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Abstract

For aqueous solutions of di- and oligosaccharides thermodynamic properties have been investigated at subzero temperatures
using differential scanning calorimetry. The amount of unfrozen water observed is found to increase linearly with the glass
transition temperatures of anhydrous carbohydrates. Furthermore, the amount of unfrozen water shows a linear relationship with
known solution properties of aqueous carbohydrates, such as partial molar compressibility and heat of solution. The different
effectiveness among various di- and oligosaccharides to avoid ice formation is associated with the combination of constitutive
monosaccharides and attendant molecular structure features including the position and type of the glycosidic linkage between the
constituent units. More unfrozen water is induced in the presence of a carbohydrate having a poorer compatibility with the
three-dimensional hydrogen-bond network of water. A series of these results obtained imply that there is a common key of
carbohydrate stereochemistry governing several different thermodynamic amounts of a given system involving carbohydrates. In
this context, a modified stereospecific-hydration model can be used to interpret the present results in terms of stereochemical
effects of carbohydrates. © 2002 Elsevier Science Ltd. All rights reserved.

Keywords: Disaccharides; Oligosaccharides; Unfrozen water; Glass transition temperature; Heat of solution; Partial molar compressibility; A
modified stereospecific hydration model

1. Introduction

Di- and oligosaccharides are of academic and indus-
trial importance since they have the ability to protect
biological substances and organs against freezing stress.
In nature, trehalose is distributed in various freeze-tol-
erance organisms such as polar biota1 and overwinter-
ing insects.2 Sucrose plus oligosaccharides, raffinose,
and/or stachyose, are accumulated in the cells of some
kinds of plants, like populus3 and others,4–7 during cold
seasons to acquire freezing tolerance. Sucrose, tre-
halose, and raffinose can be also artificially added
protectants for cryopreservation of plant cells and or-
gans.8–12 In a practical view, these carbohydrates have
potential utility as protective agents in both freeze–
thawing13–17 and freeze-drying14,15,17–19 treatment of

proteins13–15,18 and membranes.14,16,17,19 For freeze-dry-
ing processes, carbohydrate-induced stabilization of
given materials during drying and subsequent storage
has been often focused and emphasized.14,15,17–19 It
must be still kept in mind, however, that added carbo-
hydrates also serve as protectants in the freezing
step.13–17 Apart from this, in addition, for the purpose
of devising a strategy of successful freeze-drying, it is
indispensable to know the freezing behavior of samples
to be freeze-dried.20

Cryoprotective effects of carbohydrates on proteins
have been explained by the so-called preferential exclu-
sion hypothesis,13a,13b,13c,14,15 which was originally de-
veloped to describe protein stabilization in non-frozen
aqueous medium.21,22 According to the hypothesis, the
mechanism by which added carbohydrates preserve
proteins against freezing damage is not the direct inter-
action between a protein and added carbohydrates, but
is due to water-mediated effects in the presence of the
additives. On the other hand, membrane protection
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during freeze-thawing has been interpreted to involve a
direct interaction, probably through hydrogen-bond
formation, between a membrane and a carbohy-
drate.16,17 In this situation, the membrane-bound carbo-
hydrate is able to make a steric barrier between mem-
branes, preventing aggregation and fusion of mem-
branes. At the same time, however, there is a possibility
that a given carbohydrate, regardless of its binding to a
membrane or not, alters the physicochemical properties
of the aqueous medium.16a,16b Hitmi et al. demonstrated
that in the cryopreservation of plant cells, using a
carbohydrate like sucrose as a protectant, the concomi-
tant increased unfrozen water content in cells was a key
factor behind their enhanced survival during frozen
storage.12 Recently Magazu et al. suggested that carbo-
hydrate–water interactions were a significant factor in
understanding biological protective functions of carbo-
hydrates, through a neutron scattering study of
aqueous disaccharides, trehalose, sucrose, and maltose
above room temperature.23

