time interval of
125 fs (1.25×10−14 s) to 3,500 ps from the 4,000 ps
production MD simulation. Then, the diffusion coefficient
of water molecules was calculated by least squares fitting a
straight line to the relation between the mean square
displacement and the time interval.

Results

Relationship Between the Mean Square Displacement
of Water Molecules and Time Interval

Figure 1 shows a typical plot of the mean square
displacement of water molecules vs. time interval. It gives
a straight line. This indicates that the simulation system was
stabilized enough after the equilibrium process of 500 ps,
and the water diffusion coefficient was evaluated from the
slope of the plot.

Table 1 Details of sample sugar solution

Sample Temperature
(°C)

Freeze-concentrated
matrix conc. (wt%)

Ice content
(wt%)

Water frozen
(wt%)

Mearured recrystallization
rate (μm3/hour) 21

Diffusion coefficient of water
molecules in freeze-
concentrated matrix measured
by PFGSTE 1H-NMR
(×10−10m2/s)21

21.8 wt% maltose −4.4 40.0 45.4 58.1 1151 3.75

22.45 wt% sucrose −4.6 41.1 45.4 58.4 1179 3.69

18.5 wt% glucose −5.8 34.0 45.4 55.9 1691 4.05

25.0 wt% sucrose −5.8 45.8 45.4 60.6 899 2.83

22.45 wt% fructose −8.0 41.1 45.4 58.6 901 3.29

28.6 wt% sucrose −8.0 52.4 45.4 63.6 323 1.50

25.0 wt% fructose −10.0 45.8 45.4 60.7 566 1.91

25.0 wt% glucose −10.0 45.9 45.4 60.8 519 1.93
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Comparison of Simulated Diffusion Coefficients
to Measured Ones

Figure 2 presents a plot of the diffusion coefficients
evaluated using MD simulation as a function of the
measured ones using PFGSTE 1H-NMR in a previous
study.21 It shows a good linear relation with the correlation
coefficient R2 ¼ 0:899� 0:947 for all water models used.
In particular, the calculated diffusion coefficients with the
SPC/E water model were close to those measured using
PFGSTE 1H-NMR for all solutions examined in this study.

Correlation Between Simulated Diffusion Coefficients
and Recrystallization Rates

In Figure 3, the experimental recrystallization rates
obtained in a previous study21 are shown as a function of
the diffusion coefficients of water molecules obtained using
the MD simulation. The experimental recrystallization rates
correlated well with the diffusion coefficients obtained

using the MD simulation for all water models examined;
increasing the diffusion coefficient increased the recrystal-
lization rate. The result of fitting to a linear function
showed reasonable agreement R2 ¼ 0:948� 0:984ð Þ.

Discussion

In general, physical properties, such as the diffusion
coefficient of molecules obtained using the MD simulation,
depend upon the type of molecular model and force field.24

Fig. 1 Typical plot of averaged mean square displacement as a
function of time interval. The broken line represents result of linear
fitting. Simulation system: freeze concentrated matrix of 25 wt%
fructose (fructose concentration=45.8 wt%) at −10 °C

Table 2 Details of simulated systems

Sample Freeze-Concentrated Matrix Conc. (wt%) No. H2O molecules No. sugar molecules Initial box length (nm)

