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Effect of Polarity of Complexing Agents on Thermal and Rheological Properties
of Rice Starch Gels
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ABSTRACT Cereal Chem. 76(6):837–842

The ability of rice starch to complex with ligands of various polarities
was studied to examine the mechanism of complex formation in an aqueous
solution. Differential scanning calorimetry (DSC) showed that TNuS19
rice starch (27.9% amylose) formed inclusion complexes with all 12-C
complexing agents. The onset melting temperatures (To) of the complexes
were ≈93–96°C. The saturation concentrations of added ligands with high
polarity, lauric acid (LA), and lauryl alcohol (LOH), had a range of 2–4%
(w/w) of the starch, and both of the corresponding melting enthalpies
(∆H) were ≈3.0 J/g. In contrast, the saturation concentrations of ligands
with low polarity, methyl laurate (ML) and dodecane (DO), were ≈1–2%
(w/w), and the ∆H were 1.87 and 1.80 J/g, respectively. This implied that

solubility of ligands had a significant effect on the extent of complexation.
The To and ∆H increased with an increase of annealing time at 85°C, and
the optima for the partially reversible complex formation were 2 hr of
annealing in all cases. When measured by a dynamic rheometer, the
TNuS19 rice starch gel with added LA or LOH showed a higher storage
modulus (G′) than that with no complexing agent added during heating.
The G′ and tan δ of the complexed gel were further increased during 12 hr
of storage. The increase of G′ indicated that the elastic structure of the
concentrated rice starch gels could be improved by complex formation
and annealing, whereas the increase of tan δ suggested incompatibility of
starch components during storage.

Amylose leached out during gelatinization can form a three-
dimensional gel network with the swollen starch granules em-
bedded in the matrix during cooling (Eliasson 1985, Imberty et al
1991). It is generally accepted that both the continuous phase of
amylose and the discontinuous phase of swollen granules and
gelatinized amylopectin contribute to the gel properties. Starch
retrogradation occurring during storage often accompanies a decrease
in gel rigidity (Biliaderis and Juliano 1993). This effect is lessened
by the presence of lipids (Eliasson and Krog 1985, Eliasson
1986), presumably due to their abilities in complex formation and
reduction of granule swelling. It is well known that many added
lipids or ligands can, at least under certain circumstances, enter
the helical cavities of starch molecules and largely modify the
rheology of starch-containing foods (Krog 1973, Biliaderis and Juli-
ano 1993). Amylose, as compared with amylopectin, easily forms
crystalline, V-polymorphic complexes with polar and nonpolar
organic ligands (Young 1984, Biliaderis 1992). These complexes
play an essential role in processes associated with the utilization
of starch-containing ingredients. Thus, the texture and gel stability
of cereal-based products are greatly influenced by the complex
formation of the amylose component and various ligands (Hoover
and Hadziyev 1981, Schuster and Adams 1984).

Complexes of amylose with fatty acids or monoglycerides dif-
fering in carbon chain length have been well studied (Eliasson and
Krog 1985, Hahn and Hood 1987, Raphaelides and Karkalas 1988).
Attempts to characterize the complexes of rice starch have been
made recently using differential scanning calorimetry (DSC). Such
studies revealed a reversible high-temperature transition (90–
120°C) that was attributed to the order → disorder transition of
the amylose-ligand complex (Hoover and Hadziyev 1981). The aim
of this study was to examine the effective complexation of rice starch
with added ligands of various polarities. This could provide further
insight into the mechanism of amylose-ligand binding. Effects of
concentration of ligands and annealing time on the degree of com-
plexation were also investigated through thermal analyses. Dynamic
rheometry was used to further evaluate the changes in molecular
structure of the complexed rice starch gels during annealing.

MATERIALS AND METHODS

Rice Starches
Two kinds of rice starch, indica (Tai-Nung Sen 19, TNuS19)

and waxy (Tai-Chung Sen Waxy 1, TCSW1) varieties, were isolated
from milled rice by a modified alkaline steeping method (Yang et
al 1984). To determine the extent of starch complexation with
added ligands, the starches were dried at 40°C and defatted by hot
extraction with 85% (v/v) aqueous methanol solution for 24 hr and
with 100% methanol for 6 hr according to the method of Schoch
(1942). Amylose was determined according to the method of Juliano
et al (1981), using potato amylose-waxy rice starch (Tai-Chung
Waxy 46 rice starch) standard mixtures. The amounts of protein
(N × 6.25) and lipid were analyzed according to the methods of
Eliasson et al (1981). Approved Method 08-01 (AACC 1995) was
used for ash determination.