The carbohydrate features of cryoprotectants func-
tion to modify water behavior at subzero temperatures.
Important thermodynamic parameters include the un-
frozen water—in other words, the solute concentration
in the unfrozen fraction, and the glass transition tem-
perature, both of which are measurable by differential
scanning calorimetry (DSC). Numerical data of the
corresponding physical parameters have been accumu-
lated for aqueous solutions of sucrose from the early
stages in the field of DSC studies.24–35 In the past
decade trehalose has also received increasing atten-
tion.19e,35–40 A larger amount of unfrozen water has
been observed in the aqueous solution of trehalose as
compared with aqueous sucrose.35,37–39 The glass transi-
tion temperature has been found higher for aqueous
trehalose than for aqueous solutions of su-
crose.19e,32,35,36,38,39 Such a characteristic aspect has been
interpreted to link to the more bioprotective efficiency
of trehalose relative to sucrose.19e,35–39 Roos provided
thermodynamic information on aqueous solutions of
various small carbohydrates including several disaccha-
rides.32 A recent DSC study of aqueous media in the
presence of trehalose, sucrose, glucose, and fructose,
respectively, has suggested that there is a certain rela-
tionship between modifying effects of carbohydrates on
freezing behavior of water and their intrinsic properties
and/or molecular structure.35 Through these investiga-
tions, details are known of thermodynamic nature for
aqueous carbohydrates, particularly sucrose and tre-
halose. However, there is little or no study including a
systematic view of the effects of molecular structure of
di- and oligosaccharides in regard to their different
capacities to prevent ice formation. Our previous paper
reported that different degrees of anti-freeze effective-
ness among monosaccharides can be related to their
stereochemistry with respect to hydroxyl configura-

tions.41 The purpose of the current research is to get
insight into molecular structure dependence di- and
oligosaccharides exhibit regarding their altering effects
on aqueous behavior at subzero temperatures. Relevant
thermodynamic events were investigated with DSC
measurements for aqueous solutions of 17 di- and eight
oligosaccharides. Those were characterized by the
amount of unfrozen water, Uw, and glass transition
temperatures, Tg� . The Uw data are provided in terms of
moles of unfrozen water per mole of a given carbohy-
drate, and Tg� observed here will be taken as onset
values. We will examine, for carbohydrates including
monosaccharides studied in our previous work,41 the
relationships not only between Uw and Tg� but also
between Uw and Tgc, where Tgc represents the glass
transition temperatures of anhydrous carbohydrates. In
addition, Uw will be correlated with other known
physicochemical properties of aqueous carbohydrates,
such as partial molar compressibility and heat of solu-
tion. Through these comparative works it will be shown
there is a possibility that the unit configuration in the
molecular structure of each carbohydrate plays a key
role in determining several different thermodynamic
parameters in a given system, including carbohydrates.

2. Experimental

Kojibiose and nigerose were purchased from Wako
Co. Neotrehalose, sophorose, laminaribiose, isomal-
tose, maltortiose, and erlose were from Sigma Chemical
Co. All of the other carbohydrates studied were from
Fluka. All reagents were received in the best quality
available and used without further purification. Their
moisture contents were checked using a Karl Fischer
coulometric titrimeter (Mitsubishi). Aqueous solutions
of carbohydrates at desired concentrations were pre-
pared by weighing with deionized distilled water. If
necessary, the solution to be prepared was heated care-
fully up to 65 °C for complete dissolution. Carbohy-
drate concentration was changed from 10 wt.% up to a
maximum of 45 wt.% in 5 wt.% increments. A series of
aqueous solutions prepared were sealed in independent
vials and kept at 25 °C for 24 h in an incubator for
allowing them to reach a steady state.

