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as Determined by Differential Scanning Calorimetry (DSC)
and Nuclear Magnetic Resonance (NMR)

Yu-shiun Lin,' An-I Yeh,' and Cheng-yi Lii'~

ABSTRACT

Starches from nine varieties of rice, including four indica, three
japonica, and two waxy cultivars, were used for the investigation of the
correlation between retrogradation and water mobility. Retrogradation
and water mobility were analyzed by differential scanning calorimetry
(DSC) and nuclear magnetic resonance (NMR) and expressed as en-
thalpy change (AH) and differential relaxation rate (AR,) for water-'7O.
Water contents were measured by DSC and Karl-Fischer methods. The
results indicated that three different profiles, based on amylose content,
were observed for the AH changes of rice starch cooks during storage.
They fit well to the nonlinear regression equations of exponential rise to
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maximum and exponential growth models. The water content, as
measured with DSC, decreased during storage but increased as measured
with the Karl-Fischer method. This discrepancy might be attributed to the
different characteristics of water measured by the two methods. The AR,
of rice starch cooks showed an increasing trend during storage but was
more complicated than the AH trend. The nonlinear regression models
were also applied to fit the changes of AR, for indica varieties in the
initial six days and for waxy varieties up to 24 days. This resembled the
AH changes.

Starchy food is usually heated in water and often stored before
being consumed. Retrogradation of gelatinized starch molecules is
initiated during storage. This process has been extensively investi-
gated using differential scanning calorimetry (DSC), X-ray diffrac-
tion, and rheological techniques to monitor the changes at molecular
or macroscopic level (Ring et al 1987; Jouppila et al 1998; Vodo-
votz and Chinachoti 1998; Yuan and Thompson 1998).

The Avrami equation is most frequently used to analyze the kinetic
behavior of starch recrystallization (Longton and LeGrys 1981;
Russell 1987; Baik et al 1997; Fan and Marks 1998; Jouppila et al
1998; Liu and Thompson 1998). The equation is expressed as © =
1-exp(—kt") where © is % crystallized starch at time t; K is a rate
constant; and N is the Avrami exponent related to nucleation and
crystal growth processes. Additionally, an exponential first-order
equation is used in studies to estimate the rate constant when a cer-
tain mode of nucleation and growth is assumed (Russell and Oliver
1989; Zhang and Jackson 1992). However, because the starch
system is more complicated than that of ordinary polymers, the fit
of these equations may be inappropriate. Thus, conclusions should
be very cautiously drawn from empirical data (Slade and Levine
1986; Zhang and Jackson 1992; Liu and Thompson 1998).

Water content is one of the most influential factors in starch
retrogradation and can affect the extent of crystallization (Longton
and LeGrys 1981; Zeleznak and Hoseney 1986; Jouppila et al 1998)
through water diffusion (Hoseney 1984) and plasticization (Slade
and Levine 1986). However, because bound water has properties
different from those of bulk water in the same system and various
degrees of water “boundness” exist, the function of water in both
categories during aging becomes uncertain if only the water amount
is restricted.

The bound water has been commonly analyzed by DSC, differ-
ential thermal analysis (DTA) or dynamic mechanical analysis
(DMA) (Bushuk and Mehrotra 1977; Wynne-Jones and Blanshard
1986; Li et al 1998; Vodovotz and Chinachoti 1998). More detailed
information such as dynamic behavior or water distribution can be
also determined using nuclear magnetic resonance (NMR) spectro-
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scopy (Kim-Shin et al 1991; Lai et al 1998) or magnetic resonance
imaging (MRI) (Ruan et al 1996). NMR has long been used to
study dynamic characteristics of the hydration and mobility of
water in starch suspensions (Richardson et al 1987), starch gels
(Wynne-Jones and Blanshard 1986; Li et al 1998) or paste (Lai et
al 1998), and bread (Wynne-Jones and Blanshard 1986; Kim-Shin
et al 1991).

The change in starch at the molecular level and water mobility
changes during storage have been discussed individually (Wynne-
Jones and Blanshard 1986; Lai et al 1998). However, concurrent study
of both properties has seldom been reported. Hence, this investi-
gation on the correlation between the retrogradation enthalpy and
water mobility of different rice starches was initiated.

