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a  b  s  t  r  a  c  t

In  order  to  understand  the  glass  transition  properties  of  carbohydrate  polymer–plasticizer  systems,  glass
transition  temperatures  of dextrin–glucose  and  dextrin–maltose  systems  were  investigated  systemat-
ically  using  differential  scanning  calorimetry.  The  onset  (Tg

on) and  offset  (Tg
off)  of  the glass  transition

decreased  with  increasing  plasticizer  (glucose  or maltose)  content,  and  showed  an  abrupt  depression  at
certain  plasticizer  content.  The  abrupt  depression  of  Tg

off occurred  at higher  plasticizer  content  than  that
on
eywords:
morphous
lass transition
lasticizing
extrin
ifferential scanning calorimetry

of  Tg . The  glass  transition  was  much  broader  for  intermediate  plasticizer  content.  From  the  enthalpy
relaxation  behavior  of  samples  aged  at various  temperatures,  it was  found  that two  different  glass  tran-
sitions  occurred  contentiously  in  the  broad  glass  transition.  These  results  suggested  that  carbohydrate
polymer–plasticizer  systems  can  be  classified  into  three  regions:  the  entrapment  of  the  plasticizer  by the
polymer,  the  formations  of the  polymer–plasticizer  and  plasticizer-rich  domains,  and  the  embedment  of
polymer  into  the  plasticizer.
. Introduction

Carbohydrate materials in biological, pharmaceutical and food
roducts are usually in an amorphous state, and thus show glass
ransitions at a glass transition temperature (Tg). At temperatures
elow Tg, amorphous materials adopt a rigid glassy state, and they
ave limited macroscopic molecular mobility. In contrast, glassy
aterials adopt a soft rubbery state at temperatures higher than

g, and amorphous materials have higher molecular mobility. Since
arious physico-chemical properties change drastically at Tg, it
s important to understand the Tg of carbohydrate materials (Le

este, Champion, Roudaut, Blond, & Simatos, 2002; Levine & Slade,
988; Roos, 1995).

Water is known to play a significant role as a plasticizer
n amorphous carbohydrate materials. This means that the Tg

f amorphous carbohydrate materials decreases drastically with
ncreasing water content, and thus the transition from a glassy
tate to a rubbery state occurs even at constant temperature. Con-
equently, there are many studies on the Tg change of not only

arbohydrate–water systems (Avaltroni, Bouquerand, & Normand,
004; Bizot, Le Bail, Leroux, Davy, Roger, & Buleon, 1997; Claude

 Ubbink, 2006; Icoz, Moraru, & Kokini, 2005; Kawai, Fukami,
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Thanatuksorn, Viriyarattanasak, & Kajiwara, 2011; Orford, Parker,
Ring, & Smith, 1989; Roos, 1993; Roozen, Hemminga, & Walstra,
1991), but also carbohydrate-enriched food–water systems (Bai,
Rahman, Perera, Smith, & Melton, 2001; Baroni, Sereno, & Hubinger,
2002; Goula, Karapantsios, Achilias, & Adamopoulos, 2008; Moraga,
Martínez-Navarrete, & Chiralt, 2004; Moraga, Martínez-Navarrete,
& Chiralt, 2006; Silva, Sobral, & Kieckbusch, 2006; Sobral, Telis,
Habitante, & Sereno, 2001; Syamaladevi, Sablani, Tang, Powers, &
Swanson, 2009). The dependence of Tg on water content has been
described by the Gordon–Taylor (GT) equation (Eq. (1))  and/or the
Couchman–Karasz (CK) equation (Eq. (2)),

Tg = W1Tg1 + k(1 − W1)Tg2

W1 + k(1 − W1)
(1)