A Mac-Science DSC3100 apparatus was used to ob-
serve thermodynamic events which occur in aqueous
carbohydrates at subzero temperatures. The apparatus
was calibrated using indium, gallium, and zinc.
Aqueous samples prepared were placed in 20-�L alu-
minum DSC pans (TA instruments), which were then
hermetically sealed. An empty aluminum pan was used
as a reference. Temperatures were cooled down to
−70 °C from rt at 8 °C/min, and then heating run was
immediately performed at 5 °C/min to 30 °C. Dry nitro-
gen gas was streamed at 130 mL/min to prevent con-
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densation of moisture within the DSC furnace. For all
carbohydrates studied, DSC measurements were carried
out for at least triplicate samples at each concentration.

Heat of fusion of ice, Hf, was obtained by integration
of a melting endotherm observed at a heating scan. The
amount of unfrozen water, Uw, was determined by
extrapolating Hf, which was linearly dependent on car-
bohydrate concentration (wt.%), to zero. Glass transi-
tion temperatures were taken as onset values.

3. Results and discussion

Amount of unfrozen water.—Heat of fusion of ice,
Hf, was measured for aqueous solutions of a given
carbohydrate as a function of its weight fraction
(wt.%). Hf correlated well to the concentration, with a
correlation coefficient r2 of as high as 0.99, for each
carbohydrate studied. This is exemplified by the result
of sucrose as shown in Fig. 1. The linear dependence of
Hf on the concentration means the equal amount of
unfrozen water formation within the covered range of
sucrose concentration. In other words, the carbohy-
drate concentration of the freeze-concentrated liquid
fraction, Cg� , is independent of its initial concentration.
The corresponding freeze-concentrated concentration is
provided as an intersection point of the extrapolated
linear regression line with abscissa, from which the
amount of unfrozen water, Uw, is obtainable in terms of
moles of water per mole of carbohydrate. The extrapo-
lation shown in Fig. 1 yields Cg� =69.1%. This value is
reasonable as the sucrose concentration in the unfrozen
liquid phase, was consistent with the following previous
findings: (i) that in DSC thermograms an endothermic
event corresponding to ice melting was observed for

aqueous sucrose of which the upper-limit concentration
was 68 wt.%,28 to which similar findings were reported
in other literature reports;29,34 and (ii) that no conven-
tional freezing and melting peaks were observed in
DSC thermograms for aqueous solution of sucrose with
its 10.9% mole fraction, i.e.,70 wt.% concentration.35

Present Uw data evaluated in such a way as exem-
plified by Fig. 1 are summarized in the sixth column in
Table 1, showing a good agreement with the corre-
sponding literature data available listed in the seventh
column, except for the case of comparison with the
data from Ref. 16b. As an overall tendency, the Uw

values estimated are comparable to the number of
hydroxyl groups within a molecule of interest. It was
reported in Ref. 37 that for aqueous solutions of tre-
halose, maltose, and sucrose, respectively, these Uw

values, 7.95, 6.50, and 6.33, respectively, were in paral-
lel with the number of equatorial hydroxyl groups,
NeOH, of which numerical data are given in the fifth
column in Table 1. A similar relationship is found for
the current Uw values with NeOH for the three disaccha-
rides. However, a comprehensive comparison of numer-
ical values between Uw and NeOH listed in Table 1
shows that in a few cases the relationship holds. Fur-
ther discussion of stereochemical aspects regarding Uw

will be provided in another section which follows.
Glass transition temperatures.—Glass transition tem-

perature, Tg� , measured and the corresponding pub-
lished data available are listed in the eighth and last
columns of Table 1, respectively. Tg� values determined
here are lower than those cited from Ref. 32. It should
be pointed out that in Ref. 32 Tg� values were observed
for samples subject to annealing treatment, an isother-
mal holding at a temperature Tg� �T�Tm� (ice melting
point) for the purpose of promoting more ice formation
to reach their maximally freeze-concentrated states. Un-
der such treatment the residual unfrozen liquid is con-
centrated to a greater extent, which leads to an elevated
Tg� .32 The corresponding treatment was not performed
in the present experiment. It is possible that lower Tg�
values obtained here are due to non-maximum ice
formation. Apart from the absolute values of Tg� , how-
ever, it is worth noting that our Tg� values mostly follow
the literature ones in the relative magnitude among
different carbohydrates.

