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ABSTRACT

The polysaccharides, such as x-carrageenan, i-carrageenan, agarose (agar), gellan gum, amylose, curdlan, algi-
nate, and deacetylated rhamsan gum, in water changed into an ice-like structure with hydrogen bonding between
polymer and water molecules, and between water-water molecules even at a concentration range of 0.1% - 1.0%
(WIV) at room temperature, resulting in gelation. Such dramatic changes from liquid into gels have been un-
derstood at the molecular level in principles. In this review, we describe the structure-function relationship of
starch on the view point of rheological aspects and discuss gelatinization and retrogradation mechanism includ-
ing water molecules at molecular level. The starch molecules (amylose and amylopectin) play a dominant role in
the center of the tetrahedral cavities occupied by water molecules, and the arrangement is partially similar to a
tetrahedral structure in a gelatinization process. The arrangement should lead to a cooperative effect stabilizing
extended regions of ice-like water with hydrogen bonding on the surface of the polymer molecules, where he-
miacetal oxygen and hydroxyl groups might participate in hydrogen bonding with water molecules. Thus, a
more extended ice-like hydrogen bonding within water molecules might be achieved in a retrogradation process.
Though many investigations not only include starch gelatinization and retrogradaion, but also the gelling prop-
erties of the polysaccharides have been undertaken to elucidate the structure-function relationship, no other re-
searchers have established mechanism at the molecular level. There is reasonable consistency in our investiga-
tions.
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1. Introduction

Starch is one of the most important polysaccharides and
is a major component of many food plants such as wheat,
barley, rice, corn, potato, sweet potato and cassava. Starch
is used in food, cosmetics, paper, textile, and certain in-
dustries, as adhesive, thickening, stabilizing, stiffening,
and gelling (pasting) agents. Starch consists of amylose
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and branched amylopectin molecules in molar ratios of
15% - 25% and 85% - 75%, respectively.

We review the structure-function relationship of poly-
saccharides and starch on the view point of rheological
aspects and discuss their gelation, gelatinization and re-
trogradation characteristics including water molecules at
molecular level.

2. Gelation Mechanism of Polysaccharides

Polysaccharides that are produced commercially from sea-
weeds, plants, animals and micro-organisms have been
used in food, cosmetic, paper, textile, oil, pharmaceutical,
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medical, and other industries as viscous enhancing, wa-
ter-holding, emulsifying, oil-drilling, coating, encapsulat-
ing, protective, gelling and other agents. Specifically, for
several decades attention has been directed to polysac-
charide gels. Therefore, we have previously investigated
the gelation mechanism of polysaccharides in agueous
solutions at a molecular level using a rheogoniometer.

In the course of the rheological study, we proposed
gelation mechanism for x-carrageenan [1,2], :-carragee-
nan [3], agarose (agar) [4], gellan gum [5], amylose [6,7],
curdlan [8], alginate [9], deacetylated rhamsan gum [10],
and native gellan gum [11] at the molecular level.

We also discussed the molecular origin for the thermal
stability of non-gelling polysaccharides, such as welan
[12,13], rhamsan [13,14], S-657 gum [15], S-88 gum [16]
and schizophyllan [17]. The structure of these polysac-
charides is similar to those of the gelling polysaccharides,
gellan and curdlan. The thermal stability of the polysac-
charides as described above has been attributed to intra-
molecular associations, where methyl and hydroxyl
groups, and hemiacetal oxygen atom contributed.

