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Annealing and heat-moisture treatment are two hydrothermal treatments that modify the
physicochemical properties of starch, without destroying granular structure. They involve incubation
of starch granules in excess water/intermediate water content (annealing) or at low moisture levels
(heat-moisture treatment) during a certain period of time, at a temperature above the glass
transition temperaturr but below the gelatinization temperature. The impact of hydrothermal
treatments on starch physicochemical properties is extensively discussed. Such physicochemical
properties include granule morphology and crystallinity, double-helix content, amount and appear-
ance of amylose-lipid complexes, gelatinization and pasting, swelling power and solubility, gel
properties, and susceptibilities to acid and enzymic hydrolysis. Finally, the major differences between
the effects of annealing and heat-moisture treatment are pointed out and an overview is given of
possible explanations for the observed effects of hydrothermal treatments.
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INTRODUCTION

Starch is synthesized in the form of granules within
cellular organelles (amyloplasts). The shape and size
of a starch granule is typical of its botanical origin.
Cereal starch granules (such as from maize or wheat)
are generally small and polyhedral, potato starch gran-
ules are elliptical, and legume starches (such as from
pea) are kidney-like ovoidal. Granule sizes range from
<5 µm in diameter (e.g., rice) to >80 µm in diameter
(e.g., potato). The two major components of starch are
amylose and amylopectin. Amylose is an essentially

linear polymer, built up by R-(1-4) linked D-glucose
units. The degree of polymerization (DP) is usually in
the range of 500-6000 glucose units. Only very few
R-(1-6) linkages are present. Amylopectin is a very
large branched molecule with a DP ranging from 3 ×
105 to 3 × 106 glucose units (Zobel, 1988). It is composed
of linear R-(1-4) glucan chains linked together at the
R-(1-6) branch points. One molecule contains 4-5%
R-(1-6) linkages (Manners, 1989). Minor constituents
commonly found in starch include lipids (up to 1% in
cereal starches), proteins, phosphorus, and other miner-
als.

For a wide range of starch applications (foods, plas-
tics, paper, textile, . . .) properties of native starches do
not meet industrial needs. However, native starch
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granules can be modified to obtain desired properties.
Mostly, chemical modification (such as cross-linking
and/or acetylation) is used, but there is a growing
interest in physical modification (heat, moisture, shear,
or radiation) of starch, especially for food applications.
In fact, such physically modified starches are considered
to be natural materials with high safety.

In this work, only hydrothermal modifications (action
of heat and moisture) of starch granules, which do not
destroy the granule structure, will be reviewed. The
impact of such hydrothermal treatments on starch
physicochemical properties will be discussed and is of
significance not only for the development of novel
starches for food and nonfood applications but also for
understanding the impact of process steps during the
industrial isolation of starch on its functionality.

STARCH GRANULE STRUCTURE

A model of the starch granule structure is schemati-
cally shown in Figure 1. The more or less concentric
layers (Figure 1a) show alternating high and low
refractive indices, densities, crystallinities, and resis-
tance to acid and enzymic hydrolysis and presumably
represent growth rings (French, 1984). These growth
rings arise from a periodicity in the biosynthesis. The
dense layer in a growth ring consists of ∼16 (Cameron
and Donald, 1992) repeats of alternating crystalline
(5-6 nm) and amorphous (2-5 nm) lamellae (semicrys-
talline layer, Figure 1b). It has a thickness between
120 and 400 nm (French, 1984). The less dense layer
is largely amorphous, contains more water, and, accord-
ing to Cameron and Donald (1992), is at least as thick
as the dense layer. Starch granules are thus partially
crystalline with a degree of crystallinity of 20-40%
(Hizukuri, 1996).

With small-angle X-ray and neutron scattering, a
periodicity of 9-11 nm has been found for starches of
various botanical sources (Sterling, 1962; Blanshard et
al., 1984; Muhr et al., 1984; Oostergetel and Van
Bruggen, 1989; Cameron and Donald, 1992; Jenkins et
al., 1993). Kassenbeck (1978) and Yamaguchi et al.
(1979) ascribed the periodicity to the repeat distances
of crystalline and amorphous lamellae.