Amount of unfrozen water �ersus glass transition tem-
perature.—The relationship between Uw (or Cg� ) and Tg�
will be discussed with the aid of the glass transition
curve which is usually drawn in the state diagram about
a given carbohydrate–water system, where the glass
transition temperature, Tg, and the weight fraction of
the carbohydrate, wc, are given as ordinate and ab-
scissa, respectively. The intersection point of the Tg

curve and a freezing-point curve yields the values of Tg�
and Cg� for the maximally freeze-concentrated aqueous
carbohydrate. The Tg curve has been formulated asFig. 1. Plot of Hf vs. concentration of sucrose.
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Fig. 2. Plot of Uw vs. Tgc. (a) D-Galactose; (b) D-glucose; (c)
D-mannose; (d) L-sorbose; (e) D-xylose; (f) D-arabinose; and
(g) D-ribose. For these carbohydrates, Uw data in our previ-
ous study41 were used. For others, Uw data and numbering
are given in Table 1. Numerical data in Ref. 32 were used for
Tgc given as onset values. The linear regression line was
obtained with the linear squares method, exhibiting a correla-
tion coefficient r2=0.86.

carbohydrates belonging to the same family, such as
aldohexoses, were almost equal, whereas they differed
significantly in the magnitude of Uw. It has been re-
cently found that Uw is related closely to the glass
transition temperatures of anhydrous carbohydrates,
Tgc, as shown in Figs. 2–4, illustrating that a linear
correlation exists between the two physical amounts.
These results indicate that carbohydrate dependence of
aqueous unfrozen phenomena arises from the difference
in inherent properties of glassy carbohydrates. It is
possible that the reason why Uw exhibits a clearer
correlation with Tgc rather than with Tg� is merely a
problem of the present experimental precision with
which Tg� measurements did not have an accuracy of
better than �0.5–1.0 °C. If it were possible to locate
Tg� more precisely on the DSC thermograms, the corre-
lation of Uw and Tg� could be clarified.

Fig. 3. Plot of Uw vs. Tgc. (h) D-Fructose; (i) L-arabinose.
Other alphabets denote the same as in Fig. 2. For these
carbohydrates, Uw data were used from Ref. 41. For others,
Uw data and numbering are given in Table 1. Numerical data
in Ref. 49 were used for Tgc given as mid point values. The
linear regression line was obtained with the linear squares
method, exhibiting a correlation coefficient r2=0.91.

follows,19e,32,34 which is application of the equation
originally developed for binary polymer mixtures by
Gordon and Taylor.46

Tg= (wcTgc+kwwTgw)/(wc+kww) (1)

where Tgc and Tgw represent the glass transition temper-
atures for the anhydrous carbohydrate and water, re-
spectively; wc and ww, the weight fractions for them,
respectively, and k represents a constant, the numerical
value of which is determined to be specific to the binary
system of interest. Tgw is −131 °C.47 Tgc values vary
largely dependent on the carbohydrates. In the case of
disaccharides studied recently,48 for example, Tgc varies
from 68.9 °C for palatinose to 116.9 °C for trehalose.
On addition of water to an anhydrous carbohydrate,
the glass transition temperature of the system is greatly
depressed relative to the water-free state by the plasti-
cizing effects of added water. This results in a small
range of Tg values of different aqueous carbohydrates
as compared with their anhydrous cases, Tgc.32