We observed that there are some basic rules in the
gel-formation processes of polysaccharides [18]. The gela-
tion occurs because of the formation of intra- and in-
ter-molecular associations, where hemiacetal oxygen, hy-
droxyl or methyl groups of the sugar residues of the poly-
saccharides contribute to hydrogen bonding or van der
Waals forces of attraction. The sulfuric acid and carboxyl
groups of the sugar residues of certain acidic polysaccha-
rides, e.g., k-carrageenan, :-carrageenan, gellan gum, algi-
nate, deacetylated rhamsan gum, and native gellan gum,
also participated in intra- and/or inter-molecular associa-
tions through univalent or divalent cations that have ionic
bonding or electrostatic forces of attraction. Specifically,
the gel-formation of x-carrageenan is specific for the large
univalent K*, Rb*, Cs", cations but not for the small Li*
or Na* cations, as illustrated in Figure 1. The cation-
specific intramolecular bridge, which was preferentially
placed to make polysaccharide molecule rigid, was the
first demonstration of this effect at a molecular level [1].
An intermolecular association occurs between sulfuric
acid groups on different molecules with electrostatic forces
of attraction, as presented in Figure 2 [2]. These results
suggest that the polysaccharide could have the applica-
tion of removing the large radioactive Cs* cations in the
environments polluted by the Fukushima Daiichi Nuclear
Power Station in Japan.

Co-Gelation Mechanism of Xanthan and
Galactomannan, and Konjac Glucomannan

Xanthan gum that is produced on a commercial scale
using Xanthomonas campestris has curious rheological
properties [19], viscosity and dynamic viscoelasticity of
which show sigmoid curves during increase in tempera-
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Figure 1. Intramolecular cation selective bridge in x-car-
rageenan in aqueous solution at low temperature: ( )
ionic bonding and ( ) electrostatic forces of at-
traction. The large cations (K* 275pm in van der Waals rad.,
Rb* 303 pm and Cs* 343pm are available to build up the
bridge, but the small cations (Li* 182pm and Na" 227pm)
are not.
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Figure 2. Gelation mechanism of x-carrageenan: ( )
ionic bonding and ( ) electrostatic forces of at-
traction. The model corresponds to a double stranded helix.

ture. The primary structure of xanthan is a 1,4-linked g-
D-glucan backbone (as in cellulose), C-3 substituted by a
charged trisaccharide side-chain [20]. The internal man-
nose side-chain is substituted at C-6 with an acetyl group.
About half or two-thirds of the terminal mannose resi-
dues bear a pyruvic acid. We discussed the molecular
origin of its rheological characteristics [19,21-25] and
proposed intramolecular associations in which the methyl
group of the acetate substituted at the C-6 of D-manno-
pyranosyl residue on inner trisaccharide side-chains and
the OH-3 of D-glucopyranosyl residues on main-chain
contributed to van der Waals forces of attraction and hy-
drogen bonding (Figure 3).

Furthermore, we discussed the molecular origin of the
rheological characteristics for a mixed solution of xan-
than and galactomannnans (locust-bean gum [26-28],
guar gum [29], tara-bean gum [30], Leucaena gum [31],
Leonix gum [32]), and konjac glucomannan [33,34]. A
weak intermolecular interaction was observed in a mixture
of high galactose content guar gum (33%) or Leucaena
gum (40%). The results indicated that the weak interac-
tion was due to the presence of side-chains of the galac-
tomannan molecules. These side-chains prevented the
insertion of the charged trisaccharide side-chains of the
xanthan molecules into the galactomannan molecules. A
least elastic modulus (G’) was observed in the pres-
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Figure 3. Intramolecular associations in xanthan molecules.
The dotted lines represent hydrogen bonding and broken
line van der Waals forces of attraction. The xanthan mole-
cule may keep an ordered, rod-like, rigid, and less extended
conformation owing to the formation of the intramolecular
associations in aqueous solution.

ence of Ca* cations. Thus we proposed a co-gelation
mechanism at the molecular level (Figure 4), in which
the charged trisaccharide side-chains of the xanthan mole-
cules take part in the gelation. The hemiacetal oxygen
atom of inner D-mannosyl residue and pyruvate methyl
group substituted at terminal D-mannosyl residue might
take part in the interaction with the OH-2 which oriented
at axial configuration of D-mannosyl residues of the ga-
lactomannan main-chain. The co-gelation mechanism of
xanthan and galactomannan (Figure 4) has given us to
analyze a gelatinization and retrogradation mechanism of
starch at molecular level which present later on.

More strong co-gelation than that of galactomannan
(locust-bean gum) occurred in a mixture solution of xan-
than and konjac glucomannan [34,35] due to free from
side-chains on the latter molecules.

