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Abstract

Starches from different botanical sources differ in the ratio of amylose to amylopectin contents, molecular

structures of amylose and amylopectin, granule morphology, and minor-component contents. These structural features result in
different gelatinization, pasting, retrogradation properties, and enzyme digestibility of starch granules. In this review,
compositions and molecular structures of starches and their effects on the physicochemical properties are summarized and

discussed.
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Introduction

Starch is the second most abundant carbohydrate, next to
cellulose. Starch is a glucan, which is present in a semi-
crystalline granular form. Starch is synthesized in many
plant organs including leaves, seeds, stems, tubers, roots,
and fruits. Degradation of starch provides energy for
germination of seeds or sprouting of tubers.

Starch is the major energy source in human and animal
diets. Tt provides 60 to 80% of the calories consumed by
humans worldwide (1). Primary sources of starch are corn,
potato, wheat, rice, and cassava. Starch is an economical
commodity-product, which is widely used in many food
and non-food industries. Functional characteristics of
starch contribute greatly to various applications, including
thickeners, gelling agents, stabilizers, binding agents, and
moisture retention agents. Starch is also utilized as a
renewable resource for production of ethanol and other
biofuels and biomaterials.

Starch granules are dense with a specific density about
1.5 g/cm® (2), and are water insoluble at ambient temperatures.
Morphology, compositions, and physico-chemical properties
of starch granules vary with the botanical origin. Under-
standing the relationship between molecular structures and
physicochemical properties of starch granules will greatly
enhance the utilization of novel starches and provides
guidelines for crossing and genetic modification of starch to
produce desired properties.

In this article, the physicochemical propetrties of starch,
including gelatinization, retrogradation and syneresis,
pasting properties, and starch degradation, will be
reviewed. Their relationships with the starch molecular
compositions and molecular structures will be discussed.

Composition and Molecular Structure of Starch
Morphology of starch granules is characteristic of starch
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species. Starch granules display spherical, oval, disk,
polygonal, elongated, kidney, and lobe shapes with diameters
varying from submicron to more than 100 mm (3). Normal
starch consists of two types of glucan: amylose and
amylopectin. Amylose has essentially linear molecules of
o(1-4)-linked D-glucopyranose, some with a few branches
(4). Amylopectin, the major component of most starches,
has highly branched molecules. Branch chains of o(1-4)
D-glucose chains with different lengths are connected by
o(1-6) glycosidic linkages organized into cluster structures
(Fig. 1) (5). The weight-average molecular weight of
amylopectin ranges from 7.0x10” to 5.7x10° g/mol (6).
The semi-crystalline structure of starch is constituted by
amylopectin molecules. Branch chains of amylopectin are
packed into double helical structures in clusters (9-10 nm),
which consist of alternating amorphous and crystalline
lamellae (Fig. 2) (7-9). Branch chain length distributions
of amylopectin vary with the botanical source of starch as
shown in Table 1. X-ray-diffraction and crystalline-structure-
modeling studies show that semi-crystalline structures of
starch occur in two main polymorphic forms, the A- and
the B-types, depending on the botanical sources. Left-
handed double-stranded helices of amylopectin branch-
chains are packed into either monoclinic or hexagonal unit
cells and show the A- and the B-type X-ray diffraction
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Fig. 1. Model of the cluster structure of amylopectin. The A-
chains are branch chains whose reducing ends covalently link to
other B- or C-chains but do not carry other chains. The B-chains
link to other B- or C-chains and also carry other B- or A-chains.
The C-chain is the only chain of the amylopectin molecule
carrying a free reducing end.
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Fig. 2. Proposed models for branching patterns of (a) waxy
corn starch and (b) potato starch. ‘A’ and ‘C’ stand for the
amorphous and crystalline regions, respectively. The models
indicate a 9-10 nm repeating distance of amylopectin cluster (47).

patterns, respectively (10, 11) (Fig. 3). The C-type poly-
morphic starch consists of a combination of the A-type
and the B-type polymorphs. In general, the A-type
starches, such as corn, wheat, rice, and cassava starches,
consist of amylopectin with shorter chain length than do
the B-type starches (potato, high-amylose corn, and
wrinkle pea starches) (12). Under a polarized-light micro-
scope, starch granules exhibit characteristic birefringence
known as Maltese cross. The Maltese-cross birefringence
reflects a radial orientation of the principle axis of the
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Fig. 3. X-ray diffraction pattern (A) and unit-cell dimension
(B) of A- and B- type starches.