The crystalline lamellae are made up by amylopectin
double helices, which are packed in a parallel fashion,
whereas the amylopectin branch points are in amor-
phous zones (Figure 1c). The crystallinity of the granule
is thus mainly ascribed to double helices formed by
amylopectin branches rather than to amylose (Jenkins
et al., 1993). Wide-angle X-ray scattering (WAXS) has
revealed three forms of packing of amylopectin double
helices, A-, B-, and C-crystal types, and the features of
starch 13C CP/MAS spectra are consistent with starch
being a combination of amorphous (single-chain) and
ordered (double-helix components) material (Gidley and
Bociek, 1985).

The exact location of amylose in the granule remains
unknown. However, these linear molecules are believed
to be interspersed between amylopectin, rather than
being located in bundles (Jane et al., 1992). According
to Jenkins et al. (1994), most of the amylose is located
in the largely amorphous layers of the growth rings.
Recent research (Morrison et al., 1993a,b) has indicated
that in cereal starches two amorphous forms of amylose
are present: lipid-free amylose and lipid-complexed
amylose. Limited cocrystallization between amylose
and amylopectin has been suggested by Blanshard
(1987) and Jenkins and Donald (1995).

Figure 1. Schematic representation of starch granule structure (Jenkins et al., 1994): (a) a single granule with alternating
amorphous and semicrystalline layers, representing growth rings; (b) expanded view of the semicrystalline layer of a growth
ring, consisting of alternating crystalline and amorphous lamellae; (c) the cluster structure of amylopectin within the semicrystalline
layer of the growth ring.
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TRANSFORMATIONS OF STARCH DURING HEATING
AND COOLING IN THE PRESENCE OF WATER

An important property of partially crystalline materi-
als, such as starch granules, is the glass transition of
the amorphous regions, at the glass transition temper-
ature (Tg). When passing Tg during heating, the
amorphous regions are transformed from a rigid glassy
to a mobile rubbery state. The softening of the amor-
phous regions is required before melting of crystallites
can take place (Slade and Levine, 1987). Thus, the glass
transition always precedes gelatinization (see below).

At temperatures at or above a characteristic temper-
ature, referred to as the gelatinization temperature, the
molecular order of the starch granules is irreversibly
destroyed by a process termed gelatinization. The
structural changes that take place during gelatinization
include changes of shape and size of granules, absorp-
tion of water and swelling, crystallite melting, and
leaching of amylose (amylopectin) from the granules
(Atwell et al., 1988). Differential scanning calorimetry
(DSC) measures the gelatinization temperatures (onset
temperatures of gelatinization typically 50-60 °C in
excess water), and the heat energy (10-20 J/g) required
for gelatinization is believed to mainly reflect the loss
of molecular (double-helical) order (Cooke and Gidley,
1992).

The changes that occur following starch gelatiniza-
tion, during further heating, are termed pasting.
These changes involve further swelling of granules,
leaching of molecular components from the granules,
and eventually disruption of the granules (at ∼85 °C)
(Tester and Morrison, 1990a,b). The changes that occur
during gelatinization and pasting greatly affect the
rheological properties of the starch suspension. There-
fore, starch pasting characteristics are commonly evalu-
ated by viscometry.

When starch pastes cool, molecules reassociate in an
ordered structure. This process is referred to as re-
trogradation (Atwell et al., 1988). At starch concen-
trations >∼6%, it leads to the formation of a gel. Such
a starch gel can be viewed as a composite, in which
deformable gelatinized granules (enriched in amylopec-
tin) are embedded in and reinforce, on crystallization,
a continuous amylose matrix (Miles et al., 1985).
Retrogradation consists of two separable processes: (1)
gelation and crystallization of amylose and (2) recrys-
tallization of amylopectin (Miles et al., 1985).

HYDROTHERMAL TREATMENTS

Two hydrothermal treatments that modify the phys-
icochemical properties of starch, without destroying
granule structure, are annealing (ANN) and heat-
moisture treatment (HMT). Both treatments involve
storage at a certain moisture level and a specific
temperature, during a certain period of time. In most
publications, treatments in “excess” water (>60% w/w)
or at “intermediate water content” (40-55% w/w) are
referred to as “annealing”, whereas the term “heat-
moisture treatment” is used when “low moisture levels”
(<35% w/w) are applied. Both physical modifications
occur at temperatures above the Tg but below the
gelatinization temperature (determined at the specific
moisture conditions used during the treatment) of the
starch granules. Thus, hydrothermal modifications can
only take place when starch polymers in the amorphous
phase are in the mobile rubbery state. A treatment time

of only a few minutes often suffices to result in detect-
able changes in physicochemical properties of the starch.