The D-mannose-specific interaction between the extra-
cellular bacterial polysaccharide xanthan and typical ga-
lactomannan components of the plant cell wall suggest a
role in the host-pathogen relationship because Xantho-
monas campestris is one of the plant pathogen bacteria.

3. Principle of Polysaccharide Gels

The H,O molecule can participate in four hydrogen
bonds, two of them involving the two hydrogens of the
molecule and the lone pair of electrons of the oxygen and
hydrogens of two neighboring molecules. This tetrahe-
drally directed bonding is involved in the crystal struc-
ture of ice, which is the same as the arrangement of the
gelling waters in polysaccharide solution.

At a minimum concentration of 0.1% - 1.0% (W/V) in
water (99.9% - 99.0%), the gelling polysaccharides men-
tioned above changed into an ice-like structure with the
formation of hydrogen bonding between the polysaccha-
rides and water, and between water molecules, which
subsequently resulting in gelation even at room tempera-
ture. Such dramatic changes from liquid into gels have
generally been understood at the molecular level [18].

We previously demonstrated the role of polysaccha-
rides (e.g., agarose) in gel-formation processes in water
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[18]. Agarose consists of a copolymer with alternating
O-3-linked p-D-galactopyranosyl and O-4-linked 3,6-
anhydro-a-L-galactopyranosyl residues. The structure is
similar to that of x-carrageenan and :-carrageenan, except
for the sulfate content and I-configuration. As illustrated
in Figure 5, intramolecular hydrogen bonding occurs
between OH-4 which oriented at axial configuration of
the B-D-galactopyranosyl and the adjacent hemiacetal
oxygen atom of the anhydro-a-L-galacctopyranosyl resi-
dues [4]. The anhydro-L-galactopyranosyl residue is a
cage-like sugar that contributes by stabilizing the pro-
posed intramolecular hydrogen bonding, even at high
temperature > 60°C. Intermolecular hydrogen bonding
occurs between the ring O-3,6-atom and the OH-2 which
oriented at axial configuration of anhydro-L-galac-
topyranosyl residues on different molecules. The asso-
ciation results in cage effect, which leads to the lowest
energy state of electrons of the lone pairs of ring oxygen
atoms of the anhydro-L-galactopuranosyl residues. The
conformation adopts a tetrahedral distribution, and there-
fore, attracts not only each other but also water molecules
due to hydrogen bonding [18]. The intra- and inter-mo-
lecular hydrogen bonding of agarose molecules results in

["“ Nt

Figure 4. Co-gelation mechanism between xanthan and
galactomannan. The dotted lines represent hydrogen bond-
ing and broken lines van der Waals forces of attraction. As
the tertiary structure of the xanthan molecule may keep a
single stranded helix, its side-chains are inserted into the
adjacent, unsubstituted segments of the backbone of the
galactomannan molecule. A molecule of xanthan may com-
bine with two or more molecules of galactomannan, the
ratio depending on the favored conformation in aqueous
solution. As the side-chains of the native and depyruvated
xanthan molecules are somewhat rigid because of the in-
tramolecular associations contributed by acetyl group and
OH-3 of p-glucosyl residue, an incomplete interaction exist
in part and greater interaction may result from deacetyla-
tion.

Figure 5. Gelation mechanism of agarose (agar). The dotted
lines represent hydrogen bonding.
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gelation up to a high temperature (60°C), and their pe-
riphery is surrounded by hydrophobic carbon and hydro-
gen atoms, which are required to play a role in the hy-
drophobic effect. This hydrophobic effect leads to hy-
drogen bonding that easily occurs within water molecules
because of a decrease in entropy. Therefore, hydrogen
bonding also takes place easily with water molecules on
the outside of the polymer helices (Figure 6). The mode
of intra- and inter-molecular hydrogen bonding of aga-
rose molecules has been supported by *H- and *C-NMR
spectroscopy [35].