Tg = W1�Cp1Tg1 + (1 − W1)�Cp2Tg2

W1�Cp1 + (1 − W1)�Cp2
(2)

where Tg1 and Tg2 are Tg of the amorphous material and water,
respectively, W1 is the weight or mole fraction of the amorphous
material, k is a constant depending on the system, and �Cp1 and
�Cp2 are heat capacity changes of the glass transition of the amor-
phous material and water, respectively. However, it is unclear
whether these equations are applicable to all mixing ratios of the
carbohydrate–water system because it is very difficult to demon-
strate the Tg change systematically; mixtures containing high water

content show crystallization of water during the cooling process.
In addition, it was reported that starch–water (Benczédi, Tomka,
& Escher, 1998) and gelatin–water (Rahman, Al-Saidi, Guizani, &
Abdullah, 2010) systems tend to deviate from these equations at
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http://www.elsevier.com/locate/carbpol
mailto:kawai@hiroshima-u.ac.jp
dx.doi.org/10.1016/j.carbpol.2012.04.018


drate 

h
c

a
s
a
c
t
o
o
a
1
g
s
w
d
s
1
a
Z
t
t
G
n
t
1

T
m
m
s
p
t
p
D
t
m

p
e
t
t
s
m
m
C
s

2

2

(
w
t
d
g
s
s
p
u
−
m
a

K. Kawai, Y. Hagura / Carbohy

igh water content. Consequently, the glass transition behavior of
arbohydrate–water systems remains a fundamental problem.

Materials with low Tg, such as mono- and di-saccharides, are
lso known to act as plasticizers for materials with high Tg,
uch as oligo- and poly-saccharides. Since carbohydrates readily
dopt a solid glassy state by usual cooling treatment, the Tg of
arbohydrate mixtures can be measured over a wide composi-
ion range. However, there are relatively few systematic studies
n the Tg of carbohydrate mixtures. There are previous reports
n the Tg change of maltotriose–glucose, maltohexaose–glucose,
nd maltohexaose–galactose systems (Orford, Parker, & Ring,
990), sucrose–dextran system (Shamblin, Taylor, & Zografi, 1998),
lucose–maltotriose system (Seo et al., 2006), sucrose–raffinose
ystem (Saleki-Gerhardt & Zografi, 1994), and various molecular
eights of dextran mixtures (Icoz et al., 2005). Carbohy-
rate with a low Tg and synthetic polymer mixtures, such as
ucrose–polyvinyl pyrrolidone (PVP) (Shamblin, Huang, & Zografi,
996; Shamblin et al., 1998), sucrose–Ficoll (Shamblin et al., 1996),
nd sucrose–PVP, trehalose–PVP, and raffinose–PVP (Taylor &
ografi, 1998) systems were also studied. Most results showed that
he Tg of the mixtures decreased with increasing plasticizer con-
ent, and that the Tg depression was “roughly” described by the
T (Eq. (1)), CK (Eq. (2)), and other related equations. It should be
oted that some results showed obvious deviation from the equa-
ions, similar to a part of polymer–water systems (Benczédi et al.,
998; Rahman et al., 2010).

Differential scanning calorimetry (DSC) has often been used for
g studies of amorphous carbohydrate materials. Tg can be deter-
ined as an onset point of the endothermic baseline shift. Although
any previous studies focused only on the onset point, the off-

et point also provides important insights into glass transition
roperties. For example, it is known that the difference between
he onset and offset points of a glass transition reflects the tem-
erature dependence of molecular mobility around Tg (Hancock,
alton, Pikal, & Shamblin, 1998; Moynihan, 1993), the distribu-

ion of molecular mobility (Sartor, Mayer, & Johari, 1994), and the
iscibility of the amorphous material (Shamblin & Zografi, 1998).
Previous studies are not sufficient to understand the effect of

lasticizers on the Tg of carbohydrate materials. Thus, this study
mployed dextrin, which is a typical carbohydrate polymer, and
he plasticizing effect of glucose and maltose on the Tg of the mix-
ures was investigated by DSC. The mixtures readily adopt a glassy
tate, and an apparent glass transition is observed in the DSC ther-
ogram. In addition, since they are composed of only glucose, the
ixtures are expected to be in a homogeneous amorphous state.

onsequently, dextrin–glucose and dextrin–maltose systems are
uitable samples for the purpose of this study.

