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The effects of initial water content, maximum heating temperature, amylopectin crystallinity type,
and annealing on the glass transition of starch gels were studied by differential scanning calorimetry
(DSC). The glass transition temperatures of the frozen gels measured as the onset (Tg,onset*) or
midpoint temperature (Tg,midpoint*), heat capacity change during the glass transition (∆Cp), unfrozen
water of starch gels, and additional unfrozen water (AUW) arising from gelatinization were reported.
The results show that Tg,onset* and Tg,midpoint* of the partially gelatinized gels are independent of the
initial water content, while both of the Tg* values of the fully gelatinized gel increase as the initial
water content increases. These observations might result from the difference in the level of structural
disruption associated with different heating conditions, resulting in different gel structures as well as
different concentrations of the sub-Tg unfrozen matrix. The amylopectin crystallinity type does not
greatly affect Tg,onset* and Tg,midpoint* of the gels. Annealing at a temperature near Tg,onset* increases
both Tg,onset* and Tg,midpoint* of the gels, possibly due to an increase in the extent of the freeze
concentration as evidenced by a decrease in AUW. Annealing results in an increase in the ∆Cp

value of the gels, presumably due to structural relaxation. A devitrification exotherm may be related
to AUW. The annealing process decreases AUW, thus also decreasing the size of the exotherm.

KEYWORDS: Starch; glass transition; differential scanning calorimetry; gelatinization; annealing

INTRODUCTION

The processing of starch-based foods usually involves heating
starch in the presence of water to a temperature above the
gelatinization temperature, causing disruption of the starch
granule structure. During gelatinization, the semicrystalline
polymer structure in native granular starches is gradually
transformed into an amorphous state, which is metastable and
subject to time-dependent physical change (1, 2). An important
example is recrystallization of amylopectin in starch gels, which
greatly affects the textural properties of starch-based foods (2).
Sufficient cooling of an amorphous polymer can induce a phase
transformation of the rubbery amorphous matrix to a glassy,
solid matrix. This transition, denoted as a glass transition, is
evidenced by both a large increase in the viscosity and an
immobilization of the polymer chains (1). In general, the glass
transition largely relates to the changes in quality and storage
stability of food products (1, 3, 4). Depending on the storage
temperature and the composition of the system, the amorphous
phase can exist in the glassy state, rigid and stable, or become
rubbery and prone to physical and chemical changes (4).

For a high moisture system, the glass transition temperature
of a homogeneous amorphous matrix,Tg,C (given the initial
solute concentration ofCc) is predicted to be below the freezing

temperature of the system,Tm,C (Figure 1). During cooling, ice
crystallization can occur before the system reachesTg,C. The
system is then separated into an ice phase and an unfrozen phase.
As the temperature lowers, more ice is formed, with a resulting
increase in the concentration of the unfrozen matrix. At a
sufficiently low temperature, this freeze-concentrated unfrozen
phase solidifies into the glassy state and ice formation ceases
because of kinetic restrictions (5, 6). In a system in which the
maximum amount of ice is allowed to form, the glass
transition of this maximally freeze-concentrated phase occurs
at Tg′, which is independent of the initial solute concentration
(7). Tg′ may be an important parameter for the quality and
stability of frozen food systems, as a long-term stability may
be anticipated for the product stored at a temperature belowTg′
(4, 8). If the maximum amount of ice is not formed in the
system, the resulting unfrozen matrix will be more dilute. The
glass transition temperature of this partially freeze-concentrated
phase, denoted asTg*, is lower thanTg′. Along theTg curve,
Tg* will fall between Tg,C andTg′, depending on the concentra-
tion of the unfrozen phase (the shaded gray area inFigure 1).
The exact value ofTg* will depend on the imposed conditions
(9).