MATERIALSAND METHODS

Nine varieties of milled rice (first crop of 1996), obtained from
the Taichung District Agricultural Improvement Station, Changhua,
Taiwan, were used as samples. They were four indica (Kaoshiung
Sen 7 [KSS7], Taichung Native 1 [TCNI1], Taichung Sen 10
[TCS10], Taichung Sen 17 [TCS17]), three japonica (Taichung
189 [TC189], Taigeng 9 [TGY], TaiNung 67 [TNu67]) and two
waxy varieties (Taichung Waxy 70 [TCW70], Taichung Sen Waxy 1
[TCSW1]). Rice starches were isolated using the modified alka-
line steeping method (Yang et al 1984) and apparent amylose
contents were determined as described by Chrastil (1987).

A 25% rice starch suspension (100 mg, w/w) kept =1 hr at room
temperature for water equilibrium was put into a stainless steel cru-
cible. The crucible was sealed using a stainless steel cover and an
aluminum O-ring. The sample crucible was heated in a boiling-water
bath for 30 min, then cooled at room temperature for 30 min, fol-
lowed by storage at 4°C for the retrogradation study. The melting
behavior of retrograded starch was examined by a differential scan-
ning calorimeter (Setaram DSC121, Caluire Cedex, France) at dif-
ferent storage times. Samples were scanned from 5 to 130°C at
5°C/min with an empty crucible used as reference.

A spectrometer (MSL-200, Bruker Co., Germany) operated at
27.13 MHz was used for the 'O NMR R, measurement. Natural
abundance "0 measurements were applied during the investigation.
A 90° single-pulse for 17O of pulse width 13 psec and a recycling
time of 400 msec was used. The broadband proton decoupling was
also performed. The starch cook was prepared in a 10-mm NMR
tube using the same preparation procedure as for the DSC sample.
The NMR tube was spun at 12 + 1 Hz and measurement was done
in triplicate at 30 = 1°C with 1,200 scans.
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In 7O NMR analysis, the line width at half-height of frequency
domain spectrum of pure water (AVg..) Was subtracted from that
of the sample (Avg,) to correct for any residual magnetic field
inhomogeneity. The differential transverse relaxation rate (AR./sec)
was then obtained by the equation: AR, = T(AUgys — AVfree)
(Richardson et al 1987; Lai et al 1998).

A calorimeter (Setaram DSC 121) according to the melting mode
was used to measure freezable water (Bushuk and Mehrotra 1977).
The sample crucible was prepared in the same manner as in the
retrogradation investigation, followed by quenching with liquid
nitrogen before measurement. The sample was heated from —25 to
20°C at a rate of 1°C/min. The melting endothermic peak of ice at
=0°C was recorded, and the melting enthalpy of deionized water
was used as a reference (Chung and Lee 1991).

The water content in starch cook, as prepared above, was deter-
mined with the Karl-Fischer titration method (DL18 Karl Fischer
titrator, Mettler-Toledo AG, Switzerland). During the determination,
Hydranal solvent consisting of sulfur dioxide and imidazole in
methanol, and Hydranal titrant containing iodine (RdH Laborchemik-
alien GmbH & Co. KG, Seelze, Germany) were used. The water con-
tent was displayed automatically when the titration was completed.

A nonlinear regression analysis was applied to obtain the time
course of retrogradation enthalpy and of differential transverse
relaxation rate changes. Built-in equations in SigmaPlot library,
exponential rise to maximum Y = Y, + a(l — €) and exponential
growth y = ae™, were selected to fit the data from DSC and NMR
by using SigmaPlot software (v. 4, SPSS, Inc., Chicago, IL). The
former was applied to those data with convergent change and the
latter to those without convergence. The independent variable (X)
was assigned to the storage time (t) in this study, and the depen-
dent variable (y) was assigned to AH and AR,. Regressions were
implemented automatically by the software to find the values of
Yo, @ and b. Hence, the equation could most closely describe the
data (P < 0.0001) using the values of the independent variable to
predict the value of a dependent variable.

The starch cook was also examined by scanning electron micro-
scopy (JSM-5400, Jeol Co., Japan) operated at 20 kV. The freeze-
dried samples were mounted on the stubs and sputter-coated with
gold for examination.