. Materials and methods

.1. Sample preparations

Dextrin (from corn, type 1, reducing sugar ≤5%), �-d-glucose
anhydrous, 96%), and d-(+)-maltose monohydrate (grade 1, ≥98%)
ere purchased from Sigma–Aldrich Co. A 10% (w/w)  aqueous solu-

ion for each reagent was prepared by dissolving the reagent in
istilled water in a beaker. The solutions were placed in a 50 ml
lassy vial, and then 10 ml  of dextrin–glucose and dextrin–maltose
olutions adjusted to various weight fractions were prepared. The
olution was placed in a freezer before freeze-drying. The frozen
reparations were placed in a pre-cooled freeze-drier, and vacu-

med at a pressure below 70 Pa with increasing temperature from
40 ◦C to 10 ◦C over a period of 2.5 days. Furthermore, the residual
oisture of the freeze-dried samples was removed at room temper-

ture for 18 h in a vacuum desiccator. The obtained samples were
Polymers 89 (2012) 836– 841 837

stored hermetically in the vial. Hereafter, the samples are described
by the weight fraction of plasticizer: “dextrin:glucose = 0.9:0.1 mix-
ture” and “dextrin:maltose = 0.9:0.1 mixture” as “G0.1” and “M0.1”,
respectively.

2.2. DSC measurements

Glass transition properties of the samples were investigated by
DSC (DSC120; Seiko Instruments Inc., Tokyo, Japan). Alumina was
used as a reference, and the temperature and heat flow were cali-
brated by indium and distilled water. The samples (4–12 mg)  were
placed in an aluminum pan and held at 105 ◦C for 18 h. Then, the
anhydrous samples were hermetically sealed in the pan. In order
to avoid crystallization of glucose, G0.6, G0.7, and G0.8 were dehy-
drated at approximately 60 ◦C for 18 h in a vacuum desiccator. G0.9
and G1.0 showed crystallization of glucose depending on the time
after the sample preparation. G1.0 sample was used before the
crystallization. The sample was  warmed with stirring on a heater,
and the viscous mixture was  placed in the DSC pan. After the
vacuum-dehydration at approximately 30 ◦C for 18 h, the sample
was  hermetically sealed in the pan. G0.9, on the other hand, caused
crystallization of glucose before DSC measurement. The sample
was  placed in the DSC pan by the similar procedure to G1.0, and
then DSC measurement was  performed as follows; the crystallized
glucose was melted in a first heat-scanning, and glass transition
properties were investigated by a second heat-scanning after cool-
ing to approximately 10 ◦C. DSC measurements were performed
at 5 ◦C/min in the temperature range of 0 and 240 ◦C. The scan-
ning was stopped at a certain temperature depending on Tg of the
samples in order to prevent crystallization and/or thermal degrada-
tion during the measurement, and glass transition properties were
investigated by a second heat-scanning after cooling to approx-
imately 10 ◦C. The measurements were duplicated, and the onset
(Tg

on) and offset points (Tg
off) of the glass transition were averaged.

3. Results

3.1. Glass transition behaviors of dextrin–glucose and
dextrin–maltose systems

All samples except dextrin (non-additive sample) showed an
apparent endothermic baseline shift due to the glass transition as
shown in the DSC thermogram, and thus Tg

on and Tg
off were deter-

mined reasonably well. Dextrin, on the other hand, showed a large
endothermic peak at approximately 198 ◦C, presumably because
the thermal degradation of dextrin occurred simultaneously with
the glass transition. In fact, the endothermic temperature agreed
with Tg

on, extrapolated to anhydrous dextrin through the Tg
on

change of the dextrin–water system (data not shown). Similar
results were also reported in previous studies: Tg

on = 180 ◦C for
155 kDa dextrin (Avaltroni et al., 2004) and Tg

on = 198 ◦C for 93 kDa
dextrin (Claude & Ubbink, 2006). Tg

on of dextrin used in this study
was  determined to be 198 ◦C. Tg

off of dextrin, on the other hand,
could not be determined for the reasons mentioned above.