Preparation of Inclusion Complexes
Four complexes of rice starch with lauric acid (LA), lauryl alcohol

(LOH), methyl laurate (ML), and dodecane (DO) were prepared.
The defatted TNuS19 rice starch suspension (33.3%, w/w) was
first partially gelatinized at 85°C and then completely gelatinized
at 110°C for 15 min in a pressure cooker. Complexes were formed
under vigorous stirring for 15 min at 85°C after a Tween-60 emul-
sion solution was added. The emulsion solution was made by mixing
one part hydrogenated palm oil (containing 60%, w/v, of ligand)
with two parts aqueous solution (containing 0.7%, w/v, of Tween-60)
at 50°C and homogenizing at 8,000 rpm for 5 min. The complexes
were annealed at 85°C for specified times. Subsequently, they were
slowly cooled and held at 50°C for 30 min, before being further
cooled to room temperature to form a gel. The complexed starch
gels were then freeze-dried and washed four times with acetone to
remove excess free ligand. Finally, the complexes were air-dried
in a hood for 24 hr.

Calorimetry
The thermal properties of the starch and the complexed samples

were examined with a differential scanning calorimeter (1090,
DuPont, Wilmington, DE) equipped with a 910 DSC pressure cell
(500 psi with N2). An aqueous suspension (33.3%, w/w) was used
as the sample. Approximately 7.5 mg of sample was hermetically
sealed in a coated aluminum pan and equilibrated at room temper-
ature for 24 hr. A sealed empty pan was used as a reference. The
sample was first heated from 25 to 135°C at 10°C/min, held at
135°C for 30 min, and then cooled to room temperature before

1 Dept. of Nutrition and Food Sciences, Fu-Jen University, Taipei, Taiwan, R.O.C.
2 Corresponding author. E-mail: nutr1000@mails.fju.edu.tw  Phone: 886-229-031-

111 ext. 3627.
3 Department of Food Science and Technology, University of California, Davis,

CA 95616.

Publication no. C-1999-1004-02R.
© 1999 American Association of Cereal Chemists, Inc.



838  CEREAL CHEMISTRY

being rescanned to 135°C at 10°C/min. The melting onset temper-
ature (To) and enthalpies (∆H) of the characteristic transitions
were recorded (Imeson et al 1977, Biliaderis et al 1985). After the
DSC pressure cell was heated to 550°C for cleaning, the instru-
ment was calibrated with indium by heating from 25 to 200°C at
10°C/min and ∆H was calculated from the peak area of the thermo-
gram.

Rheology
The complexed starch gel (15%, w/w) was prepared as pre-

viously described, except that the amount of ligand added to the
starch was fixed at 4% (w/w), and 2 hr of annealing at 85°C was
used for all samples. Formation of gas bubbles in the gel was
avoided during mixing, or a subsequent degassing step was done
according to the method of Kim et al (1992). Before the rheo-
logical test, the gel was carefully sampled with a metal scoop
without disturbing the gel structure.

Small amplitude oscillatory rheological tests were conducted
using a dynamic rheometer with controlled stress (Carri-Med-CSL2

500, TA Instrument Ltd., Surrey, England), equipped with a cone-
and-plate system (4 cm dia. and 2° cone angle). The gap distance
was fixed at a constant 55 µm during heating from 25 to 95°C.
The shear strain and frequency were set at 1.0% and 1 Hz, respec-
tively, for all determinations. Effects of complexing agents on the
dynamic rheological properties of TNuS19 rice starch gels were
investigated by measurements of the storage modulus (G′), loss
modulus (G″), dynamic viscosity (η′), and tan δ. Data are
presented as the mean of triplicate measurements. To avoid the
evaporation of water during each measurement, a solvent trap filled

with silicon oil (low viscosity) was used, and the sample outside
the plate was removed, and the remaining sample on the rim was
covered by a thin layer of silicon oil. The starch samples, with or
without 12 hr of prior storage at room temperature, were heated
from 25 to 95°C at 1.5°C/min during the determinations (Lii et al
1995).