21.8 wt% maltose 40.0 228 8 2.111

22.45 wt% sucrose 14.1 218 8 2.089

18.5 wt% glucose 34.0 233 12 2.082

25.0 wt% sucrose 45.8 225 10 2.175

22.45 wt% fructose 41.1 201 14 2.032

28.6 wt% sucrose 52.4 190 11 2.101

25.0 wt% fructose 45.8 201 17 2.094

25.0 wt% glucose 45.9 189 16 2.034
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Fig. 2 Plots of diffusion coefficients evaluated using the molecular
dynamics (MD) simulation as a function of the value measured using
pulse field gradient stimulated gradient echo proton NMR (PFGSTE
1H-NMR) in a previous study.21 The solid lines represent results of
linear fitting. The broken line represents points where the measured
diffusion coefficients are equal to the simulated ones. Water model:
Square simple point charge (SPC), triangle transferable intermolecular
potential-4 point (TIP4P), circle simple point charge extended
(SPC/E)
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The result portrayed in Figure 2 shows clearly that a good
linear relation was obtained between measured and simu-
lated values for all water models used in this study,
although the values of diffusion coefficients mutually
differed. That fact indicates that the combinations of the
OPLS-AA force field and the water models used herein are
useful to predict the difference of diffusion coefficients of
water molecules in sugar solutions at subzero temperatures.
Among them, the combination of OPLS-AA and SPC/E
water model was best because it reproduced diffusion
coefficients close to the measured ones. The performance of
three water models used in this study for reproduction of
water diffusion coefficient in pure liquid state has been
discussed by preceding studies.50,51 According to the paper
of Mahoney and Jorgensen,50 the diffusion coefficient
calculated using SPC model at 25 °C and 1 atm was
significantly larger than the measured one. Using TIP4P
model showed improvement, but the value of calculated
diffusion coefficient was still significantly larger.50 They
reported that the SPC/E was the closest to the measured
one.50 The simulated water diffusion coefficients in various
sugar solutions in this study also shows same tendency,
suggesting that the superiority of SPC/E over SPC and
TIP4P for reproducing water diffusion coefficient still
retains in the sugar solutions.

A prior study showed experimentally that the ice crystal
recrystallization rate in frozen sugar solutions has a good
linear relation with measured diffusion coefficients of water
molecules in freeze-concentrated matrices.21 Therefore, the
diffusion coefficient of water molecules in a freeze-
concentrated matrix is an important parameter for predict-
ing the recrystallization rate of ice crystals. However, few

experimental methods exist to measure the diffusion
coefficient of water molecules aside from NMR, which is
very expensive. The result portrayed in Figure 3 shows that
the diffusion coefficient obtained using MD simulation
reproduced the tendency displayed by NMR. The price of
the PC used for simulation was about the same as that of
high-end PC in the consumer products market. As
demonstrated, the MD simulation is useful for predicting
difference in recrystallization rate of ice crystals in various
sugar solutions with superior cost performance.

Apart from the MD simulation, He et al.52 proposed the
theoretical model based on the free volume models for
water diffusion coefficient in solutions of glycerol fructose,
sucrose, and trehalose, respectively. Their model provided
the diffusion coefficient at the function of temperature and
concentration of solute. However, in order to use their
model equation, it is necessary to know preliminarily many
values parameters (e.g., the activation energy ΔE for a
water molecule to overcome the attractive forces from the
surrounding molecules, the preexponential factor D0, the
ratio of the molar volume of the jumping unit of water to
that of solute ξ, and the two free volume parameters K12

and K22). Since these parameters have to be determine by
fitting to the available experimental data now (example,
water diffusion coefficient itself), their model is not
applicable for the solutions that have no available experi-
mental data. On the contrary, the MD simulation can
evaluate the water diffusion coefficient in solution directly
without experiment data if adequate force field is available,
although it does not directly provide the temperature and
solute concentration dependence of water diffusion coeffi-
cient in solutions.

In realistic situations of frozen dessert productions,
freezing and storage conditions such as temperature, freezing
rate, and type of freezing machine are varied. In addition,
sample composition is generally more complicated. For
example, a polysaccharide is included in most of ice cream
mix as a stabilizer. These factors may affect recrystallization
rate of ice crystals during storage11,15,16,18 and diffusion
coefficient of water molecules in freeze-concentrated matrix.
The mechanism accounting for different recrystallization
rates by these factors and the method for the prediction of the
difference of recrystallization rate should be also pursued
because of its practical importance. The results obtained by
this study would be a basis for this examination.

In conclusion, the MD simulation using the OPLS-AA
force field and three water models (SPC, TIP4P, and SPC/E)
reproduced actual differences in measured diffusion
coefficients of water molecules in the freeze-concentrated
phase among various sugar solutions. The diffusion
coefficients simulated using SPC/E were the closest to
the actual measurement values obtained using NMR. The
simulated diffusion coefficients showed a good linear
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relation to observed recrystallization rates of ice crystals;
the coefficients resembled the measured coefficients,
which suggests that using MD simulation enables us to
predict the difference in recrystallization rates of ice
crystals in sugar solutions, as in frozen dessert foods,
without time-consuming experiments.
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