For low moisture starch systems (13-30% moisture) after
heating to over 100°C, the glass transition temperature (Tg)
decreases as the moisture content increases due to the plasticiza-
tion effect of water. At a moisture content greater than 22%,Tg
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has decreased to below room temperature (10). For amorphous
starch gels of higher moisture content, where ice forms,Tg*
(often calledTg in the literature) andTg′ values have been
reported in a range between-3 and-10 °C for various types
of starch gels (11-14). Note that this variation might partly be
due to the different experimental conditions used. Both the water
content and the maximum heating temperature greatly affect
the extent of granule disruption during gelatinization (15). Starch
gels obtained under different gelatinization conditions may have
different structures, which may influence their glass transition
behaviors. Lim et al. (13) reported that for potato starch heated
in excess water (0.1-0.2% starch),Tg′ values of the totally
gelatinized samples were slightly lower than those of the
partially gelatinized samples.Tg* and Tg′ values of the
gelatinized starch gels were also reported to vary with the initial
water content. As the initial water content increases,Tg* and
Tg′ of fully gelatinized rice starches also increase (11, 14).
Starches from different botanical origins, having different
amylopectin crystallinity types and amylose contents, also have
different gelatinization behaviors (16, 17). Under similar
experimental gelatinization conditions, gels of starches from
different botanical origins might not have the same glass
transition characteristics. Unfortunately, information on this
subject is still lacking.

The objective of this work is to investigate the glass transition
in frozen starch gels prepared from starch with different
botanical origins, subjected to a range of gelatinization condi-
tions through varying the water contents and the heating
temperatures. In this way, insights might be gained as to the
changes in starch-water interactions during gelatinization. The
information obtained from this study may assist in understanding
the glass transitions of more complicated food products, which
have gelatinized starch as a major component, such as French
fries, frozen cooked rice, and noodles.

MATERIALS AND METHODS

Sample Preparation.Waxy corn, normal corn, and potato starches
were purchased from Sigma-Aldrich, Inc. (St. Louis, MO). Smooth
pea starch (Accu-Gel) was obtained from Parrheim Foods (Manitoba,
Canada). Normal corn, potato, and pea starches, representing A, B,
and C type starches, respectively, were used to determine the effects
of amylopectin crystallinity pattern. The waxy corn starch was used as
a pure amylopectin system. Hydrated starch samples with water contents

ranging from 1.1 to 3.0 g water/g dry starch were prepared by weighing
the required amounts of starch (with approximately 10% moisture) and
water into a preweighed differential scanning calorimetry (DSC) volatile
sample pan. The pan was sealed, reweighed, and equilibrated overnight
before the experiment. The approximate weight of the starch-water
mixture in the DSC pan was 15 mg. The exact moisture content was
confirmed after collecting the calorimetric data.

DSC Determination of Glass Transition in Gelatinized Starch-
Water Systems.A DSC (Pyris 1, Perkin-Elmer, Norwalk, CT) with
Pyris operation software was used for the determination of the glass
transition temperature of the partially freeze-concentrated phase (Tg*),
heat capacity change (∆Cp) at the glass transition region, frozen water
(FW), unfrozen water (UW), and additional unfrozen water (AUW)
resulting from gelatinization in starch-water systems. The calorimeter
was equipped with an Intracooler 2P (Perkin-Elmer) and nitrogen gas
purge. An empty volatile sample pan was used as a reference. Each
starch-water mixture in a DSC pan was heated to a temperature near
the peak temperature of the first gelatinization endotherm (T1) to get
partially gelatinized starch or slightly above the conclusion temperature
of the overall gelatinization endotherm (T2) to get fully gelatinized
starch.T1 andT2 are different depending on initial water content and
starch type, as listed inTable 1. The gelatinized sample was then cooled
and rescanned from-40 °C to observe the glass transition, with or
without annealing (Figure 2a). All measurements were done in
triplicate. On completion of the experiment sequence inFigure 2a,
the volatile sample pan was punctured and dried overnight in an oven
at 115°C and then reweighed to determine the exact water content in
the sample.

Tg* values were reported as an onset temperature (Tg,onset*) as well
as a midpoint temperature (Tg,midpoint*). The first value was obtained
from the onset temperature in the heat flow curve while the latter value
was obtained from the peak temperature of the first derivative of the
heat flow curve (18), as illustrated inFigure 2b. The annealing
temperatures were selected nearTg,onset* (within 1 °C difference) and
slightly belowTg,midpoint* (1-3 °C lower).