amylopectin crystallites arranged in the starch granule (7).
Apparent and absolute amylose contents of selected
starches are listed in Table 1. Most starches contain 15 to
30% of amylose. However, waxy cereals, such as corn and
wheat, are virtually devoid of amylose, whereas some

Table 1. Amylose contents and branch chain-length distribution of amylopectin of starches

Source Amylose content (%) Amylopectin chain length distribution (%)
Apparent Absolute Average CL(DP) DP6-12 DP13-24 DP25-36 DP37
A-type starch
Normal corn 294 225 24.4 17.9 479 14.9 19.3
Waxy corn 0.00 0.00 235 17.0 494 17.1 16.5
Rice 25.0 20.5 227 19.0 522 12.3 16.5
Wheat 28.8 25.8 227 19.0 41.7 16.2 13.0
Barley 255 23.6 22.1 20.8 489 17.7 12.6
Cattail millet 19.8 15.3 21.5 20.2 53.8 12.7 133
Mung bean 379 30.7 24.8 15.6 47.6 18.3 18.5
Chinese taro 13.8 13.8 234 18.8 48.7 14.8 17.7
Tapioca 235 17.8 27.6 17.3 404 15.6 26.7
B-type starch
Amylomaize V 52.0 273 28.9 9.7 439 20.3 26.1
Amylomaize VII 68.0 40.2 30.7 8.5 40.7 213 29.5
Potato 36.0 16.9 294 12.3 433 15.5 28.9
Green leaf canna 432 227 28.9 11.7 453 16.2 26.8
C-type starch
Water chestnut 29.0 16.0 26.7 17.8 437 15.3 232




Physicochemical Properties of Starch Affected by Molecular Composition and Structures

mutant cereals (e.g., high-amylose corn) have 50 to more
than 70% amylose content (13). The molecular size of
amylose varies between 100 anhydroglucose-units (AGU)
and 10* AGU (14, 15).

Amylose molecules with oi(1-4) linked D-glucose chains
consist of a continuous hydrocarbon moiety, which enables
amylose to form an inclusion helical complex with molecules
consisting of a hydrophobic tail, such as 1-butanol and
fatty acids. Amylose molecules are amorphous in the
starch granule, and are present as either free-amylose in
random coil or as lipid-complexes in single helices.
Studies on cross-linking of starch granules show that
amylose molecules are cross-linked to amylopectin but not
cross-linked between amylose molecules. These results
indicate that amylose is not present in bundles but is
interspersed among amylopectin in the granule (16, 17).
Results of surface gelatinization studies using saturated
neutral-salt solutions, such as LiCl and CaCl,, have shown
that amylose molecules are more concentrated at the
periphery of the starch granule than in the inner part of the
granule (18, 19). These results agree with the fact that the
amylose content of starch increases with the increase in
granule size and maturity (20).

Some mutants of starches (e.g., high-amylose corn and
sugary-2 com starches) contain the intermediate materials,
which are the branched molecules with smaller molecular
weight than amylopectin (21-24). Starches also contain
minor components, such as lipids, phospholipids, and
phosphate-monoester derivatives. Waxy starch contains
little lipid. Normal cereal starches contain approximate 1%
of lipids (25). The structures of lipids vary with botanical
sources (26, 27). Normal corn starch contains mainly free
fatty acids and triglycerides, whereas normal wheat, rice,
barley, and rye starches contain a substantial amount of
phospholipids. In contrast, phosphate-monoester derivatives
are found extensively in potato (0.02-0.1%) and other root
and tuber starches (0.004-0.015%) (28). Although these
minor components are present in trace amounts, they have
profound effects on physical behaviors of starch. Table 2
shows phosphorous contents, i.e., phosphate-monoester
derivatives and phospholipids, of selected starches determined
using *'P nuclear magnetic resonance (NMR) spectroscopy
(26).