So far, especially in view of comparative characteri-
zation of trehalose and sucrose, a correlation between
Tg� and Uw (or Cg� ) has been noted.38,39 The relatively
higher Tg� of aqueous trehalose leads to inducing more
amount of unfrozen water as compared with aqueous
solution of sucrose. Although the current experiment
provided a finding in agreement with this for the two
carbohydrates, there is seemingly, as a whole, an am-
biguous correlation between Uw and Tg� because of
almost similar values of Tg� observed for a large part of
the carbohydrates studied. Such a situation was en-
countered also for aqueous monosaccharides in our
previous research,41 where Tg� values for a series of

Fig. 4. Plot of Uw vs. Tgc. Numerical data in Ref. 48 were
used for Tgc given as mid point values. The linear regression
line was obtained with the linear squares method, exhibiting a
correlation coefficient r2=0.70.
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Fig. 5. Plot of Uw vs. k. Numerical data in Ref. 32 were used
for k. The linear regression line was obtained with the linear
squares method, exhibiting a correlation coefficient r2=0.86.

Amount of unfrozen water �ersus molecular structure
of carbohydrates (hydration model).—Our previous pa-
per,41 where Uw was estimated for various monosaccha-
rides, reported that when we interpreted their different
degree of anti-freeze effects in view of molecular struc-
ture of the carbohydrates, it was possible to apply a
modified stereospecific hydration model,50–52 according
to which the hydration features of carbohydrates de-
pend on their compatibilities with three-dimensional
water structure, i.e., its tetrahedral hydrogen-bond net-
work, and the compatibilities are largely dictated by the
relative configuration of next-nearest-neighbor hy-
droxyl groups. The hydration model focuses on, in
particular the relative positions of OH-2 and OH-4.
The monosaccharides are grouped into three classes
based upon the following stereochemistry about pre-
dominant anomeric isomer in water. Group A: OH-2 is
equatorial and OH-4 is axial; Group B: OH-2 is either
axial or equatorial, and OH-4 is equatorial; and Group
C: both OH-2 and OH-4 are axial. For D-aldohexoses,
D-galactose belongs to Group A, D-glucose and D-man-
nose to Group B, and D-talose to Group C. For
D-aldopentoses, D-arabinose belongs to Group A, and
D-xylose, D-ribose, and D-lyxose belong to Group B.

Such a hydration model has been advanced by
Galema et al.50–52 through the observation of, for ex-
ample, partial molar compressibility K°S,2 of aqueous
carbohydrate solution.52 This physical amount
sencitively reflects the characteristics of the hydration
shell structure. When a dissolved solute disturbs or
breaks the three-dimensional hydrogen-bond network
of water surrounding the solute, the water in the hydra-
tion shell is more dense and less compressible than bulk
water. This results in a negative value for K°S,2. We have
previously demonstrated that Uw for monosaccharides
increased linearly with decreasing K°S,2, and that the
relative magnitude of Uw follows the above classifica-
tion in cases of both aldohexoses and aldopentoses,
being larger for Group A than for Group B.41 Such

For several carbohydrates, values of the parameter k
in Eq. (1) have been estimated empirically with Tgc

values.32 Using the numerical data of k, we plot it
against Uw in Fig. 5, which demonstrates the presence
of the close relationship between unfrozen water and
the location of the glass transition curve in a state
diagram.

Good correlations shown in Figs. 2–5 tempt us to
predict Tgc and k values for kojibiose, sophorose,
nigerose, and laminaribiose, for none of which the
corresponding numerical data have been reported any-
where elsewhere to our knowledge. These predicted
values are given in the second to fifth columns in Table
2. Now we must bear in mind that Tgc values are very
sensitive to preparation and residual moisture of amor-
phous carbohydrates of interest. Thus it should be
recognized that these predicted values correspond to
those for carbohydrates prepared under the same exper-
imental conditions as those in the literature data that
were used for the linear regression line in each figure.