On the basis of this consideration, the agarose mole-
cules play a dominant role in the center of tetrahedral
cavities (cages) that are occupied by water molecules.
This arrangement is similar to a tetrahedral ice-like struc-
ture and should lead to a cooperative effect. This effect

stabilizes extended regions of the ice-like water that is
hydrogen bonding on the surface of the polymer mole-
cules. On the surface of the polymer molecules, ring oxy-
gen and hydroxyl groups participate in hydrogen bonding
with water molecules, and more extended ice-like hy-
drogen bonding with water molecules achieved to form a
cluster. Namely, polysaccharide gel formation corresponds
to a total of the cluster.

Accordingly, the gel-forming polysaccharides mole-
cules, as mentioned above, adopt single, double, or mul-
ti-stranded conformations involving intra- and inter-mo-
lecular associations and play a role in the center of the
tetrahedral cavities leading and stabilizing the extended
regions of ice-like water molecules with hydrogen bond-
ing, and resulting in gelation. On the contrary, many oth-
er non-gelling polysaccharides, such as welan gum [12,
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Figure 6. Gelling agarose in water molecules. The dotted lines represent hydrogen bonding.
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13], rhamsan gum [13,14], S-657 gum [15], S-88 gum
[16], and schizophyllan [17], are free from intermolecu-
lar associations caused by the large kinetic energy and
flexibility of the branched glycosidic linkages even in-
volving intramolecular associations. These polysaccha-
rides show the thermal stability for viscosity and dynam-
ic viscoelasticity due to formation of intramolecular as-
sociations in aqueous solution.

Though many investigations concerning the gelling
properties of the polysaccharides have been performed to
determine the structure-function relationship, to the best
of our knowledge, no other research group [18] has dis-
cussed what occurs with the water molecules at the mo-
lecular levels.

4. Principles of Starch Gelatinization and
Retrogradation

Starch is the most common carbohydrate in human diets
and used as gelling (pasting) and thickening agents in
foods, paper making and some other industries. The phy-
sicochemical properties of starch obtained from different
botanical sources vary due to difference in their amylose
content, grain size and chain length distribution of amy-
lopectin molecules.

We discuss the principle of gelation, and the gelatini-
zation and retrogradation processes of amylose, amylo-
pectin and starch molecules.

4.1. Gelation and Retrogradation Mechanism of
Amylose

Amylose is a linear polysaccharide composed of 1,4-
linked a-D-glucopyranosyl residues by definition, but the
actual specimens that are isolated and purified from starch,
include small amount of branched molecules [36].

After aqueous suspensions of amylose are heated at
high temperatures (120°C - 140°C) and later cooled,
amylose produces a gel. There are two stepwise confor-
mational transition in amylose molecules under shearing
force over a temperature range of 15°C - 25°C and of
80°C - 90°C, respectively. The results indicated that there
are two stepwise conformational transitions in amylose
molecules. We proposed a gelation mechanism of amy-
lose in aqueous solution as illustrated in Figure 7 [6].
The mechanism was suggested from the results that have
been concluded by X-ray analysis at the solid state by
Perez and Vergelati [37]. Intramolecular hydrogen bond-
ing may occur between the OH-6 and the adjacent he-
miacetal oxygen atom of the D-glucopyranosyl residues.
In addition, intermolecular hydrogen bonding takes place
between the OH-2 and the adjacent O-6 of the D-gluco-
pyranosy| residues on different molecules.

Amylose molecules that are at a concentration of 1.0%
(w/v) in aqueous solution changed into a gel immediately
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under weak mechanical stimulation, which is caused by a
cage effect that occur even at room temperature (15°C -
20°C).

The amylose molecules are notoriously unstable, and
retrogradation results in increase of turbidity and even-
tual precipitation. Consequently, the retrogradation occurs
because the amylose molecules shrink, which is caused
by a decrease in kinetic energy and Brownian motion of
the polymer and water molecules. This shrinkage results
in new formation of intra- and intermolecular hydrogen
bonding between both the hemiacetal oxygen atom and
the adjacent OH-6 of the D-glucopyranosyl residues, and
the 0-6 and OH-2 of D-glycopyranosyl residues on dif-
ferent molecules, as presented in Figure 8. Much more
intense intra- and inter-molecular hydrogen bonding leads
to precipitation of the amylose molecules in agqueous
media [7].