Typical DSC thermograms for the dextrin–glucose system are
shown in Fig. 1. G0.1 showed a glass transition at a lower tempera-
ture than dextrin (198 ◦C) due to the plasticizing effect of glucose.
G0.2 showed a glass transition at an even lower temperature. In
addition, its glass transition temperature range was broader than
that of G0.1. This broad glass transition suggests the existence of
multiple glass transitions at that temperature. G0.3, G0.4, and G0.5

showed trends similar to G0.2. In the DSC thermogram of G0.6, the
glass transition behavior changed from a broad glass transition to a
distinctive glass transition. Such glass transition behavior was  also
confirmed in G0.7, G0.8, G0.9, and G1.0. This indicates that the glass



838 K. Kawai, Y. Hagura / Carbohydrate Polymers 89 (2012) 836– 841

t
o

c
w
b
b
c
G
s

80

100

120

140

160

180

200

220

0 0. 2 0. 4 0. 6 0. 8 1

Te
m

pe
ra

tu
re

 (º
C

)

A region        B region       C region

Tg
off

Tg
on
Fig. 1. Typical DSC thermograms for the dextrin–glucose system.

ransition behavior of the dextrin–glucose system approaches that
f glucose with increasing glucose content.

Tg
on and Tg

off were plotted against the weight fraction of glu-
ose as shown in Fig. 2. The results confirmed that Tg

on decreased
ith increasing glucose content, but the Tg

on depression could not
e described by a simple curve; Tg

on decreased discontinuously

etween G0.1 and G0.2. Tg

off also decreased with increasing glu-
ose content, and showed an abrupt depression between G0.5 and
0.6. Samples between G0.2 and G0.5 showed a broader glass tran-
ition than the other samples. From these results, it was found that

20

40

60

80

100

120

140

160

180

200

220

0 0. 2 0.4 0. 6 0. 8 1

Tg
off

Tg
on

Weight fraction of glucose

Te
m

pe
ra

tu
re

 (º
C

)

A region        B region  C r egion

Fig. 2. Tg
ons and Tg

offs of the dextrin–glucose system.
Weight fraction of maltose 

Fig. 3. Tg
ons and Tg

offs of the dextrin–maltose system.

the glass transition behavior of the dextrin–glucose system can be
classified into three regions (A, B, and C) as shown in Fig. 2.

Tg
on and Tg

off of the dextrin–maltose system were also deter-
mined, and the values were plotted against the weight fraction of
maltose as shown in Fig. 3. Tg

on and Tg
off decreased with increas-

ing maltose content, and showed abrupt depressions between M0.2
and M0.3 and between M0.6 and M0.7, respectively. These results
suggested that the turning points of the Tg depression shifted to a
higher plasticizer content than those of the dextrin–glucose sys-
tem. In addition, the decrease in Tg

on and Tg
off was less than that of

the dextrin–glucose system.

3.2. Enthalpy relaxation behavior of the dextrin–glucose mixtures

G0.2, G0.3, G0.4, and G0.5 showed a remarkably broad glass
transition. In order to understand the origin of the broad glass tran-
sition, G0.4 was employed, and the enthalpy relaxation behavior
was  investigated by DSC. Enthalpy relaxation is a process in which
the excess enthalpy of glass in a non-equilibrium thermodynamic
state decreases spontaneously toward its equilibrium value. For
example, enthalpy relaxation occurs during an isothermal holding
treatment at temperatures below Tg (i.e., aging). When the aged
glass is heated to a temperature above Tg, an endothermic peak
due to recovery of the relaxed enthalpy is observed simultaneously
with the glass transition. Based on the relationship between the
recovery of relaxed enthalpy and aging treatment, detection of an
unclear glass transition, measurement of the molecular mobility of
glassy materials, and confirmation of the miscibility of glassy mix-
tures were carried out (Borde, Bizot, Vigier, & Buléon, 2002; Bosma,
Brinke, & Ellis, 1988; Chung, Lee, & Lim, 2002; Haque, Kawai, &
Suzuki, 2006; Kawai, Hagiwara, Takai, & Suzuki, 2005; Sartor et al.,
1994; Shamblin & Zografi, 1998).

DSC thermograms of G0.4 aged at various temperatures for
approximately 16 h are shown in Fig. 4. G0.4 aged at a tempera-
ture between 30 ◦C and 60 ◦C showed two endothermic peaks in
the glass transition. This indicates that two different glass transi-

tions occurred contentiously in the broad glass transition (Bosma
et al., 1988). When G0.4 was aged at 70 ◦C, a single endother-
mic  peak was observed. This indicates that the aging temperature
was  lower than the high-temperature glass transition, but higher
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pproximately 16 h. Upper arrows indicate the aging temperatures.
han the low-temperature glass transition; it should be noted that
nthalpy relaxation occurs at temperatures below Tg. G0.4 aged at
0 ◦C showed no recovery of relaxed enthalpy because the aging
emperature was higher than both the glass transitions.