Table 2. Phosphorus content in starches determined using *'P
nuclear magnetic resonance spectroscopy”

Starches iggilétsl?;res Phospholipids ;ﬁgl;i%r:;
Potato 0.086 nd 0.0048
Wheat nd 0.058 trace
Mung bean 0.0083 0.0006 nd
Tapioca 0.0062 nd Trace
Maize 0.003 0.0097 0.0013
Amylomaize V 0.005 0.015 0.0076
Waxy maize 0.0012 nd 0.0005

1’Percentage of phosphorus in starch (dsb, w/w); Ref. 26.
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Effects of Molecular Structures of Starch on
Functional Properties

Gelatinization

The starch granule is not soluble in water at ambient
temperatures because of its semi-crystalline structure.
When starch is placed in sufficient water, starch granules
absorb a small amount of water and swell to a limited
extent (ca. 30-50% dry starch basis, dsb) (7). This process
is reversible before the temperature reaches the gelatiniza-
tion temperature. By heating starch granules in a sufficient
amount of water above the gelatinization temperature,
starch granules lose their molecular order manifested in
irreversible changes in properties, such as granular swelling,
loss of native crystalline structure and birefringence, and
starch solubilization (29, 30). This process is known as
Gelatinization. Water acts as a plasticizer in the gelatiniza-
tion process (31). A water content at a ratio of water:starch
>2 is required to obtain the characteristic gelatinization
temperature of starch. When the water content is less than
two times that of the dry starch weight, the gelatinization
temperature and the temperature range increase. Gelatini-
zation of starch is an important physical transformation,
which converts semi-crystalline starch to the amorphous
conformation and, thus, increases the viscosity of starch
paste and the enzyme digestibility.

Starch gelatinization is an endothermic reaction that
corresponds to the dissociation of starch molecules from a
double helical structure in starch granules to an amorphous
confirmation (7, 32). The gelatinization temperature and
the enthalpy change of starch gelatinization can be determined
using a differential scanning calorimeter (DSC). Gelatiniza-
tion occurs over a temperature range of 6.6 (barley starch)
to 25.7°C (ae waxy maize) for the entire population of
starch granules with enthalpy changes of 10 (barley starch)
to 22 J/g (ae waxy maize) (13, 33). High-amylose corn
starches have broader gelatinization ranges of 41.6-58.8°C.
The gelatinization temperature of starch can also be
determined using a polarized light microscope equipped
with a hot stage. The temperature that starch granules lose
the Maltese-cross birefringence is known as the gelatiniza-
tion temperature.

Experimental results have shown that gelatinization
properties of starch are related to the structure of
amylopectin, the amylose content, polymorphisms, and the
concentrations of phosphate-monoester derivatives and
lipids. Starches of low gelatinization temperatures often
show that amylopectin chain-length distribution profiles
consist of an obvious shoulder at DP 18-21. This is a result
of the amylopectin consisting of a large proportion of short
chains (13). Noda et al. (34) reported that gelatinization
temperatures and enthalpy changes of buckwheat and
sweet potato starches negatively correlate with a propor-
tion of short amylopectin branch-chains of DP 6-10. Corn
starches, containing a smaller proportion of intermediate
chain of DP 15-24, display lower onset gelatinization-
temperatures (35). Studies on rice starch varieties also
show that the proportion of short branch-chains (DP<10)
negatively correlates with the gelatinization temperatures
(36-38). Similar trends are also reported for taro and waxy
corn starches (39-42). Studies with starches isolated from
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large numbers of different botanical sources have shown
that the gelatinization temperatures negatively correlate
with the proportion of branch-chains of DP 6-12 (13, 43)
and positively correlate with that of DP 13-24 (43). The
length of 6 nm is proposed for the thickness of the
crystalline lamellae of starch (44), which is in agreement
with the crystalline thickness (ca. 5 nm) of acid-treated
waxy corn observed on transmission electron microscopic
(TEM) images (9). The crystalline thickness of 5-6 nm
corresponds to branch chains of DP 14-17 (on the basis of
0.35 nm per anhydroglucose unit) (45, 46). Therefore, a
large proportion of short branch-chains (e.g., DP 6-12) is
likely to result in a crystalline defect and decreases the
melting temperature of crystallites (13, 47). Amylodextrin
of DP 10 is required for double helix formation in a pure
oligosaccharide solution (48, 49). However, short chains of
DP 6 can co-crystallized with other longer chains (48).
This fact agrees with the shortest branch chain-length of
DP 6 found in amylopectin.