- n

Figure 7. Gelation mechanism of amylose. The dotted lines
represent hydrogen bonding.

- n
Figure 8. Retrogradation mechanism of amylose. The dot-
ted lines represent hydrogen bonding.
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4.2. Molecular Origin for Thermal Stability of
Rice Amylopectin and Its Retrogradation
Mechanism

The most widely accepted model for the amylopectin
molecule which is a branched macromolecule composed
of 1,4-(94% - 96%) and 1,6-linked (4% - 6%) a-D-glu-
copyranosyl residues, is the cluster model [38-40]. As
reported by proceeding papers [41-43], rice amylopectin
solution does not gel even at high concentration (6.0%)
and low temperature (0°C). However, the elastic modulus
of the solution showed high value and kept a constant
during increase in temperature even at high temperature
(80°C). Thus, we concluded that the molecules are in-
volved in either intramolecular hydrogen bonding or van
der Waals forces of attraction between either the OH-6
and the adjacent hemiacetal oxygen atom or between O-6
and anomeric hydrogen of the adjacent D-glucopyranosyl
residue, as illustrated in Figures 9 and 10 [41-43]. The
methylene group of C-6 of the D-glucopyranosyl residue
might also partially participate in the van der Waals
forces of attraction with the hemiacetal oxygen atom.
Intramolecular hydrogen bonding and van der Waals
forces of attraction play dominant roles in the thermal
stability of rice amylopectin molecules in solutions,
leading to a stable viscosity and elastic modulus.

4N

Figure 9. Intramolecular hydrogen bonding of amylosepec-
tin. The dotted lines represent hydrogen bonding.
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Figure 10. Intramolecular van der Waals forces of attrac-
tion of amylopectin. The broken lines represent van der
Waals forces of attraction.
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In contrast, wheat amylopectin molecules [44,45] ex-
hibit a lower elastic modulus than that of rice amylopectins
[41-43]. Viscosity and elastic modulus decrease gradu-
ally with an increase in temperature and is low at high
temperature (80°C). However, the elastic modulus of the
polymer solution that is increased to 4.0 M urea and 0.05
M NaOH, respectively, suggests that there are insoluble
fragments, where intermolecular hydrogen bonding take
place of polymer molecules in aqueous solutions is tak-
ing place. Thus, the structure of wheat amylopectin mole-
cules seems to differ from that of rice amylopectin.

The high solubility and thermal stability of rice amy-
lopectin molecules may be attributed to large number of
branching short side-chains (A) on long chains (B2-B3).
Consequently, the short side-chains (A) of rice amylopec-
tin molecules prevent intermolecular hydrogen bonding
and are likely to dissolve easily in water compared with
those of wheat amylopectin molecules. The branching
structure of the wheat and rice amylopectin molecules
corresponds to the cluster model in which highly branch-
ing side-chains (A and B1) and less branching regions
are involved along long chains (B2-3). Insoluble frag-
ments of wheat amylopectin molecules also attributed to
an involvement of a little large number of super-long
chains, 2% - 4% [46,47] than those of rice amylopectin
molecules, 1.5% [48,49]. The super-long chains without
side chains, like amylose, on amylopectin molecules are
liable to associate with neighboring long chains of poly-
mer molecules with hydrogen bonding resulted in forma-
tion of the insoluble fragments in aqueous solution.

In their daily life, Japanese people often eat the tradi-
tional rice cakes (amylopectin: called Mochi). The rice
cake has soft texture after preparation (water content
55% - 60%). Specifically, the Japanese make it a custom
to decorate Kagami-mochi (rice cake) for ten or more
days at the beginning new year. The rice cake contains
approximately 45% - 50% water. After decorating the
rice cake, it cannot be broken even with hammer. The
hardness of the rice cake is due to the formation of hy-
drogen bonding between polymer-polymer, polymer-
water, and water-water molecules. The hydrogen bond-
ing occurs due to a decrease in Kinetic energy and Brow-
nian motion of the polymer and water molecules during
storage (Figure 11). The mochi, however, has been re-
covered original soft texture by heating due to increase in
kinetic energy which leads to break down the tetrahedral
hydrogen bonding between polymer-polymer, polymer-
water and water-water molecules.