Table 2
Representative prediction with the use of a linear regression line drawn in each figure

Tgc
a �Hsol

ekCarbohydrate 104Ko
s,2

d

Fig. 3 c Fig. 7Fig. 6Fig. 2 b Fig. 5Fig. 4 c

−23.45.4880.076.964.1 −18.8Kojibiose
5.71 −24.9 −20.585.371.9Sophorose 85.7

86.273.2 5.74 −25.1 −20.887.2Nigerose
−29.5 −26.0113.8 102.2Laminaribiose 6.4396.7

a Given in °C.
b Given as onset values.
c Given as midpoint values.
d Given in cm3/mol/bar.
e Given in kJ/mol.
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Fig. 6. Plot of Uw vs. K°S,2. (j) D-Lyxose; (k) D-talose. Other
alphabets denote the same as in Fig. 2. For these carbohy-
drates, Uw data were used from Ref. 41. For others, Uw data
and numbering are given in Table 1. Numerical data in Ref.
52 were used for K°S,2. The linear regression line was obtained
with the linear squares method, exhibiting a correlation coeffi-
cient r2=0.77.

water content in comparison with aqueous maltose.
Conjunction of the two findings supports the recent
argument from the Raman scattering study of aqueous
solution of trehalose, which states that trehalose has
structure-breaking effects on the tetrahedral hydrogen-
bonding network of water and thereby reduces the
amount of freezable water.53

Another component type of disaccharides, melibiose
15 and lactulose 17, have K°S,2 values as negative as that
of trehalose, exhibiting poor compatibility with the
water structure, which would relate to the presence of a
galactose unit that has a bad fit into the three-dimen-
sional hydrogen-bond network of water. At present the
two carbohydrates 15 and 17 are found to remain large
amounts of unfrozen water comparable to the case of
trehalose. In view of unfrozen water content, as well as
partial molar compressibility, trehalose is not special, at
least not anomalous, among the disaccharides studied,
although trehalose has the relative characteristics as
described in the above paragraph.

It is of interest that an almost equal amount of
unfrozen water is induced in the aqueous solutions of
disaccharides 11–14, all of which consist of a glucose
and a fructose unit. These carbohydrates have different
values of K°S,2 from each other. Of these disaccharides,
turanose 12 conforms most the linear correlation be-
tween Uw and K°S,2 shown in Fig. 6. This finding may be
associated with the molecular structure of turanose, in
which the fructose unit is in the pyranose form. This
aspect distinguishes turanose from both sucrose and
palatinose. A large deviation found for palatinose 14
from the correlation line could be due to the existence
of the (1�6)-type linkage between the constituent glu-
cose and fructose units.

At any rate, the correlation illustrated in Fig. 6
indicates that the relative unfrozen phenomena ob-
served for different aqueous carbohydrates reflect their
hydration properties, especially the compatibility of the
dissolved solute with the three-dimensional hydrogen-
bond structure of water. In other words, carbohydrate
dependence of unfrozen water content would be associ-
ated with the extent of forming hydrogen bonds be-
tween a dissolved carbohydrate and its surrounding
water molecules, and with the extent of breaking hydro-
gen bonds between water molecules surrounding the
solute. This is also strongly suggested in Fig. 7 that
shows a good correlation between Uw and the heat of
solution of amorphous carbohydrates, �Hsol, which is a
measure of hydrogen-bonding ability of solutes under
the assumption that molecular interactions of solutes in
an amorphous state are comparable among different
solutes to be compared.48 The straight line that is
drawn covers the wide range of carbohydrates, al-
though it must be recognized that the plot includes only
one example for mono- and oligosaccharides, respec-
tively. What we should note is that the linear correla-

results revealed that a larger amount of unfrozen water
was produced in the presence of a monosaccharide, for
example D-galactose, which has poorer compatibility
with the pre-existing three-dimensional hydrogen-bond
network of water. The linear correlation between Uw

and K°S,2 is now extended to disaccharides, as shown in
Fig. 6, although a few of them largely deviate from the
straight line.