∆Cp values were calculated using the baseline difference before
Tg,onset* and after the end of ice melting, with an adjustment for FW
(eq 1).

wherewds is the weight of dry starch in the sample, hf20* and hf-20*
are the heat flows at 20 (after the end of ice melting) and-20 °C
(beforeTg,onset*), excluding the contribution of the heat capacity of FW.
The calculation of hf* is shown in eq 2.

where hf is the real heat flow at the corresponding temperature,Cp,water

Figure 1. State diagram of the binary aqueous system.

Table 1. Target Temperatures Used in the DSC Temperature
Programs in Figure 2a

target temperatures (°C) related
to the gelatinization endotherms

waxy corn normal corn potato pea
water content

(g water/
g dry starch) T1

a T2
b T1 T2 T1 T2 T1 T2

1.10 72.5 100.0 72.5 95.0 64.0 95.0 71.5 110.0
1.30 72.5 95.0 72.5 95.0 64.0 90.0 71.5 105.0
1.50 72.5 90.0 72.5 90.0 64.0 90.0 71.5 100.0
1.75 72.5 90.0 72.5 85.0 64.0 85.0 71.5 95.0
2.00 72.5 90.0 72.5 85.0 64.0 80.0 71.5 95.0
2.50 72.5 90.0 72.5 85.0 64.0 80.0 71.5 90.0
3.00 72.5 90.0 72.5 85.0 64.0 80.0 71.5 90.0

a The temperature near the peak temperature of the first endotherm (G
endotherm). b The temperature slightly above the conclusion temperature of the
overall gelatinization endotherms.

∆Cp (J/g dry starch°C) )
hf20* - hf-20* (mJ/s)

scan rate (°C/s)× wds(mg)
(1)

hf* (mJ/s)) hf (mJ/s)- {wfw (mg)× Cp,water(mJ/mg°C) ×
scan rate (°C/s)}(2)
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is the heat capacity of water in different states, taken to be 2.1 mJ/mg
°C for ice (used for the calculation of hf-20*) and 4.2 mJ/mg°C for
liquid water (used for the calculation of hf20*), and wfw is the weight
of FW. To minimize an error from the dependence of the latent heat
on temperature,wfw was calculated from the difference between the
initial water content (wi) and the amount of UW (wuw) obtained from
thex-axis intercept of a plot of FW (calculated from the area under the
ice melting endotherm) vs the initial water content. The calculation of
wfw is shown in eq 3.

wuw values of various starch-water systems were shown inTable 2.

The calculation in eq 3 is based on the assumption that UW is not
dependent on the initial water content. However, to consider the
variation of UW at different initial water contents, AUW arising from
the gelatinization process was calculated as the difference between FW
of sequential scans inFigure 2a.

where AUWnonannealand AUWannealrepresent the AUW (g water/g dry
starch) resulting from gelatinization without and with annealing,
respectively.

Figure 2. Description of the experimental procedure: (a) flowchart for the temperature program used in the DSC study and (b) DSC thermograms of
waxy corn starch, 3.0 g water/g dry starch, using the temperature program in set 1. The first scan was stopped at 72.5 °C (T1, Table 1). The second
scan was used to locate Tg,onset* while the first derivative plot of the second scan (shown in the thermogram) was used to locate Tg,midpoint*.