4.3. Gelatinization and Retrogradaion
Mechanism of Starch

Starch gelatinization in water is a process on break down
of the intermolecular association between amylose and

FNS



286 The Principles of Starch Gelatinization and Retrogradation

Figure 11. Association sites shown in red lines between amy-
lopectin molecules (Japanese traditional rice cake: Mochi).
After storage for about 10 days, much more intense inter-
molecular association between amylopectin molecules takes
place and water molecules also take part in the association
due to decrease in kinetic energy and Brownian motion.

amylopectin molecules at solid state (granules) with heating.

After dissolving the starch molecules on heating, it shows
high viscous solution and changes into strong gelling
(retrogradation) state on storage for long times.

We have proposed gelatinization mechanism of rice
[48,49], potato [50], and wheat starch [51,52]. The in-
termolecular association might take place between the
0-6 of amylose and the OH-2 of amylopectin molecules
due to hydrogen bonding, as illustrated in Figure 12. The
short amylopectin chains (A and B1) take part in inter-
molecular associations. Intermolecular hydrogen bonding
between amylose and amylopectin molecules is thermal-
ly stable. The mechanism has been suggested for co-
gelation mechanism between xanthan gum and galacto-
mannan, and for kojac glucomannnan, where trisaccha-
ride side-chains of the former molecules contributed, as
depicted in Figure 4. Two or more short side chains (A
and B1) of amylopectin molecules may associate with an
amylose molecule, because rice, potato and wheat starch
consists of 19% - 23% amylose and 81% - 77% amylo-
pectin.

The elastic modulus of rice [48,49] and potato [50]
starch decreased in a 4.0 M urea and 0.05 M NaOH solu-
tion, respectively, even at low temperature, but maintain
a constant value during the increase in temperature. On
the contrary, for wheat starch, the elastic modulus in-
creases and stays at a constant value with increasing
temperature in the same urea and NaOH solution, respec-
tively [51,52]. The increase in elastic modulus has been
caused by dissolving amylose and amylopectin mole-
cules completely in 4 M urea and 0.05 M NaOH solution.

The elastic modulus increases when the rice [53], po-
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tato [50] and wheat [51] starch solutions are stored at 25
and 4°C for 24 h, retrogradation occurs after formation of
new intermolecular hydrogen bonding. Thus, we con-
cluded that another intermolecular hydrogen bond might
form between the OH-2 of a D-glucopyranosyl residue of
the amylose and the O-6 of a D-glucopyranosyl residue
of short side-chain (A and B1) of the amylopectin mole-
cules, as illustrated in Figure 13.

After saturation of intermolecular hydrogen bonding
between amylose and amylopectin molecules, an inter-
molecular association also takes places between amy-
lopectin molecules due to hydrogen bonding. This bond-
ing is caused by a decrease in Brownian motion and ki-
netic energy of amylopectin and water molecules during
storage. At the final stage, the side-by-side association
between the O-3 and the OH-3 of D-glucopyranosyl

z\,\o\r\

(5]

!
o
"ay e "/o&‘ Amylopectin
Amylose /Om ® 0
0¢
ks
OH

Figure 12. Gelatninzation mechanism of starch. The dotted
lines represent hydrogen bonding.
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Figure 13. Retrogradation mechanism of rice, potato and
wheat starches. The dotted lines represent hydrogen bond-
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residues on different amylopectin molecules may also
take place (Figure 14).

5. Principle of Starch Gelatinization and
Retrogradation

The water molecule (H,0) can participate in four hydro-
gen bonds, in which two bonding involve the two hydro-
gens and the lone pair of electrons of the oxygen and the
hydrogen of two neighboring water molecules. This te-
trahedrally directed bonding of water molecules, howev-
er, is partially involved in gelatinized starch solutions
due to the higher kinetic energy of the short side chains
(A and B1) of amylopectin molecules.