Statistical Analysis

Differences in the water contents of starch cooks during storage
were analyzed by the analysis of variance (ANOVA, general linear
model) and Duncan’s new multiple range test (P < 0.05). Pearson
correlation analysis was computed for the coefficient between the
average value of apparent amylose content and the exponent of the
nonlinear regression equation. All statistical analyses were conduc-
ted with SAS statistical analysis software (SAS Institute, Cary, NC).

TABLE|
Apparent Amylose Contents and Melting Temper atures of
Retrogradation Transition of Rice Starches

Retrogradation Temperature (°C)?

Apparent
Variety Amylose (%) To Tp Te
Indica
KSS7 2593 +£0.68 3843x0.09 52.59x031 6592+0.73
TCN1 2381 +0.17 37.78+0.09 50.16+0.01 64.11+0.27
TCS17 26.13+1.57 3747+0.11 49.80+0.10 63.59 +£0.29
TCS10 11.39£0.37 37.66 £0.12 51.60+0.14 62.93 +0.23
Japonica
TC189 14.06£0.21 37.60+0.19 51.16+0.32 63.12+0.21
TG9Y 12.65+0.20 3745+020 51.03+0.18 62.42+0.04
TNu67 13.12+£0.10 37.05+0.17 50.97+0.39 62.69 +0.35
Waxy
TCW70 092+0.09 36.72+0.19 50.65+0.03 62.56+0.14
TCSW1 097+0.00 3725+0.25 51.26+0.33 62.93+0.22

2 Retrogradation transition at 30 days; T,, Tp, T. = onset, peak, and
completion temperatures of retrogradation transition.
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RESULTSAND DISCUSSION

Apparent Amylose Content

The apparent amylose contents of rice starches are listed in
Table 1. They were 23.8-26.1% for indica, except for TCS10;
11.4-14.1% for japonica and TCS10; and =1% for waxy varieties.

Starch Retrogradation

The degree of retrogradation for the 25% rice starch cook was
measured as the enthalpy of melting of recrystallized starch (AH).
Three different profiles of the retrogradation process were observed
when the retrogradation enthalpy was plotted versus storage time
(Fig. 1). For starches with high amylose contents of indica vari-
eties (Fig. 1a), the AH was increased rapidly in the early stage,
then reached the plateau. For the intermediate amylose contents of
TCS10 (Fig. 1a) and japonica varieties (Fig. 1b), the AH did not
change significantly in the first two days but rose steadily as the
storage time prolonged. The AH of waxy varieties did not alter for
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Cc ® TCWT70
o TCSW1

6 ¢

AH (J/g)

0 5 10 15 20 25 30
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Fig. 1. Retrogradation enthalpy change (AH) of different rice starch
cooks during storage (a, indica; b, japonica; ¢, waxy).



9-12 days, then it started to increase (Fig. 1c). Generally, the AH
tended to be related to the amylose content of starch up to 30
days. However, it should be noted that the enthalpies of TCS10,
japonica, and waxy varieties did not reach the plateau during 30
days of storage, which suggested that starch recrystallization was
still in progress and the AH would continue to rise.

The retrogradation transitions of rice starches occurred at 36—
66°C (Table I). This was similar to other varieties of rice (Chang
and Liu 1991; Fan and Marks 1998), wheat (Longton and LeGrys
1981; Ring et al 1987), and maize starches (Yuan et al 1993). This
endotherm was regarded as the melting of the retrograded amylo-
pectin (Zeleznak and Hoseney 1986; Ring et al 1987; Russell 1987,
Yuan et al 1993) and therefore, would be affected by the amount
and the molecular characteristics of amylopectin. The retrogradation
was accelerated by the amylopectin with longer average chain
length (Kalichevsky et al 1990; Yuan et al 1993). Shi and Seib
(1992) indicated the retrogradation of waxy starches was directly
proportional to the mole fraction of branches with DP 14-24, and
inversely proportional to the mole fraction of branches with DP 6-9.
The high ratio of branches with DP 20-30 (Yuan and Thompson
1998) or DP = 35 (Sasaki and Matsuki 1998) was also reported to
increase the retrogradation enthalpy. The indica rice with high amy-
lose content used in this investigation carries extra long chain branches
(DP > 100) in the amylopectin (Lu et al 1997) which can increase
retrogradation (Fig. 1a). The low degree of retrogradation for the
waxy starches (Fig. 1c) was attributed to the high proportion of
short chain branches of DP 6-9 (Lu et al 1997).