Statistical Analyses
Analysis of variance and comparisons among treatments were

conducted on the thermal data and were computed using the Statis-
tical Analysis System (SAS Institute, Cary, NC). The differences
among treatments were determined by Duncan’s multiple range
test after a preliminary F test at the 5% probability level.

RESULTS AND DISCUSSION

Composition of Rice Starch
The chemical compositions of TNuS19 and TCSW1 rice starches

and flours are listed in Table I. Both flours contained a small
amount of lipids (0.48 and 0.46%, respectively). The presence of
internal granular lipids would depress later complex formation of
amylose (Mikus et al 1946) and amylopectin (Huang and White
1993) with added ligands. Therefore, the starches were defatted to
0.14 and 0.13%, respectively, before use. The trace amounts of
remaining lipids are mainly bound free fatty acids and phos-
pholipids in the rice starch (Kitahara et al 1997). The amylose
contents of the TNuS19 and TCSW1 rice flours were 25.6 and
1.2% (w/w), respectively. The calculated values in the corresponding
rice starches were 27.9 and 1.3% (w/w), respectively.

Effects of Ligand Polarity and Concentration on Thermal
Properties

Four ligands with the same 12-carbon chain length differ with
respect to the polarity of their functional groups. The order of
polarity is LA>LOH>ML>DO. DSC results showed that TNuS19
rice starch formed inclusion complexes with all the ligands. The To

of all four complexes was ≈93–96°C and was not significantly
different. No endothermic peak was found at 80–120°C for the
mixture of Tween-60 aqueous solution and the rice starches (data

TABLE II
Thermal Analysisa,b of Inclusion Complexes of TNus19 Rice Starch

Concentration Lauric Acid Lauryl Alcohol Methyl Laurate Dodecane

(%, w/w) To ∆H To ∆H To ∆H To ∆H

0.2 95.1a 1.23e 94.4a 0.83d 94.7a 0.80d 95.3a 0.68d
0.5 94.4a 1.67d 95.8a 1.68c 95.6a 1.06c 95.0a 1.10c
1 94.7a 2.11c 93.8a 2.22b 94.7a 1.42b 94.4a 1.36b
2 93.6a 2.55b 94.1a 2.51b 94.0a 1.87a 94.5a 1.80a
4 95.0a 3.04a 94.5a 3.00a 94.4a 1.86a 94.7a 1.80a
6 93.3a 3.01a 94.2a 3.00a 94.2a 1.83a 93.7a 1.84a
8 95.4a 2.92a 94.6a 3.01a 94.5a 1.87a 94.1a 1.80a

a Onset melting temperatures (To, °C) and melting enthalpies (∆H, J/g).
b Values followed by the same letter are not significantly different (P < 0.05); n = 3.

TABLE III
Effect of Annealing Time on Thermal Propertiesa,b of Inclusion Complexes of TNuS19 Rice Starch with Polar Ligands

Lauric Acid Lauryl Alcohol

Annealing Time Heating Reheating Heating Reheating

(min) To ∆H To ∆H % To ∆H To ∆H %

0 95.0c 3.04d 104.2c 2.16d 71.1 94.5c 3.00d 104.0c 1.91d 63.7
30 96.5c 3.76c 105.2c 2.64c 70.2 95.2c 3.70c 105.5c 2.39c 64.6
60 98.4b 4.36b 107.8b 3.49b 80.0 96.9b 4.22b 107.4b 3.30b 78.2
120 101.9a 5.25a 112.1a 4.31a 82.1 100.5a 5.10a 110.4a 4.16a 81.6
300 102.0a 5.29a 112.9a 4.44a 83.9 100.9a 5.16a 111.2a 4.18a 81.0

a Onset melting temperatures (To, °C) and melting enthalpies (∆H, J/g); annealing enthalpy (%): ∆H(reheating)/∆H(heating).
b Values followed by the same letter are not significantly different (P < 0.05); n = 3.