Fig. 5. Schematic drawing of the amorphous structure
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4. Discussion

The dextrin–glucose and dextrin–maltose systems showed
abrupt Tg

on depressions between G0.1 and G0.2 and between
M0.2 and M0.3, respectively. In previous systematic studies on
the Tg

on change of amorphous carbohydrate mixtures, the Tg
on

depression was roughly described as a simple curve. From this
standpoint, the Tg

on depression of the maltose–dextrin system may
also be approximated as a simple curve. Although this is one pos-
sible interpretation based on previous studies, it is important to
note the fact that the dextrin–glucose mixture showed a clearly
discontinuous Tg

on depression. This behavior is also reported in
synthetic polymer–diluent systems (Ceccorulli, Pizzoli, & Scandola,
1987; Righetti, Ajroldi, & Pezzin, 1992). On the other hand, Tg

off of
dextrin–glucose and dextrin–maltose systems decreased abruptly
between G0.5 and G0.6 and between M0.6 and M0.7, respectively,
emphasizing the fact that there is still little information on the
systematic Tg

off change in amorphous systems.
The glass transition behaviors of dextrin–glucose and

dextrin–maltose systems were classified into three regions as
shown in Figs. 2 and 3. An amorphous structure model for the
carbohydrate polymer–plasticizer system is suggested with a
schematic drawing as shown in Fig. 5. At a low plasticizer content
(A region), the polymer is plasticized by the plasticizer, and thus
Tg of the system decreases with increasing plasticizer content. The
plasticizer is entrapped by the polymer in the region, and thus the
glass transitions of the mixture occur cooperatively. A part of the
plasticizer “spills” from the entrapment of the polymer when the
plasticizer content increases (B region). Then, polymer–plasticizer
and plasticizer-rich domains are formed in the amorphous mix-

ture. When the mixture is heated from a low temperature, the
glass transition occurs in the plasticizer-rich domain and subse-
quently occurs in the polymer–plasticizer domain. Thus, the Tg

on

of the mixture decreases abruptly due to the plasticizer content

 of carbohydrate polymer–plasticizer mixtures.
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nd the glass transition temperature range becomes broad. This
henomenon is not considered to be the “phase separation” of
he mixture. If phase separation occurs in the mixture, individual
gs of the polymer and plasticizer will be observed, as seen in the
VP–dextran mixture (Shamblin, et al., 1998). However, Tg

ons and
g

offs of dextrin–glucose and dextrin–maltose systems gradually
ecreased with increasing plasticizer content. This indicates that
he molecular mobility of the plasticizer-rich domain is affected by
he polymer–plasticizer domain due to the domain–domain inter-
ction. In a mixture with high plasticizer content (C region), the
lasticizer-rich domain develops to the plasticizer’s surroundings,
nd the polymer–plasticizer domain spreads out; the polymer is
mbedded in the glassy plasticizer, and the molecular mobility
f the polymer is governed by the plasticizer. Consequently, Tg

off

ecreases abruptly, and a distinctive glass transition occurs, similar
o the glass transition of a pure plasticizer. Results observed in
rotein–saccharide systems (Demmel, Doster, Petry, & Schulte,
997) support the interpretation that the molecular mobility of a
olymer is governed by the plasticizer.

The discontinuous and heterogeneous glass transition behav-
ors observed in the dextrin–maltose system were less than those
f the dextrin–glucose system. This is because the plasticizing
ffect of maltose is less than that of glucose. In contrast, the
reater plasticizer such as diluents may  cause more remarkable fea-
ures. For example, Mathew and Dufresne (2002) reported that the
mylopectin–glycerol system (weight fraction of glycerol ≈0.33)
howed two glass transitions at −53.5 ◦C and at 26.5 ◦C, and stated
hat these glass transitions were due to the glycerol-rich domain
nd amylopectin-rich domain, respectively. However, they found
hat the addition of sugar alcohols such as xylitol, sorbitol, and

altitol (having the same weight fraction as glycerol) did not cause
he separation of the glass transition. Since the sugar alcohols are

uch larger molecules than glycerol, further addition of the sugar
lcohols will be required for the formation of the plasticizer-rich
omain.