Modeling Study

Avrami equation is frequently applied to obtain the rate constant and
the nature of nucleation and growth process for starch retrogradation
(Russell and Oliver 1989; Zhang and Jackson 1992; Liu and Thomp-
son 1998). One of the requirements for applying Avrami equation is
that the recrystallization process reach the equilibrium state. Because
only three samples satisfied this requirement (Fig. 1a), other non-
linear regressions were applied to this investigation.

The regression results are excerpted in Table II. The equation of
exponential rise to maximum was fitted for the expression of the
retrogradation process on the starches with high amylose content
(r* = 0.99); and the exponential growth for waxy starches & =0.97).
Because the retrogradation rate for TCS10 and japonica varieties
were not high at early stage, the exponential growth model was
applied in the first six to nine days, followed by the equation of
exponential rise to maximum. In addition to the higher retro-
gradation rate of KSS7 starch, the statistical analysis also showed
that the exponent of each equation for different models was linearly
correlated with the amylose content. The correlation coefficient is

0.99 for exponential rise to maximum model (P < 0.001), and 0.97
for exponential growth model (P = 0.0013). These fitted profiles
thus implied that the amylose content was one of the influential
factors on starch retrogradation, as reported in the literature (Gud-
mundsson and Eliasson 1990; Chang and Liu 1991; Baik et al
1997; Fan and Marks 1998).

The rapid gelation of amylose and slow recrystallization of the
short amylopectin branches during retrogradation does not pro-
ceed completely independently (Russell 1987; Gudmundsson and
Eliasson 1990; Klucinec and Thompson 1999). Amylose is not
only involved in the recrystallization of amylopectin but also func-
tions as nuclei during recrystallization (Gudmundsson and Eliasson
1990). The rate, in the initial stage of nucleation controlled recrys-
tallization process, was dependent on the amylose content (Baik et
al 1997). This was confirmed by the result of the initial retrogra-
dation rate in proportion to the amount of amylose content of the
starch cook (r = 0.69, P < 0.05). The result also suggested, when
amylose content was <24%, crystallization would be promoted and
showed no lag period (Fig. 1a). The extra long chains of amylo-
pectin might have a function similar to amylose. On the other hand,
retrogradation of waxy rice starches would be delayed to a great
extent, with little or no contribution from amylose (Fig. 1c).

As for TCS10 and japonica varieties, the nucleation rate was
slower due to containing only a moderate amount of amylose and
amylopectin with no extra long chains. Hence, the retrogradation

Heat flow

—— starch cook \ |
- — — pure water \

-15  -10 -5 0 5 10 15
Temperature (°C)

Fig. 2. Typical melting thermograms of ice crystals in pure water and
starch cook.

TABLE 11
Nonlinear Equationsfor Retrogradation Enthalpy Changes (AH, J/g) of Rice Starch Cooks as a Function of Time (t, days)

Variety Equations (AH =) r? Initial Rate? Asymptotic Value
Indica
KSS7 0.49 + 7.66 X (1 — e 0438 0.987 3.508 8.15
TCN1 0.39 + 6.51 X (1 — e 0156 0.987 1.016 6.90
TCS17 0.54 + 6.23 X (1 — e 0161ty 0.983 1.003 6.77
TCS10 0.38 x " t<9) 0.985 0.078 10.28
—1.14 + 11.42 x (1 — e70-040t) (6<t<30) 0.995
Japonica
TC189 0.52 x 0263t (t<6) 0.910 0.137 8.21
8.21 x (1 — 0048 (6<t<30) 0.981
TG9 0.350 x e0201t t<9) 0.973 0.070 11.35
-0.88 + 12.23 x (1 — e70030t) (6<t<30) 0.995
TNu67 0.43 x 0219 (t<9) 0.985 0.094 11.13
11.13 x (1 — 0034 (6<t<30) 0.994
Waxy
TCW70 0.38 x 0106t (t<24) 0.966 0.040 -b
TCSW1 0.29 x 0098t 0.978 0.028 -

4 Expressed as d(AH)/dt at t = 0.
b No convergence.
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rate was slow, resembling that of waxy starch in the early stage,
followed by increasing rapidly as that of high amylose starch (Fig. 1b).
The asymptotic value of amylopectin retrogradation (Table II) cal-
culated from the equations was in proportion to the amount (Gud-
mundsson and Eliasson 1990; Lu et al 1997) and the ratio of the
branches with DP 14-24 of amylopectin (Shi and Seib 1992).