In what follows, the present results of Uw will be
discussed in terms of molecular structures of the carbo-
hydrates studied, together with K°S,2 data, if available.
At first we will consider the disaccharides 1–10, where
the numbering corresponds to that in the first column
in Table 1, all of which are composed of two glucose
units. For disaccharides 1, 3, 5, 7, and 9, their numeri-
cal data for Uw differ from each other, indicating that
the aqueous unfrozen behavior induced by the presence
of disaccharides depends on the position of the glyco-
sidic linkage between the two constituent units. A simi-
lar statement can be made from comparison of the Uw

values for disaccharides 2, 4, 6, 8, and 10. Disaccha-
rides, such as 3 and 4, where the glycosidic linkage
occupies the same position, exhibit to different extents
of the yield of unfrozen water. Our results show that in
general the presence of a �-type of linkage results in a
larger amount of water unfrozen than does the presence
of the �-type. The unfrozen water content depends, not
only on the position, but also the type of linkage
between the constituent monosaccharides.

Trehalose 1 has a more negative K°S,2 as compared
with maltose 7, which means the former exhibits a
poorer compatibility with the three-dimensional hydro-
gen-bonding structure of water. It was observed here
that aqueous trehalose had a larger amount of unfrozen
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tion holds even in a small area, the middle region in the
figure, which covers disaccharides. This suggests that
the correlation found has its origin in the delicate
aspects of stereochemistry that characterizes the hydra-
tion behavior of carbohydrates.

An interesting comparison is given for four represen-
tative disaccharides in Table 3. For each aqueous car-
bohydrate, the unfrozen water content observed is in
good agreement with hydration numbers determined by
different methods. In addition it is noteworthy that the
amount of unfrozen water and hydration numbers fol-
low the same order of lactose� trehalose�maltose�

sucrose. A series of numerical data as measured with
various techniques may reflect in a similar manner
stereochemical features of each carbohydrate.

A common key of stereochemistry behind different
thermodynamic parameters.—When a given aqueous
solution of carbohydrate starts to freeze, water
molecules move from the liquid phase to the solid one,
i.e., ice, one after another. The residual liquid fraction
becomes gradually concentrated with the dissolved car-
bohydrate. The freeze concentration elevates the viscos-
ity of the residual liquid fraction and limits the ability
of water molecules to diffuse, leading to a situation
unfavorable for further ice formation. When the viscos-
ity reaches values as high as 1012–1014 Pa’s, the un-
frozen fraction undergoes the glass transition, and ice
crystal growth is halted on an experimental time scale.57

A higher Tg� allows less water to freeze, resulting in
production of more unfrozen water. Thus various
amounts of unfrozen water are associated with differ-
ences in the glass transition temperatures. In the present
study, as described above, almost equal glass transition
temperatures were measured for many aqueous carbo-
hydrates, whereas their unfrozen water differed in
amount from each other. However, unfrozen water
induced by the presence of a carbohydrate is definitely
related to the vitreous properties of the carbohydrate,
increasing linearly with Tgc, as shown in Figs. 2–4. In
addition, at the same time, there is such a correlation as
that Uw increases linearly with decreasing partial molar
compressibility, i.e., with lowering the extent of fit into
the water structure (Fig. 6). A combination of these
results enables us to suggest that a carbohydrate with
higher Tgc has a poorer compatibility with the three-di-
mensional hydrogen-bond network of water.

Vitreous properties of a given system are surely sub-
ject to the influence of hydrogen-bond formation, with
a large increase in its glass transition temperature.58

This makes it possible to speculate that a significantly
lower Tgc for sucrose relative to other disaccharides is
due to its less extensive hydrogen-bond network in its
amorphous state. We have no clue as to a key point of
stereochemistry in forming a hydrogen-bond network
between carbohydrate molecules in their amorphous
states. An unambiguous elucidation of these points
would require the aid of theoretical approaches. At the
present stage one possible interpretation about both
linear correlations of Uw versus Tgc and Uw versus K°S,2

is that relative hydroxyl arrangements derived from
molecular structure of a given carbohydrate largely
contribute to Tgc determination, being at the same time
a crucial factor for the compatibility of the carbohy-
drate with the three-dimensional hydrogen-bond struc-
ture of water. In this context the modified stereospecific
hydration model described above provides a tentative
frame of grouping carbohydrates in terms of their
molecular structures.