Table 2. Amount of UW Obtained from the x-Axis Intercept of the Plot of FW Content vs Initial Water Content

amount of UW (g water/g dry starch)

nonannealed annealed

starch ungelatinized
partially

gelatinized
fully

gelatinized
partially

gelatinized
fully

gelatinized

waxy corn 0.348 ± 0.006a 0.375 ± 0.003 0.468 ± 0.003 0.364 ± 0.005 0.424 ± 0.009
normal corn 0.333 ± 0.010 0.354 ± 0.003 0.442 ± 0.006 0.344 ± 0.006 0.409 ± 0.003
potato 0.430 ± 0.009 0.443 ± 0.006 0.473 ± 0.004 0.422 ± 0.008 0.433 ± 0.015
pea 0.354 ± 0.011 0.391 ± 0.004 0.417 ± 0.004 0.350 ± 0.005 0.394 ± 0.005

a Represent one standard deviation from means.

wfw (mg) ) wds(mg)× {wi (g water/g dry starch)-
wuw (g water/g dry starch)}(3)

AUWnonanneal) FWfirst scan,set1- FWsecond scan,set1 (4)

AUWanneal) FWfirst scan,set2- FWthird scan,set2 (5)
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RESULTS AND DISCUSSION

Effect of Water Content and Maximum Heating Tem-
perature on Glass Transition Temperature of Gelatinized
Starches.Tg* values of various starch gels as affected by water

content and maximum heating temperature are shown inFigures
3-6. Note that there is a slight difference between the exact
initial water content and the average value, with the standard
deviation up to 5% of the average water content. Because the

Figure 3. Tg,onset* of the partially gelatinized starch gels at different water contents: (a) waxy corn starch, (b) normal corn starch, (c) potato starch, and
(d) pea starch. Error bars extend one standard deviation above and below the average.

Figure 4. Tg,midpoint* of the partially gelatinized starch gels at different water contents: (a) waxy corn starch, (b) normal corn starch, (c) potato starch,
and (d) pea starch. Error bars extend one standard deviation above and below the average.
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variation ofTg,onset* andTg,midpoint* as a function of initial water
content of each starch gel is similar, both parameters will be
discussed together using a general termTg*. For partially

gelatinized starch gels,Tg* values are much less dependent on
their initial water contents (Figures 3and4), as compared to
fully gelatinized starch gels, for which theTg* values tend to

Figure 5. Tg,onset* of the fully gelatinized starch gels at different water contents: (a) waxy corn starch, (b) normal corn starch, (c) potato starch, and (d)
pea starch. Error bars extend one standard deviation above and below the average.

Figure 6. Tg,midpoint* of the fully gelatinized starch gels at different water contents: (a) waxy corn starch, (b) normal corn starch, (c) potato starch, and
(d) pea starch. Error bars extend one standard deviation above and below the average.
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increase with increasing initial water content (Figures 5and
6). The increase inTg* and Tg′ of fully gelatinized starch gels
at a higher water content has been previously reported (11, 14).
Because a frozen starch gel is composed of an ice phase and a
freeze-concentrated, unfrozen phase, the location of the glass
transition of the unfrozen phase may not be simply explained
as resulting from the plasticization effect of the initial water
content since some of this water ends up as ice and therefore
nonplasticizing. The existence of the different levels of structural
disruption that result from different degrees of gelatinization,
different gel structures, as well as the amount of UW in the
system may also influenceTg*. Note that a starch gel can be
considered as a phase-separated system in which swollen,
amylopectin-enriched granules are embedded in a continuous
matrix of entangled amylose molecules (19). Freeze concentra-
tion results in many small, discrete ice crystals embedded in a
continuous matrix of amorphous, freeze-concentrated solute (or
a heterogeneous matrix of starch polymers in this case) and UW
(8). However, to simplify the explanation, the following
discussion regarding the unfrozen matrix in the gel will consider
the hydrated amylose-amylopectin composite as a single phase.

The extent and nature of starch gelatinization is usually
modulated by temperature and/or water content. In a DSC
thermogram, two endothermic peaks have been related to the
gelatinization process. These can be labeled as G (the first
endotherm) and M1 (the second endotherm) (20). Most of the
mechanisms proposed to explain these phenomena assume a
solvent-assisted disruption of the starch granule structure (15,
20-22). An overview of the gelatinization mechanism suggests
that in excess water, starch-water interactions during the
processes associated with the G endotherm are initiated within