Thus, we demonstrate intermolecular interaction be-
tween starch and water, and between water molecules in
Figure 15. The starch molecules (4%) that adopt a hex-
agonal conformation involving intra- and inter-molecular
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Figure 14. Association sites shown with red lines between
amylose and amylopectin molecules of rice starch. Two or
more short side-chains (A or B1) of amylopectin molecules
take part in the interaction with an amylose molecule.
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Figure 15. Possible gelatinization mechanism including water molecules of rice, potato, and wheat starches. The dotted red
lines represent hydrogen bonding. AY, Amylose; AP, short chain (A or B1) of amylopectin molecules. Water molecules are
associated in part with the A or B1 chain of amylopectin molecules caused by a little high kinetic energy of the short side

chains.
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hydrogen bonding changed approximately large number
of the liquid water molecules into a network of tetrahe-
drally hydrogen-bonded water molecules in part, even at
room temperature, which results in gelatinization. The
hemiacetal oxygen (>0) and hydroxyl groups of the starch
molecules may be responsible for arranging a network of
tetrahedrally hydrogen-bonded water molecules. This net-
work is formed by a cage effect leading to the lower
energy state of the lone pair of electrons on the water
molecules and extends into hydrogen bonding between
water molecules even at room temperature, although the
lowest energy has been established at a temperature of
0°C pure water molecules.

AP

AY

AP

For the retrogradation process, much more intense in-
termolecular hydrogen bonding takes place between amy-
lose and amylopectin and between amylopectin mole-
cules, as illustrated in Figure 16. After saturation of in-
termolecular hydrogen bonding between amylose and
amylopectin molecules, an intermolecular association may
also take place between amylopectin molecules due to
hydrogen bonding. This bonding is caused by a decrease
of kinetic energy and Brownian motion of amylopectin
and water molecules during storage. At this stage, side-
by-side association between the O-3 and the OH-3 of
D-glucopyranosy! residues on different amylopectin mole-
cules may also take place (Figure 14).

Figure 16. Retrogradation mechanism including water molecules of rice, potato and wheat starches. The dotted lines
represent hydrogen bonding. AY, Amylose; AP, short chain (A or B1) of amylopectin molecules.
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6. Conclusions

The amylose molecules associate within and among po-
lymer molecules resulting in precipitation. Such tendency,
homogeneous association, also occurs among amylopec-
tin molecules, but it takes long time due to presence of
short side chains (A and B1) that was caused by their
high kinetic energy. The starch retrogradation is a pro-
cess that a gelatinized solution is cooled for a long time,
it changes into gel (thicken) and rearranges itself again to
a crystalline structure (granule). Consequently, the starch
molecules take minimum volumes (granules) not only in
solution, but also in plants.

It is well known that cellulose molecules (1,4-linked
[S-D-glucan) associate with hydrogen bonding where hy-
droxyl groups at C-2 and C-6 of D-glucopyranosyl resi-
dues contribute [54,55]. The contribution of hydroxyl
groups at C-2 and C-6 of D-glucopyranosyl residues on
gelation, gelatinization and retrogradation processes on
amylose, amylopectin and starch molecules was sug-
gested from crystal structure of cellulose [54], amylose
and amylopectin [37] molecules proposed by X-ray analy-
sis at solid states.

Hydrogen-bonded water molecules in a tetrahedral
configuration might be partially involved in the gelatini-
zation processes in starch solutions which is caused by
the high kinetic energy of short side chains (A and B1) of
amylopectin molecules in aqueous solutions. The starch
gelatinization and retrogradation processes together with
the polysaccharide gelation processes as discussed above
[18] provide important suggestions in academic and in-
dustrial fields.

Though many investigations include not only starch
gelatinization and retrogradaion, but also the gelling prop-
erties of the polysaccharides which have been undertaken
to elucidate the structure-function relationship. No other
researchers have established mechanism at the molecular
level. There is a reasonable consistency in our investiga-
tions. Thus, rheological analysis is one of significant meth-
ods for understanding the structure-function relationship
of polysaccharides in aqueous media. We expect that the
era of polysaccharides gels will be arriving in the 21st
century, with such processes as starch gelatinization and
retrogradation, being applied not only from the food in-
dustry, but also in a variety of products, such as cosmet-
ics, pharmaceuticals and chemicals.
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