TABLE I
Chemical Composition of Rice Starch and Floura

Starch, % Flour, %

Variety Protein Lipid Amylose Protein Lipid Ash Amylose

TNuS19 0.72 0.14 27.9 8.05 0.48 0.39 25.6
TCSW1 0.38 0.13 1.3 6.58 0.46 0.42 1.2

a Means of triplicate measurements (% db). Protein (N × 6.25).
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not shown). The ∆H increased with increasing concentration of
each ligand and reached a maximum at the saturation concen-
tration (Table II). This indicated that the thermal stability (To) of
the complex was not significantly different with respect to the
percentage and polarity of the added ligand, although its ∆H was
substantially different. The saturation concentrations of the added
ligands with high polarity, LA and LOH, had a range of 2–4%
(w/w) of the starch, and the corresponding ∆H were 3.04 and 3.00
J/g, respectively. Samples with low-polarity ligands, ML and DO,
had saturation concentrations of ≈1–2% (w/w), and the ∆H were
1.87 and 1.80J/g, respectively (Table II). These results revealed
the fact that ligands with high polarity had a comparatively higher
degree of complexation with TNuS19 rice starch than did ligands
with low polarity. The above findings appear to contradict the results
of Krog (1971), which showed that fatty acids with a large polar
group were poor amylose complexing agents. Those results were
based on evidence that the lipophilic character of the amylose helix
has an important effect on the extent of complexation. However,
mixing conditions governing the solubility of ligands should also
be considered. For a short mixing time, free ligands released from
the disrupted emulsion system at 85°C needed to be dissolved in
hot water before they could become available to amylose molecules
and form complexes. Thus, polar ligands with a higher solubility
in hot water could eventually have greater complexing ability with
amylose.

In contrast to calorimetric results for maize amylopectin (Eliasson
et al 1981), no endothermic peak was found for any of the mix-
tures of TCSW1 rice starch and the four ligands (data not shown).
Although the nature of the amylopectin-lipid complex remains
obscure, it is likely that only the longer accessible linear chains
(outermost branches) of amylopectin molecules can interact with

lipids (Slade and Levine 1987, Biliaderis and Tonogai 1991). Our
results were consistent with the calorimetric studies of Wu et al
(1993) on rice starches. Compared with the TNuS19 rice starch,
the TCSW1 rice starch contained only 1.3% (w/w) amylose and
was much less capable of forming complexes with ligands. That
amount of complexation, if any, was below the threshold for the
DSC measurements made.

Effect of Annealing on Thermal Properties
Although a crystalline polymer is considered to have a distinct

melting point determined by its molecular dimensions, it tends to
show increased perfection upon heating (i.e., annealing) at temper-
atures below the melting point (Wunderlich 1981). The annealing
behavior was observed for the TNuS19 rice starch complexes. DSC
results showed that To and ∆H increased with increasing annealing
time at 85°C (Tables III and IV). Since no complex was observed
between rice amylopectin and added ligands, the annealing behavior
was mainly due to realignment of amylose-lipid complexes, which
was also evidenced in the studies of Biliaderis et al (1985). Our
study showed that the annealing time for optimal complex forma-
tion, based on To and ∆H after heating, was 2 hr in all cases. An
endothermic peak was also observed during the rescanning of each
complex (Tables III and IV). Evidently, this was due to the partially
reversible complexation between the ligand and the amylose in
TNuS19 rice starch. It appears that the thermal events seen after
the annealing and cooling processes were associated with the organ-
ization of the amylose-ligand helices into a more perfect partially
crystalline structure. We calculated the change in ∆H in terms of
the percentage of the annealing enthalpy of each complex:
∆H(reheating)/∆H(heating). It was interesting to note that the
percentages of reversibility were increased with increasing anneal-

TABLE IV
Effect of Annealing Time on Thermal Propertiesa,b of Inclusion Complexes of TNuS19 Rice Starch with Nonpolar Ligands

Methyl Laurate Dodecane

Annealing Time Heating Reheating Heating Reheating

(min) To ∆H To ∆H % To ∆H To ∆H %

0 94.0c 1.87d 102.6c 0.77d 41.2 94.5c 1.80d 102.5d 0.67e 37.2
30 95.3c 2.40c 106.6b 1.30c 54.2 95.3c 2.38c 106.5c 1.23d 51.7
60 97.7b 2.85b 108.2b 1.63b 57.2 98.3b 2.82b 108.2b 1.63c 57.8
120 101.6a 3.23a 111.7a 2.11a 65.3 100.6a 3.01a 110.7a 1.90b 63.1
300 101.7a 3.25a 112.5a 2.17a 66.8 101.7a 3.13a 110.9a 2.08a 66.5

a Onset melting temperatures (To, °C) and melting enthalpies (∆H, J/g); annealing enthalpy (%):∆H(reheating)/∆H(heating).
b Values followed by the same letter are not significantly different (P < 0.05); n = 3.