amorphous regions and are followed by extensive disruption
of the crystallites. At a decreased water content, the hydration
in the amorphous regions is not sufficient to facilitate extensive
crystalline disruption. The changing associations of water within
the system, including increasing hydration of disentangled starch
polymers, renders some water molecules less available for aiding
crystalline melting. As a result, a higher thermal energy is
required to enable disruption of more stable crystallites. This
leads to the appearance of a separable M1 endotherm. In
partially gelatinized starch gels heated only to the peak
temperature of the G endotherm, a limited level of structural
disruption, as evidenced by the limited crystallinity loss, would
occur. For samples of intermediate water content (approximately
0.9-1.5 g water/g dry starch), wide-angle X-ray scattering
studies of starch from different botanical sources have shown
that a significant reduction in the crystallinity levels of starch
granules occurs on attaining temperatures greater than the peak
temperature of the G endotherm (16,23,24). Indeed, at higher
water contents (above 1.5 g water/g dry starch), some (although
smaller) amylopectin crystallinity can still be detected by X-ray
diffraction at the peak temperature of the G endotherm (24).
Such a limited level of structural disruption might not greatly
alter the structural characteristics of starch polymers within the
unfrozen phase. Thus,Tg* of the system shows little change
with increasing water content. In contrast, full gelatinization
appears to result in a more extensive structural disruption, as
indicated by a greater loss of amylopectin crystallinity (16,23,
24), a higher degree of granule swelling, and polymer solubi-
lization (25,26). A gel matrix with a more homogeneous, higher
level amorphous structure as compared to that of the partial
gelatinization is to be expected. Our results show that theTg*

Figure 7. AUW arising from gelatinization in different starch gels: (a) partially gelatinized, nonannealed; (b) partially gelatinized, annealed; (c) fully
gelatinized, nonannealed; and (d) fully gelatinized, annealed. Error bars extend one standard deviation above and below the average.
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values of fully gelatinized starch gels with a lower moisture
content, 1.1-1.5 g water/g dry starch (biphasic endotherm
region, where overlapping between the G and the M1 endo-
therms is observed), are lower than those of the partially
gelatinized gels. However, an unexpected observation is that
the “dense” gel matrix, presumed to have a more concentrated
polymer dispersion in the unfrozen phase, behaves rather like
a more dilute glass with a lowerTg*. Perhaps there is an effect
of starch-water interactions within the gel network, which
greatly retards ice formation and thus slows down the rate of
concentration increase of the unfrozen phase during cooling.

Starch-water interactions can be investigated by following
the change in the physical state of water. One approach is to
measure UW, the water within a system that does not freeze
out as ice at subfreezing temperatures. UW has been proposed
to be associated in some way more closely with the solute
molecules although it may not be totally immobilized or “bound”
(27, 28). Previous studies have shown that FW is linearly related
to the initial water content of the system, with a regression slope
close to 1 (29). On the basis of the assumption that UW is not
dependent on the initial water content, UW values of different
starch-water systems, determined from thex-intercept of the
plot of FW against the initial water content, are listed inTable
2. However, the calculation of AUW shows that UW may be
dependent on the initial water content (Figure 7a,c). This might
result from differences in the gel structure. A greater extent of
structural disruption after full gelatinization could expose more
sugar hydroxyl groups to the solvent, resulting in increased
starch-water interactions. The gel structure of more concen-
trated starch systems has been described as a tightly packed

aggregate of swollen granules with a thin layer of amylose gel
between the granules (25, 30). It is proposed that this type of
dense gel structure would provide a shorter distance between
the water molecules and the surface of polymers and a higher
area density of hydrogen bonds, which would increase the extent
of the hydration (31). During rapid cooling in the DSC, the
interactions between the water and the matrix of tangled
polymers may retard the separation and spatial rearrangement
of water molecules necessary to form ice. Therefore, because
of kinetic constraints, a more dilute unfrozen phase may be
present in the fully gelatinized gels, resulting in the observed
reduction of Tg* in the system. As the total water content
increases beyond that of samples which exhibit the biphasic
endotherm region,Tg* of the fully gelatinized gels gradually
increases and approaches that of the partially gelatinized gels
(Figures 5and6). Figure 7c shows that the AUW of the fully
gelatinized gels decreases as the water content rises, suggesting
a reduced extent of starch-water interactions presumably due
to a more swollen gel network. In this case, the larger distance
between the polymer surfaces and larger clusters of contiguous
water molecules would facilitate increased ice formation. Despite
the higher initial water content, the lower observed UW of the
system results in a more concentrated unfrozen matrix, leading
to the observed increase of theTg*.