Calorimetric studies of the A- and B-type crystalline
spherulites, prepared from short chain amylose, show that
the B-type spherulite melts at lower temperatures than the
A-type counterparts (50, 51). A monoclinic packing cell of
the A-type polymorphic form consists of 7 sets of double
helices closely packed in the unit, and each unit consists of
a few water molecules (2). Whereas the B-type polymorph
has a hexagonal unit cell and consists of 36 molecules of
water per unit cell (Fig. 3) (2, 52). A larger amount of
water in the B-type polymorph may lower the
gelatinization temperature of the B-type spherulites. Potato
starch contains a large amount of phosphate-monoester
derivatives that are covalently bounded to long branch-
chains (ca. DP 42) of amylopectin (53). The repulsion
force between negative charges of the phosphate-monoesters
derivatives also reduces the gelatinization temperature (13,
30). Waxy starches display larger gelatinization enthalpy-
changes than their normal starch counterparts. This is
attributed to the presence of amylose in normal starch, and
amylose is amorphous. The enthalpy changes of starch
gelatinization are negatively correlated with the amylose
contents (54-56). High amylose comn, ae waxy corn, and
potato starches containing long amylopectin branch-chains
also require larger energy for crystalline melting.

Gelatinization properties of starch suspensions are also
affected by the presence of other solutes and physical
treatments. The gelatinization temperature of starch increases
with the increase in sucrose concentration (57, 58). A
study on sweet potato starch shows that sucrose is the
most effective in increasing the gelatinization temperatures.
Fructose is the least effective and glucose is in between.
The increase of gelatinization temperature is attributed to
the stabilization of the crystalline region and the immobiliza-
tion of water by sugars (59). Hydrothermal treatments,
including heat-moisture treatments and annealing, modify
the physicochemical properties of starch without destroying
starch granules. Heat-moisture treatment is the exposure of
starch to the moisture content lower than that require for
gelatinization at an elevated temperature (e.g., above
100°C) (32, 60). The treatment causes a change from the
B- to the A-type crystalline polymorph, increases the
gelatinization temperature, and broadens the gelatinization
temperature range. Annealing is to subject starch in excess
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water at a temperature above the glass transition temperature,
but below the gelatinization temperature of starch. The
process results in an improved crystalline order of the
starch granule without affecting the polymorphic form (32).
Annealing of starch increases the gelatinization temperature
and narrows the gelatinization-temperature range with
increased or unchanged enthalpies changes of gelatiniza-
tion (60, 61).

Non-thermal gelatinization of starch can be achieved
using dimethyl sulfoxide, aqueous alkali solutions, and
neutral salt solutions. Dimethy sulfoxide functions as a
hydrogen bond acceptor, which is capable of dissociating
the starch double helices. Water-structure breaking
compounds, such as KI and KSCN, break hydrogen bonds
between water, which enhance the penetration of water
molecules into starch granules and gelatinize the starch at
room temperature. Strong alkali, such as NaOH and KOH,
can react with the hydroxyl groups of starch and generate
a negative charge on the hydroxyl groups. The repelling
force between the negative charges dissociates the starch
chains from the double helical structure (62). Neutral salts
consisting of cations with a large positive charge density,
such as CaCl, (18, 63) and LiCl (19, 64), can interact with
the hydroxyl groups of starch molecules and release heat.
The heat released can melt the double helical starch and
results in the gelatinization of starch granules from the
periphery of starch granule.

Pasting Properties

Starch pasting involves granular swelling, leaching of
starch components from the granule, and eventually total
disruption of the granules (29) as shown in Fig. 4.
Amylopectin is primarily responsible for granular swelling
and viscosity (65). During granular swelling, the hydrogen
bonds between starch chains are dissociated and replaced
with hydrogen bonds with water molecules, resulting in an
increase in viscosity. Amylose is the main component of
the materials leached out from the granules, and the
concentration of solubilized amylopectin increases as the
temperature increases (66, 67). In general, pasting properties
are affected by starch concentration, rate of heating, and
shear force (68). Pasting properties are characteristic for a
starch variety, and the pasting properties are governed by
the amylose content, the molecular structure of
amylopectin, granule size, and the contents of minor
components.