Fig. 1. Effects of lauric acid and storage on storage moduli (G′) of TNuS19
rice starch gels during heating: gel without lauric acid (◆), with lauric
acid (n), and after 12 hr of storage (_).

Fig. 2. Effects of lauryl alcohol and storage on storage moduli (G′) of
TNuS19 rice starch gels during heating: gel without lauryl alcohol ([), with
lauryl alcohol (¼), and after 12 hr of storage (∆).
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ing time in all cases. Also, the percentages of reversibility were
higher for polar complexes (Table III) as compared with nonpolar
complexes (Table IV). This suggests that a more perfect partially
crystalline structure due to annealing and complexation with polar
ligands gave a higher percentage of reversible realignment.

Effects of Complexing Agent and Storage on Rheological
Properties

It is well known that starch gels are nonequilibrium systems (Slade
and Levine 1987, Biliaderis and Juliano 1993). Retrogradation of
starch gel on storage reflects contributions from diffusion-controlled
chain-folding processes (Biliaderis 1992). Dynamic rheological
properties investigated by small-amplitude oscillatory shear measure-
ments are particularly useful in monitoring the molecular organ-
ization in the gelation process (Durand et al 1990). They also
provide further insight into segment movement of the gel network
(they demonstrate rheological responses that reflect the visco-
elastic characteristics of the gels) (Biliaderis 1992). Thus, phase
transitions of the gels can also be monitored.

When measured by a dynamic rheometer, both G′ and G′′
moduli of all gels showed little dependence on frequency within
the range of 0.1–2.5 Hz at 30°C (data not shown). This indicates
that no major relaxation processes occurred over this range of

frequencies. Therefore, all measurements were obtained at a fixed
frequency of 1 Hz. The G′ of the TNuS19 rice starch gel showed a
linear dependence on concentration up to 6%. The G′ of gels with
added polar ligands were higher than that for the control (no
ligand added) during heating (Figs. 1 and 2). The G′ of the com-
plexed gel increased further during 12 hr of storage. These data
revealed that the elastic structure (junction zones) of the starch gel
(mainly amylose) could be strengthened by complex formation
and further reinforced during storage. Note that the G′ of the stored,
complexed gel with LA was higher than that with LOH (Figs. 1
and 2), indicating that the storage effect on the network structure
was more pronounced for the complexed gel with LA than that
with LOH.

The dynamic viscosity (η′) of rice starch gel also increased with
the addition of ligand and with 12 hr of storage (Figs. 3 and 4).
This finding concurred with the report of Biliaderis and Tonogai
(1991). It is likely that there was only limited amylose leaching in
the concentrated gels compared with that in the diluted
dispersions. To some extent, the leached amylose was complexed
with added ligand, which was added to the gel network during
mixing and annealing at 85°C. During the initial stage of the
cooling process, only a limited amount of leached amylose could
have had the chance to interact with other molecules in the con-
centrated gel system. Therefore, there was a tendency for inter-

Fig. 3. Effects of lauric acid and storage on dynamic viscosity (η′) of
TNuS19 rice starch gels during heating: gel without lauric acid (◆), with
lauric acid (n), and after 12 hr of storage (_).

Fig. 4. Effects of lauryl alcohol and storage on dynamic viscosity (η′) of
TNuS19 rice starch gels during heating: gel without lauryl alcohol ([),
with lauryl alcohol (¼), and after 12 hr of storage (∆).

Fig. 5. Effects of lauric acid and storage on tan δ of TNuS19 rice starch
gels during heating: gel without lauric acid (◆), with lauric acid (n), and
after 12 hr of storage (_).

Fig. 6. Effects of lauryl alcohol and storage on tan δ of TNuS19 rice starch
gels during heating: gel without lauryl alcohol ([), with lauryl alcohol
(¼), and after 12 hr of storage (∆).
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molecular association (including amylopectin and amylose) to
continue during storage, causing a further increase of dynamic vis-
cosity. According to the results in Figs. 5 and 6, tan δ of the com-
plexed gels without storage was less than that of the control at
temperatures >40°C, and both were <0.1, which is considered the
behavior of a well-crosslinked gel (Biliaderis and Juliano 1993).
However, tan δ of the complexed gel became >0.1 after 12 hr of
storage, which was taken as an indication of gel weakening. Results
from breaking-stress studies of starch-lipid complexation in potato,
wheat, and maize starch gels (Conde-Petit and Escher 1994) seemed
contrary to the above findings. The gel instability observed here
could be due to the incompatibility between molecules of amylose
and amylopectin in the gel during storage (Kalichevsky and Ring
1987, German et al 1992). This phenomenon is commonly associ-
ated with aggregation of similar molecules and separation of dissim-
ilar molecules, ending up in phase separation. Also, water near the
two polymeric components was exuded to the outer surface of the
starch gel network during aging, and thus, the limited amount of
surrounding water might not have been enough to hydrate both
incompatible components (Chien 1993). Eventually, incompatibility
processes were likely to proceed during storage in addition to the
strengthening of the gel network.