Freezable Water by DSC

The typical melting thermograms of ice crystals in pure water
and starch cook are illustrated in Fig. 2. Frozen pure water melted
right at 0°C with abrupt drop in endothermic peak. However, the
ice in starch cook begins to melt gradually from =10°C, indica-
ting the existence of liquid water below subzero temperature. Such a
melting curve could be thus divided into two parts, one for the free
water with the same phase transition temperature as bulk water, and
the other for the freezable bound water that has weak interaction
with polymer chains and a phase transition <0°C (Giménez et al
1998).

Assuming the melting enthalpies of pure ice and ice in macro-
molecular systems are the same (Radosta and Schierbaum 1990),
the total amount of freezable water calculated from DSC endothermic
peak area was =63% in 25% starch cooks (Table III). The portion
of endothermic peak <0°C was the freezable bound water at 5.2—
6.8%, so the free water was =57%. The remaining 12% (75-63%)
was unfreezable water that is assumed to associate closely with starch
molecules (Giménez et al 1998; Li et al 1998). Among these rice
varieties, the water contents measured by DSC were very close. These
water contents decreased and the unfreezable water increased slightly
as storage period was prolonged.

The X-ray diffraction pattern of the retrograded starch is B-type,
where 36 water molecules are incorporated in the hexagonal unit cell
of the crystallite (Sarko and Wu 1978; Leung et al 1983; Wynne-

P 9k = . }!h-
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TCWT70-0day
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Fig. 3. Scanning electron micrographs of rice starch cooks during storage.
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Jones and Blanshard 1986; Imberty et al 1991). From the scanning
electron micrograph of the retrograded sample (Fig. 3), the denser
network structure of the starch cook was formed during storage.
Water molecules should be partitioned from large domains into small
domain inside the denser three-dimensional matrices and become
unfreezable (Vodovotz and Chinachoti 1998). So both formation
of B-type crystallites and denser structure of the retrograded
starch cook lead to the increase of unfreezable water. However,
the denser structure of TCW70 starch cook does not mean it con-
tains more unfreezable water than KSS7 and TC189. Other factors
such as the strength of water-starch interaction (Giménez et al 1998),
the molecular weight, or distribution of polymers would also change
the unfreezable water content (Radosta and Schierbaum 1990).

Water Content by Karl-Fischer Titration Method

Water content of KSS7, TC189, and TCW70 starch cooks deter-
mined by Karl-Fischer method are listed in Table IV. The values
were 61-68%, lower than the initial water content (75%), and in-
creased with storage time. During the measurement, water should
be released from the sample before the titration process, which
suggests different values with different samples are attributed to
the varied water-starch interactions.

As compared with the freezable water content measured by DSC,
the water content by Karl-Fischer was higher, except for fresh
TC189 and the first two-day TCW70 starch cooks. The amount of
free water calculated from Table III was =57%. So it can be
concluded that the water content determined by Karl-Fischer inclu-
ded the free water and part of the freezable bound and unfreezable
water. The high water content of KSS7 starch cook by Karl-
Fischer may be due to the weak starch-water interaction.

During storage, despite the fact that some water is incorporated
in the B-type crystallite and starch network, the unfreezable water

TEm &T0081 2@y MNE. 808 Tem EIB0B1
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still remains in a metastable state and maintains high mobility (Li et
al 1998). Furthermore, the free hydroxyl content of starch molecules
should decrease due to the association of starch molecules (Vodo-
votz and Chinachoti 1998). Consequently, the interaction between
water and starch should be weakened (Giménez et al 1998), and water
should become more easily extracted by the Karl-Fischer reagent.
This can explain the increase in water content as measured by Karl-
Fischer as storage is prolonged.

0O NMR Relaxation Rate of Starch Cooks

The differential transverse relaxation rate (AR,) can be used as
an index for molecular mobility, with AR, inversely proportion to
the mobility of the molecule. In this study, ’O NMR was used to
investigate water mobility because the relaxation process of O
nucleus was unaffected by the cross-relaxation experienced by the
'H nucleus and the chemical exchange of *H in water with 'H in
the matrix.