Waxy cereal starches typically have lower pasting
temperatures and higher peak viscosity than their normal
starch counterparts because of their larger amylopectin
contents (13). Studies have shown that larger amylose
contents correlate with smaller peak and breakdown
viscosities (13, 69-73) and higher pasting temperatures
(74). Several studies have shown that pasting properties of
starch correlate with the branch chain-length distribution
of amylopectin. Starch consisting of amylopectin with
more short branch-chains of DP 6-12 displays a lower
pasting temperature, lesser peak viscosity, and larger
breakdown viscosity (38, 72-77). Short branch-chains do
not provide strong interaction to hold the integrity of the
swollen granules. Thus, the granules disrupt during heating
and result in a lower peak viscosity.
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Fig. 4. Schematic representation of pasting properties of starch granules.

In general, normal cereal starches develop opaque
pastes and have high pasting temperatures, small peak and
breakdown viscosity. The features are attributed to the
helical complexes formed between lipids and amylose
molecules or long branch chains of amylopectin, which
reinforce the interactions between entangled amylose and
amylopectin molecules and significantly restrict the
swelling of starch (13, 65, 78, 79). Phospholipids are more
potent complexing agents than free fatty acids and
triglycerides. Thus, swelling of wheat, barley, rye, and
triticale starch granules, which contain phospholipids, are
restricted. Swelling of corn starch granules is less
restricted because it consists of mainly free fatty acids and
triglycerides (26, 27, 80, 81). Removal of surface lipids
from normal cereal starches using surfactant reagents
increases the viscosity of starch pastes (82).

Tuber and root starches contain little lipids and develop
clear starch pastes with lower pasting temperatures and
greater peak viscosities. The extremely large peak viscosity
and large breakdown viscosity of potato starch are
attributed to the great granular swelling because of its
large amount of phosphate-monoester derivatives (13, 53,
83). Cations of salts, such as Na* and Ca*, mask the
negative charges of phosphate groups and reduce the
repulsion force between negative charges on starch chains,
thus significantly lower the viscosity of potato starch.
Larger granules of potato starch display a slightly lower
pasting temperature and a larger peak viscosity, compared
with the smaller granules (84, 85).

During cooling of hot starch paste, leached amylose
molecules rapidly aggregate. Formation of amylose junction
zones is believed to be responsible for a setback viscosity.
Waxy starch has a smaller setback viscosity compared
with its normal starch counterpart because of the absence
of amylose (13). Tsai et al. (86) suggested that the gel
strength formation is governed by the rigidity of swollen
granules, and the components leached into the solution
reinforce the structure of the gel. An increase in setback
viscosity with a larger amylose content is reported in

wheat (56) and rice (73) starches. In normal cereal
starches, amylose-lipid complexes in the granule prevent
the dispersion of starch molecules and disruption of starch
granules during cooking. The presence of swollen granules
also contributes to the higher setback viscosity.