The G′ increased slowly while the rice starch-LOH complex
was heated from 25 to 85°C and then decreased dramatically during
further heating from 85 to 100°C (Fig. 7). The decrease of G′ may
have been due to disruption of the gel structure during heating
(Kim et al 1992) or to evaporation of water from the gel. During
cooling, G′ increased slowly and the gels reverted to an elastic struc-
ture. During cooling from 80 to 70°C, G′ showed a peak, suggesting
the formation of a complex. The above results showed that complex-
ation, to a large extent, was reversible.

With these overall composite characteristics and the polarity of
the added ligands, annealing or a storage process was able to change
the thermal and rheological properties of these rice starch gels.

ACKNOWLEDGMENTS

This study was supported by a grant (NSC88-2313-B-030-005) from
the National Science Council of the Executive Yuan, Taiwan, R.O.C. We
would also like to thank the Lih Yuan Enterprise Co. Ltd. for instru-
mentation that made this study possible.

LITERATURE CITED

American Association of Cereal Chemists. 1995. Approved Methods of
the AACC, 9th ed. Method 08-01, approved April 1961, revised Octo-
ber 1981 and October 1986. The Association: St. Paul, MN.

Biliaderis, C. G. 1992. Characterization of starch networks by small
strain dynamic rheometry. Pages 87-135 in: Developments in Carbo-
hydrate Chemistry. R. J. Alexander and H. F. Zobel, eds. Am. Assoc.
Cereal Chem.: St. Paul, MN.

Biliaderis, C. G., and Tonogai, J. R. 1991. Influence of lipids on the
thermal and mechanical properties of concentrated starch gels. J. Agric.
Food Chem. 39:833-840.

Biliaderis, C. G., and Juliano, B. O. 1993. Thermal and mechanical prop-
erties of concentrated rice starch gels of varying composition. Food
Chem. 48:243-250.

Biliaderis, C. G., Page, C. M., Slade, L., and Sirett, R. R. 1985. Thermal
behavior of amylose-lipid complexes. Carbohydr. Polym. 5:367-389.

Chien, J. T. 1993. Incompatibility of proteins and polysaccharides in an
aqueous solution. Food Sci. (Chinese) 20:9-20.

Conde-Petit, B., and Escher, F. 1994. Influence of starch-lipid complex-
ation on the ageing behaviour of high concentration starch gels. Starch/
Staerke 46:172-177.

Durand, D., Bertrand, C., Busnel, J. P., Emery, J., Axelos, M. A. V.,
Thibault, J. F., Lefebvre, J., Doublier, J. L., Clark, A. H., and Lips, A.
1990. Physical gelation induced by ion complexation: Pectin-calcium
systems. Pages 283-300 in: Physical Networks. W. Burchard and S. B.
Ross-Murphy, eds. Elsevier Applied Science: Barking, UK.

Eliasson, A. C. 1985. Starch gelatinization in the presence of emulsifiers.
Starch/Staerke 37:411-415.

Eliasson, A. C. 1986. Viscoelastic behaviour during the gelatinization of
starch. J. Texture Stud. 17:253-266.

Eliasson, A. C., and Krog, N. 1985. Physical properties of amylose-mono-
glyceride complexes. J. Cereal Sci. 3:239-248.

Eliasson, A. C., Carlson, T. L.-G., Larsson, K., and Miezis, Y. 1981.
Some effects of starch lipids on the thermal and rheological properties
of wheat starch. Starch/Staerke 33:130-134.

German, M. L., Blumenfeld, A. L., Guenin, Y. V., Yuryev, V. P., and
Tolstoguzov, V. B. 1992. Structure formation in systems containing
amylose, amylopectin, and their mixtures. Carbohydr. Polym. 18:27-34.