Although this study showed that dextrin–glucose and
extrin–maltose systems have a single glass transition at low
lasticizer content (A region), some previous studies suggested
hat sub-Tg due to an independent glass transition of plasticizer

olecules entrapped by polymer is observed at a lower tem-
erature than the major Tg caused by the polymer–plasticizer
ixtures. This was seen in amylopectin–glycerol (Mathew &
ufresne, 2002), amylose–glycerol (Moates, Noel, Parker, & Ring,
001), barley starch–glycerol–water (Forssell, Mikkilä, Moates, &
arker, 1997), and albumin–water (Kawai, Suzuki, & Oguni, 2005)
ystems. There are two possibilities as to why sub-Tg could not
e observed in dextrin–glucose and dextrin–maltose systems.
ne is that DSC cannot detect such minor thermal response
ecause of its limited accuracy. The other is that the appearance of

ow-temperature glass transition is a specific feature of solvents
uch as water and glycerol; it is noted that the solvent types of
lasticizers are much smaller than the polymer, and that there is

 large difference in their molecular mobility. In order to obtain
urther insights into the problem, adiabatic calorimeter and/or
ielectric relaxation studies will be useful. This is one topic for
uture study.

. Conclusion

Dextrin–glucose and dextrin–maltose systems showed a dis-
ontinuous and heterogeneous glass transition. Tg change of a

arbohydrate polymer–plasticizer system cannot be described by

 simple curve as predicted by GT (Eq. (1))  and/or CK (Eq. (2)). This
s not always complicated for the prediction of Tg. The fact that
g

on of the carbohydrate polymer–plasticizer system with high
Polymers 89 (2012) 836– 841

plasticizer content was  strongly affected by the plasticizer-rich
domain and/or the plasticizer’s surroundings indicates that the Tg

of a plasticizer is an important factor for Tg prediction. It should be
noted that sugar-rich products (e.g., dry fruits) usually show a low
Tg value equivalent to that of monosaccharides such as glucose,
fructose, and sucrose. These fundamental data will provide insights
into better Tg prediction for amorphous carbohydrate products.

Acknowledgment

This work was  supported by JSPS KAKENHI (21780126).

References

Avaltroni, F., Bouquerand, P. E., & Normand, V. (2004). Maltodextrin molecular
weight distribution influence on the glass transition temperature and viscosity
in aqueous solutions. Carbohydrate Polymers, 58,  323–334.

Bai, Y., Rahman, M.  S., Perera, C. O., Smith, B., & Melton, L. D. (2001). State diagram
of apple slices: Glass transition and freezing curves. Food Research International,
34,  89–95.

Baroni, A. F., Sereno, A. M., & Hubinger, M.  D. (2002). Thermal transitions of
osmotically dehydrated tomato by modulated temperature differential scanning
calorimetry. Thermochimica Acta, 395, 237–249.

Benczédi, D., Tomka, I., & Escher, F. (1998). Thermodynamics of amorphous
starch–water systems. 1. Volume fluctuations. Macromolecules, 31,  3055–3061.

Bizot, H., Le Bail, P., Leroux, B., Davy, J., Roger, P., & Buleon, A. (1997). Calorimetric
evaluation of the glass transition in hydrated, linear and branched polyanhy-
droglucose compounds. Carbohydrate Polymers, 32,  33–50.

Borde, B., Bizot, H., Vigier, G., & Buléon, A. (2002). Calorimetric analysis of the
structural relaxation in partially hydrated amorphous polysaccharides. II. Phe-
nomenological study of physical ageing. Carbohydrate Polymers, 48,  111–123.

Bosma, M.,  Brinke, G. T., & Ellis, T. S. (1988). Polymer–polymer miscibility and
enthalpy relaxations. Macromolecules, 21,  1465–1470.

Ceccorulli, G., Pizzoli, M.,  & Scandola, M.  (1987). Composition dependence of the
glass transition temperature of polymer diluent systems: 1. Experimental evi-
dence of a dual behaviour in plasticized PVC. Polymer, 28,  2077–2080.