Retrogradation and Syneresis

Retrogradation occurs during aging of starch dispersion.
Amorphous starch molecules gradually reassociate to
develop double helical crystallites. The double helix
formation is driven by hydrophobic interaction and hydrogen
bond formation between starch chains. Retrogradation
causes an increase in gel firmness and a loss of water-
binding capacity of starch gel, and results in the quality
deterioration of starch-containing foods. Degree of retrograda-
tion increases with storage time. Amylose molecules
retrograde much faster than amylopectin molecules.
Double helix formation of amylose molecules occurs
immediately after gelatinization of starch (87). Amylose is
responsible to the initial rheological changes of starch
paste, such as gel hardness. An increase in gel hardness
with increased amylose content has been reported in rice
starches (88). Amylose molecules of DP 80-100 have been
reported to display the fastest retrogradation (49, 89).
Retrograded amylose requires a high gelatinization of ca.
145-153°C (87, 90) to dissociate the double helices.
Retrograded short-chain amylose crystallites form spherical
particles with diameters of 10 to 15 pum (50). Crystalline
regions of retrograded amylose, which contain ca. 31 glucose
units, are highly resistant to enzyme hydrolysis (91).
Retrogradation of amylopectin proceeds slowly over
several days or weeks because of its highly branched
structure (92, 93). Co-crystallization between amylopectin
and amylose is likely enhanced, when amylose is present
in a large concentration (94). Retrogradation of amylopectin
slowly transforms amerphous molecules to a weak crystalline
state, and a B-type X-ray diffraction pattern is developed
(95). The rate of retrogradation depends on the amylopectin
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branch-chain lengths and the concentration of lipids and
phosphate-monoester derivatives (13, 96). Negative correla-
tions have been reported between the content of very short
branch-chains of DP 6- or 6-12 and degree of retrogradation
of waxy corn starch varieties (40, 41), rice starch varieties
(88) and starches of differed botanical sources (13, 43, 98).
Those results suggest that short branch-chains reduce the
retrogradation.  Studies on waxy maize and potato
amylopectin show that hydrolysis of starch by B-amylase
shortens the branch chain-length of amylopectin, and
decreases the retrogradation (99). In general, cereal amylo-
pectins, having shorter average chain-lengths, retrograde to
a lesser extent than pea and potato amylopectins (13, 96).
Retrogradation of normal cereal starches could be
enhanced by the presence of amylose-lipid complexes.
Amylose-lipid complexes restrict the swelling of starch
molecules and dispersion of starch granules, which keep
starch molecules closely located, and provide ample
opportunities for starch molecules to crystallize (13). The
presence of phosphate-monoester derivatives in tuber, root,
and chemically modified starches tends to suppress
retrogradation because of the repulsion force between
negative charges of the phosphate groups (100, 101). Rate
of retrogradation is also affected by the storage
temperature and the water content. Three step mechanisms
of nucleation, propagation, and maturation is proposed for
starch retrogradation (102). The nucleation rate increases
exponentially with decreasing temperature down to the
glass transition temperature, whereas the propagation rate
increases exponentially with the increase in temperature up
to the melting temperature. The maximal crystallization
occurs at 50 to 55% starch concentration (103, 104). In
addition, adding salts to starch gels has been reported to
decrease the percent of retrogradation in amaranth (105)
and rice (106) starches.

Freezing is widely used to preserve the quality of food
products. However, freezing and thawing of starch-
containing products introduce severe changes to the
texture of the products. During freezing, water in the starch
gel forms ice crystals and enhances starch retrogradation.
Temperature fluctuation above the glass transition
temperature during storage in a freezer accelerates the
retrogradation of starch, and a sponge-like structure is
created. Upon thawing, ice melts to water and is released
from the sponge-like structure. The water loss from the
product is known as syneresis. Repeated freeze-thaw
treatments introduce more syneresis. Starch with a high
freeze-thaw stability is essential for frozen food products
and other applications. Freeze-thaw stability of starch
varies with species (107-109). Waxy starches have better
freeze-thaw stability than their normal starch counterparts.
Several freeze-thaw cycles are required to obtain a
significant syneresis of waxy corn starch gels (110, 111).
Starch with less amylose-content displays greater freeze-
thaw stability (112). Molecular structure of amylopectin
also affects the syneresis of the products. Jobling er al.
(113) have shown that genetically modified potato starches
containing no amylose and a large proportion of short
branch-chains of amylopectin (DP 6-12) exhibit excellent
freeze-thaw stabilities.

Methods to improve freeze-thaw stability of starch-
containing products have been reported. For example,

S. Srichuwong and J. Jane

hydrocolloids, such as xanthan gum, can significantly
enhance the freeze-thaw stability (114, 115). The authors
proposed that xanthan gum does not affect ice crystal
formation and amylopectin retrogradation, but prevents
amylose molecules from retrogradation. A faster freezing
rate has shown to improve the freeze-thaw stability (112,
116). Modified starch, such as hydroxypropyl starch, resists
the retrogradation and provides excellent freeze-thaw
stability (117, 118). Adding sugars to starch products, in
general, improves the stability of frozen starch gels (119).
Sodium chloride is shown to increase retrogradation in
wheat starch gels (120), however, the contrary finding is
reported in rice starch gels (121). Schoch and French (122)
also reported that salts have little influence on
retrogradation of wheat starch paste.