Effect of Starch Types from Different Botanical Sources
on Glass Transition Temperature of Gelatinized Starches.
For the same maximum heating temperature, all starch types
exhibit a relatively similar trend in the difference inTg* as a
function of the initial water content. However, variation in the
Tg* values of the gels from different starch sources is observed.

Figure 8. Change of specific heat capacity (∆Cp) at the glass transition region in different starch gels: (a) partially gelatinized, nonannealed; (b) partially
gelatinized, annealed; (c) fully gelatinized, nonannealed; and (d) fully gelatinized, annealed. Error bars extend one standard deviation above and below
the average.
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For nonannealed, partially gelatinized starch gels (Figures 3
and4), at a similar initial water content,Tg,onset* ranges from
-6.5 to -4 °C while Tg,midpoint* is from -4 to -1.5°C. For
nonannealed, fully gelatinized starch gels, bothTg,onset* and
Tg,midpoint* are more dependent on the initial water content
(Figures 5and6). At 1.1 g water/g dry starch,Tg,onset* ranges
from -8.6 to-7.3 °C whereasTg,midpoint* ranges from-6.4 to
-3.6°C. Both of theTg* values increase with increasing initial
water content to the range of-5.7 to-4.5 °C for Tg,onset* and
-4.0 to-3.0 °C for Tg,midpoint* at 3.0 g water/g dry starch. At
the same water content, theTg,midpoint* values of the fully
gelatinized gels from normal corn and potato starches reported
in this study are slightly higher than the equivalentTg in the
literature (13,32). This might be due to the different temperature
scanning rate and/or sample size used.

Effect of Annealing on Glass Transition Temperature of
Gelatinized Starches.For a frozen system, the formation of
an amorphous unfrozen matrix by freeze concentration is time-
dependent. The high viscosity of an unfrozen solution at a
subfreezing temperature, a reflection of restricted polymer
mobility, especially at a high solute concentration, can result
in a reduced rate of ice formation (6). Annealing at a temperature
that allows for sufficient polymer mobility to enable an enhanced
rate of ice formation without there being a significant reduction
in the maximum possible ice content will maximize ice
formation (13). For several carbohydrate solutions including
sugars and maltodextrins, the glass transition occurs well below

the onset of ice melting and those phenomena can be separately
observed (5,33). Roos and Karel (34) recommended annealing
such systems at a temperature above the estimatedTg′ but
slightly belowTm′, the temperature of onset of equilibrium ice
melting. However, the temperature difference betweenTg′ and
Tm′ decreases with increasing solute molecular weight. Hence,
for high molecular weight compounds including starches, the
glass transition overlaps with ice melting and theirTg′ andTm′
values are predicted to be similar (34). In this study, we annealed
the starch gels at 1-3 °C belowTg,midpoint*. An increase inTg*
after annealing at these temperatures (Figures 3-6) suggests
an increasing level of freeze concentration, resulting in a higher
concentration of the glassy phase with an elevatedTg*. However,
our arbitrary annealing time of 30 min may not be sufficient to
produce the maximally freeze-concentrated phase. Verification
of the dependence of the time required to maximize freeze
concentration as a function of initial composition is a project
in itself and was not a part of this study. After annealing, the
UW of the starch gels shown inTable 2 is lower than that of
their nonannealed counterparts. The annealed samples tend to
have lower AUW especially for lower initial water contents in
the cases of both partially and fully gelatinized starch gels
(Figure 7). These results suggest that additional water migrates
to form ice during the annealing process, leaving a reduced
amount of UW within the systems. Thus, the changes in UW

Figure 9. Ice melting endotherms of waxy corn starch gels: (a) partially gelatinized, nonannealed; (b) partially gelatinized, annealed; (c) fully gelatinized,
nonannealed; and (d) fully gelatinized, annealed. The water contents of the system from the upper to the lower curve are 3.0, 2.5, 2.0, 1.75, 1.5, 1.3,
and 1.1 g water/g dry starch.
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and AUW support our presumption of an increase in freeze
concentration associated with the annealing conditions used in
this study.