Chung, H. J., Lee, E. J., & Lim, S. T. (2002). Comparison in glass transition and enthalpy
relaxation between native and gelatinized rice starches. Carbohydrate Polymer,
48,  287–298.

Claude, J., & Ubbink, J. (2006). Thermal degradation of carbohydrate polymers in
amorphous states: A physical study including colorimetry. Food Chemistry,  96,
402–410.

Demmel, F., Doster, W.,  Petry, W.,  & Schulte, A. (1997). Vibrational frequency shifts as
a  probe of hydrogen bonds: Thermal expansion and glass transition of myoglobin
in  mixed solvents. European Biophysics Journal, 26,  327–335.

Forssell, P. M., Mikkilä, J. M.,  Moates, G. K., & Parker, R. (1997). Phase and glass
transition behaviour of concentrated barley starch–glycerol–water mixtures, a
model for thermoplastic starch. Carbohydrate Polymers, 34,  275–282.

Goula, A. M.,  Karapantsios, T. D., Achilias, D. S., & Adamopoulos, K. G. (2008). Water
sorption isotherms and glass transition temperature of spray dried tomato pulp.
Journal of Food Engineering, 85,  73–83.

Hancock, B. C., Dalton, C. R., Pikal, M.  J., & Shamblin, S. L. (1998). A pragmatic test of
a  simple calorimetric method for determining the fragility of some amorphous
pharmaceutical materials. Pharmaceutical Research, 15,  762–767.

Haque, M.  K., Kawai, K., & Suzuki, T. (2006). Glass transition and enthalpy relaxation
of  amorphous lactose glass. Carbohydrate Research, 341, 1884–1889.

Icoz, D. Z., Moraru, C. I., & Kokini, J. L. (2005). Polymer–polymer interactions in
dextran systems using thermal analysis. Carbohydrate Polymers, 62,  120–129.

Kawai, K., Fukami, K., Thanatuksorn, P., Viriyarattanasak, C., & Kajiwara, K. (2011).
Effects of moisture content, molecular weight, and crystallinity on the glass
transition temperature of inulin. Carbohydrate Polymers, 83,  934–939.

Kawai, K., Hagiwara, T., Takai, R., & Suzuki, T. (2005). Comparative investigation
by  two type analytical approaches on enthalpy relaxation for glassy glucose,
sucrose, maltose and trehalose. Pharmaceutical Research, 22,  490–495.

Kawai, K., Suzuki, T., & Oguni, M.  (2005). Finding of an unexpected thermal anomaly
at  very low temperatures due to water confined within a globular protein, bovine
serum albumin. Thermochimica Acta, 431, 4–8.

Le  Meste, M.,  Champion, D., Roudaut, G., Blond, G., & Simatos, D. (2002). Glass
transition and food technology: A critical appraisal. Journal of Food Science, 67,
2444–2458.

Levine, H., & Slade, L. (1988). Principles of “cryostabilization” technology from
structure/property relationships of carbohydrate/water systems a review. Cryo-
Letters,  9, 21–63.

Mathew, A. P., & Dufresne, A. (2002). Plasticized waxy starch: Effect of polyols and
relative humidity on material properties. Biomacromolecules, 3, 1101–1108.

Moates, G. K., Noel, T. R., Parker, R., & Ring, S. G. (2001). Dynamic mechanical and

dielectric characterisation of amylose–glycerol films. Carbohydrate Polymers, 44,
247–253.

Moraga, G., Martínez-Navarrete, N., & Chiralt, A. (2004). Water sorption isotherms
and glass transition in strawberries: Influence of pretreatment. Journal of Food
Engineering,  62,  315–321.



drate 

M

M

O

O

R

R

R

R
R

S

diagram and water adsorption isotherm of raspberry (Rubus idaeus). Journal of
Food Engineering, 91,  460–467.
K. Kawai, Y. Hagura / Carbohy

oraga, G., Martínez-Navarrete, N., & Chiralt, A. (2006). Water sorption isotherms
and phase transitions in kiwifruit. Journal of Food Engineering, 72,  147–156.

oynihan, C. T. (1993). Correlation between the width of he glass transition region
and the temperature dependence of the viscosity of high-Tg glasses. Journal of
the American Ceramic Society,  76,  1081–1087.