Degradation of Starch Granules

Acid hydrolysis Acid hydrolysis of starch is commonly
used to reduce molecular size and to produce soluble
starch for industrial applications. Susceptibility of starch
granules to acid hydrolysis varies with botanical origins.
Acid hydrolysis has been performed with either sulfuric
acid or hydro-chloric acid to produce Naegeli dextrins (123)
or Lintnerized starch (124), respectively. It has been shown
that the iodine-binding capacity of starch decreases during
acid hydrolysis (125, 126) and the rate of acid hydrolysis
is not constant throughout the time course of hydrolysis.
Most starches exhibit two-stage hydrolysis kinetics (125,
126). The faster rate of hydrolysis taking place at the early
period of hydrolysis corresponds to rapid hydrolysis of
amorphous materials. Crystalline materials are resistant to
the acid hydrolysis and some are slowly hydrolyzed. Acid
hydrolysis of a glycosidic bond requires a change in
conformation of the o-D-glucosidic unit from a chair to a
half chair. When the glucose units are packed in a
crystalline structure, such a conformation change is
hindered (7, 8). Two main groups of dextrins are found in
the Naegeli dextrins and Linterized starch. The first
fraction (DP 13-17) is the linear chains or branched chains
with a glucosyl- or maltosyl- branch unit near the reducing
end. The second fraction is the singly-branched molecules
of DP ca. 25 carrying two linear chains linked by an o(1-
6) linkage near the reducing end (47, 127-129). Linear
dextrins in the first fraction correspond to double helices
present in the crystalline lamellae that are 5-6 nm-thick (9,
44). The findings confirm a preferential attack on amorphous
regions that consist of branch linkages. In addition, acid-
resistant materials, such as retrograded amylose (91) and
amylose-lipid complexes (7, 47, 130), may also develop
during the acid-modified process and remain in the
residues. X-ray diffraction studies show that acid-modified
starches retain the same type crystalline pattern as their
native structure but the percentage crystallinity increases
(8, 125, 126). The increased crystallinity results from the
removal of amorphous materials (126) and/or the
annealing of crystalline materials during the process (8,
45).

Starches of different polymorphisms produce Naegeli
dextrins of different chain-length distributions as shown in
Fig. 5 (47). The chain length of the linear fraction of the
B-type Naegeli dextrins (DP 15-17) is longer than those of
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Fig. 5. Naegeli dextrins produced from the A- and B-type
polymorphic starches. (A) waxy maize starch (A-type polymorphic
starch) Naegeli dextrin; (B) debranched waxy maize starch Naegeli
dextrin; (C) ae waxy maize starch (B-type polymorphic starch)
Naegeli dextrin; and (D) debranched ae waxy maize starch
Naegeli dextrin.

the A-type (DP 13-14). Naegeli dextrins of the A-type
starches show a greater proportion of the singly-branched
molecules. The findings suggest that large numbers of
short A and Bl chains of the A-type amylopectin have
branch linkages scattered in the amorphous and the
crystalline regions. Those branch linkages located within
the crystalline region are protected from acid hydrolysis.
This result agrees with the report that hydroxypropyl
derivative groups are concentrated in the region of branch
linkages but a few are located at the non-reducing ends of
short branch chains of manioc starch (131). The same
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authors also find that 50% of the short branch-chains (DP
15) do not carry any derivative groups, indicating that they
are present within the crystalline region. Naegeli dextrins
of B-type starches, however, produce mostly linear chains,
indicating that clusters of branch linkages are mainly
located in the amorphous regions and are more easily
hydrolyzed by acid (Fig. 2). In high-amylose comn starch
(B-type), a large amount of amylose molecules can be
retrograded and protect some branch linkages of
amylopectin from acid hydrolysis.

Upon heating in water, the acid-treated granules are
fragile and tend to split instead of swelling. Dextrins in
acid-modified high-amylose com starch tend to easily
associate with each other and form a rigid gel upon
cooling, which is essential for confectionery products,
such as jelly beans and gum candies. A wide range of
dextrins can be produced by acid hydrolysis in different
alcohols. Alcohols with longer hydrocarbon chains, such
as propanol and butanol, facilitate the acid hydrolysis
(132-134).