Hahn, D. E., and Hood, L. F. 1987. Factors influencing corn starch-lipid
complexing. Cereal Chem. 64:81-85.

Hoover, R., and Hadziyev, D. 1981. Characterization of potato starch and
its monoglyceride complex. Starch/Staerke 33:290-300.

Huang, J. J., and White, P. J. 1993. Waxy corn starch: Monoglyceride
interaction in a model system. Cereal Chem. 70:42-47.

Imberty, A. A., Buleon, A., Tran, V., and Perez, S. 1991. Recent advances
in knowledge of starch structure. Starch/Staerke 43:375-384.

Imeson, A. P., Ledward, D. A., and Mitchell, J. R. 1977. On the nature of
the interaction between some anionic polysaccharides and protein. J.
Sci. Food Agric. 28:661-668.

Juliano, B. O., Perez, C. M., Blakeney, A., Castillo, R., Kongseree, N.,
Laigmelet, B., Lapis, E. T., Murty, V. B. S., Paule, C. M., and Webb,
B. D. 1981. International cooperative testing on the amylose content of
milled rice. Starch/Staerke 33:157-162.

Kalichevsky, M. T., and Ring, S. G. 1987. Incompatibility of amylose
and amylopectin in aqueous solution. Carbohydr. Res. 162:323-328.

Kim, H. R., Eliasson, A. C., and Larsson, K. 1992. Dynamic rheological
studies on an interaction between lipid and various native and
hydroxypropyl potato starches. Carbohydr. Polym. 19:211-218.

Kitahara, K., Tanaka, T., Suganuma, T., and Nagahama, T. 1997. Release
of bound lipids in cereal starches upon hydrolysis by glucoamylase.
Cereal Chem. 74:1-6.

Krog, N. 1971. Amylose complexing effect of food grade emulsifiers.
Starch/Staerke 23:206-210.

Krog, N. 1973. Influence of food emulsifiers on pasting temperature and
viscosity of various starches. Starch/Staerke 25:22-27.

Lii, C. Y., Shao, Y. Y., and Tseng, K. H. 1995. Gelation mechanism and
rheological properties of rice starch. Cereal Chem. 72:393-400.

Mikus, F. F., Hixon, R. M., and Rundle, R. E. 1946. The complexes of
fatty acids with amylose. J. Am. Chem. Soc. 68:1115-1123.

Raphaelides, S., and Karkalas, J. 1988. Thermal dissociation of amylose-
fatty acid complexes. Carbohydr. Res. 172:65-82.

Schoch, T. J. 1942. Non-carbohydrate substances in the cereal starches. J.
Am. Chem. Soc. 64:2954-2961.

Schuster, G., and Adams, W. F. 1984. Emulsifiers as additives in bread
and fine baked products. Page 139-287 in: Advances in Cereal Science and
Technology. Y. Pomeranz, ed. Am. Assoc. Cereal Chem.: St. Paul, MN.

Slade, L., and Levine, H. 1987. Recent advances in starch retrogradation.
Pages 387-430 in: Industrial Polysaccarides. S. S. Stivala, V. Cres-
cenzi, and I. C. M. Dea, eds. Gordon and Breach Science: New York.

Fig. 7. Changes in storage moduli (G′) of TNuS19 rice starch-lauryl alcohol
gel with 12 hr of storage during heating (∆) and cooling (/).



842  CEREAL CHEMISTRY

Wu, S.-J., Lu, S., and Lii, C.-Y. 1993. Effect of emulsifiers on the
physico-chemical characteristics of waxy and nonwaxy rice starches.
J. Chinese Agric. Chem. (Chinese) 31:444-453.

Wunderlich, B. 1981. The basis of thermal analysis. Pages 91-234 in:
Thermal Characterization of Polymeric Materials. E. A. Turi, ed. Aca-
demic Press: New York.

Yang, C. C., Lai, H. M., and Lii, C. Y. 1984. The modified alkaline
steeping method for the isolation of rice starch. Food Sci. (Chinese)
11:158-162.

Young, A. H. 1984. Fractionation of starch. Pages 249-274 in: Starch
Chemistry and Technology. 2nd ed. R. L. Whistler, J. N. BeMiller, and
E. F. Paschall, eds. Academic Press: New York.

[Received February 22, 1999. Accepted June 15, 1999.]