rford, P. D., Parker, R., & Ring, S. G. (1990). Aspects of the glass transition behaviour
of  mixtures of carbohydrates of low molecular weight. Carbohydrate Research,
196,  11–18.

rford, P. D., Parker, R., Ring, S. G., & Smith, A. C. (1989). Effect of water as a dilu-
tent on the glass transition behavior of malto-oligosaccharides, amylose and
amylopectin. International Journal of Biological Macromolecules, 11,  91–96.

ahman, M.  S., Al-Saidi, G., Guizani, N., & Abdullah, A. (2010). Development of state
diagram of bovine gelatin by measuring thermal characteristics using differen-
tial scanning calorimetry (DSC) and cooling curve method. Thermochimica Acta,
509,  111–119.

ighetti, M.  C., Ajroldi, G., & Pezzin, G. (1992). Glass transition of binary systems:
Peculiarities at low temperature. Polymer, 33,  4786–4792.

oos, Y. (1993). Melting and glass transitions of low molecular weight carbohydrates.
Carbohydrate Research, 238, 39–48.

oos, Y. H. (1995). Phase transitions in foods. London: Academic Press.
oozen, M. J. G. W.,  Hemminga, M.  A., & Walstra, P. (1991). Molecular motion in

glassy water–malto-oligosaccharide (maltodextrin) mixtures as studied by con-

ventional and saturation-transfer spin-probe e.s.r. spectroscopy. Carbohydrate
Research, 215, 229–237.

aleki-Gerhardt, A., & Zografi, G. (1994). Non-isothermal and isothermal crystal-
lization of sucrose from the amorphous state. Pharmaceutical Research, 11,
1166–1173.
Polymers 89 (2012) 836– 841 841

Sartor, G., Mayer, E., & Johari, G. P. (1994). Calorimetric studies of the kinetic unfreez-
ing of molecular motions in hydrated lysozyme, hemoglobin and myoglobin.
Biophysical Journal, 66,  249–258.

Seo, J., Kim, S. J., Kwon, H., Yang, Y. S., Kim, H. K., & Hwang, Y. (2006). The
glass transition temperatures of sugar mixtures. Carbohydrate Research, 341,
2516–2520.

Shamblin, S. L., Huang, E. Y., & Zografi, G. (1996). The effects of co-lyophilized
polymeric additives on the glass transition temperature and crystalliza-
tion  of amorphous sucrose. Journal of Thermal Analysis and Calorimetry, 47,
1567–1579.

Shamblin, S. L., Taylor, L. S., & Zografi, G. (1998). Mixing behavior of colyophilized
binary systems. Journal of Pharmaceutical Sciences, 87,  694–701.

Shamblin, S. L., & Zografi, G. (1998). Enthalpy relaxation in binary amorphous mix-
tures containing sucrose. Pharmaceutical Research, 15,  1828–1834.

Silva, M.  A., Sobral, P. J. A., & Kieckbusch, T. G. (2006). State diagrams of freeze-
dried camu-camu (Myrciaria dubia (HBK) Mc  Vaugh) pulp with and without
maltodextrin addition. Journal of Food Engineering, 77,  426–432.

Sobral, P. J. A., Telis, V. R. N., Habitante, A. M. Q. B., & Sereno, A. (2001). Phase diagram
for  freeze-dried persimmon. Thermochimica Acta, 376,  83–89.

Syamaladevi, R. M.,  Sablani, S. S., Tang, J., Powers, J., & Swanson, B. G.  (2009). State
Taylor, L. S., & Zografi, G. (1998). Sugar–polymer hydrogen bond interactions
in lyophilized amorphous mixtures. Journal of Pharmaceutical Sciences, 87,
1615–1621.


	Discontinuous and heterogeneous glass transition behavior of carbohydrate polymer–plasticizer systems
	1 Introduction
	2 Materials and methods
	2.1 Sample preparations
	2.2 DSC measurements

	3 Results
	3.1 Glass transition behaviors of dextrin–glucose and dextrin–maltose systems
	3.2 Enthalpy relaxation behavior of the dextrin–glucose mixtures

	4 Discussion
	5 Conclusion
	Acknowledgment
	References