Enzymatic hydrolysis Hydrolysis of starch granules to
glucose as the energy source is essential for metabolism in
plants (e.g., germination of grains, sprouting of tubers),
animal feeds and also for bioethanol production. Different
o-amylases hydrolyze dispersed amylose and starch in
different reaction patterns, including multiple attack and
multi-chain attack (135, 136). Because of its semi-
crystalline nature, the intact starch granule is hydrolyzed
by o-amylases much more slowly than gelatinized and
dispersed starch, but given time, some amylases, such as
glucoamylase I, can disentangle double helical starch
chains and completely hydrolyze starch molecules. The
rate of enzymatic hydrolysis varies with the source of o-
amylase (135, 136) and botanical origin of starch (Fig. 6)
(137-139). Waxy starches display greater enzyme
digestibilities than their normal starch counterparts (137,
140-142). As shown in Fig. 6, starches of the A-type
polymorph are more susceptible to enzyme hydrolysis than
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those of the B-type (137, 143, 144). In contrast to the acid
hydrolysis, studies have shown that the X-ray diffraction
pattern and percentage crystallinity of starch are not
significantly changed after enzymatic hydrolysis (138,
145, 146). The findings indicate no preferential hydrolysis
on the amorphous materials of the starch granules. The
degradation pattern of starch granules is species-specific.
Granule pitting and appearance of alternating growth rings
are common morphological appearances for the A-type
starch granules. The B-type starches are much more
resistant to hydrolysis and display a minor exo-corrosion
(147, 148). Amylose-lipid complexes and retrograded
starch are also resistant to enzyme hydrolysis (149, 150).

Unlike acid hydrolysis, amylase with a larger molecule
size (approximate 4 nm) can not penetrate freely into the
molecular lattice of the granules. Thus, amylases attack
starch granules on the surface (145). Exo-corrosion and
pitting are apparently the sole mechanisms during the
initial stage of hydrolysis. Svensson (151) suggested that
hydrolysis of starch granules depends on the ability of
enzymes to adsorb onto the granule surface; however,
some bacterial amylases digest raw starch granules
without granule adsorption (152, 153). Once the enzyme
hydrolysis generates large pores to the internal structure,
successive endo-corrosion occurs. Starch with larger
granules has been shown to have less enzyme digestibility
because of their smaller relative surface arca (141, 144,
154, 155). Minor components may also influence enzyme
adsorption. Surface proteins and lipids may reduce surface
accessibility to the enzyme by blocking the adsorption
sites (156).

The less organized zones on the granule surface (e.g.,
pores, spongy-like, and cracks) are more susceptible to
enzyme hydrolysis (157, 158). Surface pores (approximately
0.1 um in diameter) are commonly found distributed over
the surface of some granules of A-type cereal starches, but
little or none is found on the B-type starch granules (159,
160). Starch isolated from corn kernels harvested on 30
days after pollination (DAP) show little or no surface
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pores; however, starch isolated from that of 45 DAP
(mature and dried in the field) show a large number of
surface pores (20). Pitted starch granules are observed
around the germ in dormant maize kemels (137).
Damaged starch that occurred during isolation can develop
faults or dislocations on the granule surface, allowing the
enzyme greater access to the amorphous and internal
structure (161).

Confocal laser-scattering micrographs (CLSM) (Fig. 7)
show that starch granules have specific internal structures,
depending on botanical sources (162). The presence of
voids inside the granule provides more surface area for the
enzyme attack. The locations of internal voids are related
to the sites of enzyme hydrolysis. The A-type starches,
having loosely packed internal structures and voids, are
more susceptible to enzyme degradation. Normal corn
granules show random and deep pitting canals through the
granules. Large granules of wheat starches show voids
around the equatorial groove (Fig. 7c), which is the most
susceptible to enzyme hydrolysis.

B-type starch granules, such as potato and high-amylose
corn, possess a homogenous internal-structure (162). The
enzyme resistance of B-type starch is likely resulted from
its large proportions of long branch-chains that extend
through multiple clusters of amylopectin (163). These long
branch-chains prohibit rearrangements of starch molecules
in the granule and maintain the homogeneous internal
structure. The long and stable double helices of
amylopectin chains and the homogeneous internal
structure without voids in the granule make the B-type
starch granule highly resistant to enzyme hydrolysis.
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