Changes in Specific Heat Capacity during Glass Transi-
tion in Frozen Starch Gels. Figure 8depicts the effects of
various factors on the magnitude of∆Cp during the glass
transition in different starch gels. Without annealing, although
∆Cp values are slightly higher in the fully gelatinized gels, a
similar trend of the change in∆Cp as a function of initial water
content is found for both partially and fully gelatinized gels
(Figure 8a,c). The observed increase in∆Cp might result from
a formation of a larger amount of amorphous glassy matrix (13)
and/or the occurrence of a greater extent of structural disruption,
which might result in a reduced molecular weight of starch
polymers due to a greater degree of amylopectin disentanglement
and concomitant fragmentation. Because, for several carbohy-
drate solutions, Roos and Karel (34) reported an increase in
∆Cp (J/g solids°C) over the glass transition region as the
molecular weight of the solute decreases, the potential reduction
in average polymer molecular weight might partly account for
the∆Cp increase. After annealing,∆Cp further increases (Figure
8b,d) possibly due to structural relaxations. Annealing at sub-
Tg or near Tg allows the system to approach metastable
equilibrium with some extra loss in enthalpy and volume (4).
When the structural relaxation takes place near the glass
transition temperature, an enthalpy overshoot atTg is often
observed (35). However, the enthalpy overshoot is not easily
detected in the annealed starch gels (Figure 9b,c), probably
due to the overlap between the glass transition and the ice
melting, and to the low level of structural relaxation expected
within the short annealing time used in this study (30 min). All
types of starch used in this study show a similar trend in the
variation of∆Cp as a function of water content.

Devitrification in Frozen Starch Gels. In frozen aqueous
biopolymer systems, various transitions have been identified
during rewarming of rapidly cooled systems. A glass transition
is usually detected first, followed by devitrification or ice
formation, characterized by an exotherm in the DSC thermo-
gram, which occurs immediately after the glass transition (5,
6, 18, 36). Devitrification may result from the increasing
mobility of starch polymers in the matrix, reflected in the
decreasing viscosity of the rubbery unfrozen matrix, which
eliminates some physical constraints for the ice formation (6,
14). For frozen starch gels, our results clearly show a devitri-
fication exotherm in some fully gelatinized systems of lower
water content (Figure 9c). This can be observed in the gels
from waxy corn, normal corn, and potato starches but not from
pea starch, which does not exhibit the devitrification exotherm
under any treatment conditions (data not shown). During
rewarming of the frozen fully gelatinized starch gels, the
magnitude of the exotherm decreases as the water content
increases, with no exotherm observed above 1.75 g water/g dry
starch for waxy corn, 1.5 g water/g dry starch for potato, and
1.3 g water/g dry starch for native corn starch gels. This trend
corresponds to previous studies in rice starch gels (11) and in
fructose and glucose solutions (37). The larger extent of ice
formation during the rewarming process in gels with lower water
content may be due to the larger AUW in these systems (Figure
7c). In contrast, no devitrification exotherm is seen in partially
gelatinized gels from all of the types of starch used (Figure
9a,b). This may be related to the relatively lower amount of
AUW in the partially freeze-concentrated phase (Figure 7a).
Annealing also influences the devitrification process. As
discussed earlier, annealing enhances ice formation and thus

decreases UW in the systems. Therefore, it greatly decreases
the magnitude of the exotherm (Figure 9d). It is important to
note that by considering systems that may exhibit devitrification
exotherms, we are mainly interested in the kinetically defined
“real” state diagram instead of the theoretical state diagram
(Figure 1).
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