5.5 T T T T T T T
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Fig. 4. Differential transverse relaxation rate for 7O nuclear magnetic

resonance (NMR) of water molecules in 25% starch cook during storage
(a, indica; b, japonica; ¢, waxy).

The AR, of 70O NMR for water molecules in 25% starch cooks
during storage are shown in Fig. 4. The values of AR, for the
freshly prepared samples varied. This implied that water mobility
or water binding to starch molecules was not identical for the vari-
ous starches. Compared with retrogradation enthalpy change, the
profiles of AR, were more complicated, except for waxy starches,
which did not change much in the early stage but then increased
rapidly and leveled off.

Both nonlinear regressions mentioned previously were used to
analyze the 'O NMR data. To show the relative change of AR,
during storage, AR, of sample was divided by the value of AR, att
= 0 for normalization. The results are given in Table V. Due to the
complicated profile of AR, change, only the data from the indica
varieties (except TCS10) fit to the exponential rise to maximum
model (r? > 0.93) in the initial six days (Fig. 5). However, only the
data from the waxy varieties fit to the exponential growth model
for the first 24-day period (r* = 0.97) and the TCS10 data for the
first six-day period (1> = 0.91). The increase of AR, was much
more rapid for KSS7 starch cook in the first six days. For waxy
starches, the rapid increment occurred in the later stage. Accord-
ing to NMR and DSC analyses, it is apparent that the changes of
AH and AR, were similar for indica starches in the first six days
storage (Fig. la, 5a) and for waxy starches in the first 24 days
storage (Fig. lc, 5b). The equations of AH (Table II) and AR,
(Table V) versus time also indicated that the increase of both AH
and AR, during storage can be expressed by the same model with
different coefficients. This result suggests that the decrease of water
mobility may be due to the reassociation of starch molecules.

Leung et al (1983) and Wynne-Jones and Blanshard (1986)
indicated that the decrease of water mobility in bread or starch gel
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Fig. 5. Nonlinear regression of the normalized differential transverse relax-
ation rate for '’O nuclear magnetic resonance (NMR) of water molecules

in 25% rice starch cooks with storage time (a, indica; b, waxy).
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TABLE 11
Freezable Water Content (w/w) of 25% Rice Starch Cooks Measured by Differential Scanning Calorimetry (DSC)2

Storage Period (days)

Variety 0 2 6 12 24
KSS7 64.08 + 0.10a" 63.28 + 0.20b 62.90 = 0.02b 61.90 + 0.55¢ 62.29 +0.10c
(6.41 £0.21)a (5.58 £0.10)b (5.66 = 0.10)b (5.58 £0.20)b (5.17 £ 0.17)c
TCNI1 63.36 +0.11a 62.84 +0.23b 62.55 +0.23bc 62.48 + 0.10bc 62.24 +0.29¢
(6.27 £ 0.32)ab (6.38 +£0.20)a (5.87 £0.24)b (5.92 £0.13)ab (5.89 £0.21)b
TCS17 63.84 +0.77a 62.55 +0.53b 62.34 +0.42b 62.55 +0.07b 62.23 + 0.09b
(6.45 £ 0.55)a (6.03 £ 0.60)a (6.04 £ 0.50)a (6.02 £ 0.02)a (5.84 £ 0.28)a
TCS10 63.63 + 0.06a 63.27 + 0.04b 62.93 +0.12¢ 63.17 + 0.30bc 62.89 +0.13¢c
(6.26 +£0.29)a (6.41 £0.28)a (6.22 = 0.09)ab (5.74 £ 0.20)c (5.83 £0.25)be
TC189 63.26 + 0.09a 63.25+0.01a 63.28 + 1.11a 63.02 = 0.06a 63.19 + 0.35a
(6.29 +0.24)a (6.17 = 0.11)a (6.10 £ 0.16)a (5.79 £0.14)b (5.62+0.11)b
TG9 63.26 + 0.66a 63.34 +0.22a 63.00+0.21a 62.83 +£0.34a 62.84 +0.16a
(6.35+0.10)a (6.31 £0.22)a (6.20 = 0.26)ab (5.86 = 0.25)bc (5.79 £0.11)c
TNu67 64.15+0.01a 62.88 +0.22b 62.51 +0.13c 62.63 +0.07bc 62.77 + 0.26bc
(6.46 +0.11)a (6.12 £0.30)b (6.06 = 0.04)b (5.87 £0.18)bc (5.69 = 0.05)c
TCW70 63.73 £0.21a 63.04 + 0.24b 63.02 +0.25b 62.99 +0.24b 63.76 +0.31a
(6.79 £0.12)a (6.62 +0.26)a (6.63 £0.23)a (6.17 = 0.17)b (5.88 £0.24)b
TCSW1 63.56 + 0.56a 63.25 +0.13ab 63.29 + 0.16ab 63.22 + 0.19ab 62.73 £ 0.26b
(6.61 =0.01)ab (6.74 £ 0.28)a (6.30 =0.21)b (6.44 = 0.16)ab (5.64 = 0.05)c