Fig. 7. Plot of Uw vs. �Hsol. Numerical data in Ref. 48 were
used for �Hsol. The linear regression line was obtained with
the linear squares method, exhibiting a correlation coefficient
r2=0.80.

Table 3
Comparison of numerical data of Uw with hydration numbers
as determined by various techniques

Uw
a Hydration number aCarbohydrate/

method

DSC b Viscosity and MD eQENS d

density c

14.4Lactose 8.3
7.8 f9.08.0Trehalose 10.9

9.5 7.45Maltose 8.4
Sucrose 8.5 6.8 7.5 7.0 g

a Given in moles of water per mole carbohydrate.
b Present work.
c Cited from Ref. 54.
d Quasielastic neutron scattering. Cited from Ref. 23.
e Molecular dynamics simulations with the same force field

(CHARMM) and water potential (TIP3P). The hydration
numbers cited have been estimated as the averaged number of
water molecules existing within 2.8 A� of the carbohydrate
oxygen atoms throughout the simulation.

f Cited from Ref. 55.
g Cited from Ref. 56.
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Thermodynamic properties and biological protecti�e
function.—In nature di- and oligosaccharides are im-
portant compounds capable of protecting biological
substances and organs against freezing damage. For
example, trehalose exists as a cryoprotectant in over-
wintering insects.2 Trehalose is also useful as an artifi-
cially added protectant in cryopreservation of plant
cells.8 This carbohydrate is also distributed in organ-
isms that experience extreme desiccation stress, in some
cases anhydrobiosis.59 In many species carbohydrates
acting as a cryoprotectants also exert protective effects
against dehydration stress.2 The current study demon-
strates that glassy properties of a given anhydrous
carbohydrate correlate well with its altering effects on
the freezing behavior of water, as shown in Figs. 2–4.
This result provides a physicochemical background of
the diversified protective roles played by carbohydrates
in biological systems. The choice of carbohydrates ac-
cumulated in living cells determines the efficiency of
their dehydration tolerance, as well as of freezing toler-
ance. Gentibiose 10, melibiose 15, and lactulose 17 have
considerable structure-breaking effects on the three-di-
mensional hydrogen-bond network of water, which re-
sults in forming unfrozen water in as large quantity as
the case of trehalose 1 (Fig. 6). In a dry environ-
ment, however, the relatively higher Tgc of tre-
halose19e,32,36,38,48 would make this carbohydrate more
favorable as a protectant than the others.

4. Conclusion

This study has provided insight into the effects of
molecular structure of di- and oligosaccharides with
respect to their ability to alter the behavior of water at
subzero temperatures. Important thermodynamic
parameters are the amount of unfrozen water and the
glass transition temperature, both of which have been
measured by differential scanning calorimetry for 17 di-
and eight oligosaccharides in aqueous solution. The
amount of unfrozen water increases linearly with the
glass transition temperature of anhydrous carbohy-
drates. In addition, the amount of unfrozen water has a
linear correlation with known physicochemical proper-
ties of aqueous carbohydrates, such as partial molar
compressibility and the heat of solution. The different
anti-freeze effectiveness among various di- and
oligosaccharides is related to a combination of constitu-
tive monosaccharides and its overall molecular struc-
ture features, including the position and type of the
glycosidic linkage between the constituent units. More
water remains unfrozen by the existence of a carbohy-
drate with a poorer fit into the three-dimensional hy-
drogen-bond network of water. A series of these results
lead to an implication that the same carbohydrate
moiety in a molecular structure of each carbohydrate

compounds governs several different thermodynamic
parameters of a given system.
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