2 Parentheses represent water fraction melted below subzero temperature.
b Values followed by the same letter in the same row are not significantly different (P < 0.05).

TABLE IV

by Karl-Fischer Method

Water Content in 25% Rice Starch Cooks M easured

TABLEV

Nonlinear Regression Equationsfor Differential Transverse

Water Content (w/w)

Days KSS7 TC189 TCW70

0 68.01 + 0.80d? 60.93 + 0.69¢ 61.60 +0.18d
2 70.00 +0.97¢ 66.20 = 1.03d 59.20 +0.71e
6 70.67 = 1.03c 67.38 = 1.15cd 63.14 £ 0.42¢
12 73.70 + 0.85b 71.69 + 1.26a 69.03 + 0.94ab
24 75.51 £ 0.49a 70.37 £ 0.97ab 68.16 + 0.14b
30 74.11 £ 0.57b 68.75 + 0.41bc 69.44 + 0.60a

Relaxation Rate (AR,/sec) of Water Moleculesin Rice Starch Cooks

asa Function of Time (t, days)

Variety Equations (AR, =) Initial Rate? r2

KSS7 0.983 + 0.572 x (1 — e 0271ty (t < 6) 0.155 0.977
TCN1 1.004 + 0.150 x (1 — e 0171t (1 < 6) 0.026 0.933
TCS17 0.996 + 0.161x (1 — e 0-%01t) (t < 6) 0.097 0.934
TCS10 0.980 + 0.041 x 0265t (t < 6) 0.011 0.907
TCW70 0.997 + 0.022 x €149 (t < 24) 0.003 0.969
TCSW1 1.006 + 0.007 x €200t (t < 24) 0.001 0.973

2 Values followed by the same letter in the same column are not significantly
different (P < 0.05).

during storage is due to the binding of water to the amylopectin
fraction. But Kim-Shin et al (1991) suggested that the redistribution
of water during bread staling was most likely related to the water
in the amorphous region. The contradictory result may come from
overlooking the amylose-amylopectin association and the interaction
between bread ingredients such as gluten and water. Hence, we
concluded that the water mobility change of starch cook results
from amylopectin recrystallization and is promoted by amylose in
the initial stage. However, because there was no correlation between
amylose content and the initial rate or the exponent of the fitted
equation, the exact influence of amylose on water mobility remains
unclear. For japonica varieties, the AR, change did not follow
either regression model in the first six days because of the slower
recrystallization rate.

CONCLUSIONS

The retrogradation enthalpy changes (AH) for rice starch cooks
during storage can be classified into three different profiles accord-
ing to amylose content. The increased bound water determined by
DSC corresponded to the incorporation of water into crystalline or
network structure and became less mobile. On the other hand,
starch chain association weakened the starch-water interaction, which
made water more easily extracted by the Karl-Fischer reagent and
more mobile. The overall water mobility measured by "O-NMR
could be governed by both contributions, so the change of differ-
ential relaxation rates (AR,) for water-'’O could be more com-
plicated. However, the change over time for both AH and AR,
followed the same nonlinear regression models for certain storage
periods, except for japonica. This indicates that the decrease of
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2 Expressed as d(AR;)/dt at t =0.

water mobility accompanies amylopectin recrystallization and that
changes of AH and AR, are accelerated by amylose content. The
relationship between water mobility and starch retrogradation has
been established but further studies are needed to clarify the
degree of influence of retrogradation on water mobility.
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