Annealing. Definition. In the context of this work,
annealing of starch is defined as a physical treatment
that involves incubation of starch granules in excess
water or at intermediate water content, that is, at
or above 40% water (w/w), during a certain period of
time, at a temperature above the glass transition
temperature but below the gelatinization temperature.
Annealing conditions for starches of different botanical
origin are summarized in Table 1. Krueger et al.
(1987a) reported that commercial maize starch is al-
ready annealed during the isolation process because wet
milling includes a lengthy steeping step at temperatures
>45 °C and that annealing either is less extensive or
occurs much more slowly when starch content is equal
to or higher than water content. Also, when wheat or
barley is steeped during 72 h at 50 °C prior to isolation
of starch, annealing can occur (Lorenz and Kulp, 1978,
1984). While Seow and Teo (1993) noted that annealing
of rice starch can also occur at temperatures below its
Tg, their definition of Tg is rather unconventional.

Impact of Annealing on Starch Granule Morphology
and Crystallinity. After annealing of starch, no changes
in granule size and shape were observed (Wiegel, 1933;
Stute, 1992; Hoover and Vasanthan, 1994b). Also, no
leaching of carbohydrates (Lorenz and Kulp, 1984;
Krueger et al., 1987a; Knutson, 1990; Hoover and
Vasanthan, 1994b) was detected during the annealing
treatment.

For wheat starch, Gough and Pybus (1971) observed
no changes in the wide-angle X-ray scattering (WAXS)
patterns as a result of annealing. A slight sharpening
of the X-ray diffraction lines and a decrease in the
background for annealed wheat and barley starches
were observed by Lorenz and Kulp (1980, 1984). For
annealed potato starch, Stute (1992) found unchanged
WAXS patterns. Hoover and Vasanthan (1994b) found
unchanged d spacings with only marginally changed
intensities for annealed wheat, potato, lentil, and oat
starches. We also found no significant changes in
crystal type and degree of crystallinity after one- and
two-step annealing of wheat, potato, and pea starches
(Jacobs, 1998).

Small-angle X-ray scattering (SAXS) peak positions
after one- and two-step annealing of wheat and potato
starches were unchanged, indicating that the repeat
distance of crystalline and amorphous lamellae was not
altered as a result of annealing (Jacobs et al., 1998b).
However, annealing may affect the individual lamellar
sizes (without affecting the overall repeat distance). The
more pronounced peaks for the annealed starches
indicated a higher electron density contrast between the
amorphous and crystalline regions (Jacobs et al., 1998b).

Impact of Annealing on Starch Double-Helix Content.
13C CP/MAS NMR spectra of native and annealed
wheat, potato, and pea starches were not significantly
different (Jacobs, 1998), indicating no changes in double-
helix content as a result of annealing or changes below
the detection limit.

Impact of Annealing on Amylose-Lipid Complexes in
the Starch Granule. Lorenz and Kulp (1984) observed
development of a V-type pattern (attributed to crystal-
line amylose-lipid complexes) after annealing of nor-
mal- and high-amylose barley starches. Evidence of
crystalline amylose-lipid complexes has not been found
after annealing of other lipid-containing starches. For
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wheat starch, based on the unchanged DSC amylose-
lipid dissociation endotherm (Larsson and Eliasson,
1991; Jacobs et al., 1995, 1998a) and the unchanged 13C
CP/MAS NMR signal at 31 ppm [attributed to carbons
of fatty acids that are immobilized in amylose-lipid
complexes (Morrison et al., 1993a,b; Jacobs et al., 1997)],
the amount of amylose-lipid complexes was found to
be unchanged by annealing.

Impact of Annealing on Starch Gelatinization Char-
acteristics. Using hot-stage polarization microscopy, an
increase of the gelatinization temperature and a de-
crease of the gelatinization temperature range as a
result of annealing were observed (Gough and Pybus,
1971; Lorenz and Kulp,1978, 1980, 1984). Their find-
ings were confirmed later by DSC experiments (Naka-
zawa et al., 1984; Kuge and Kitamura, 1985; Yost and
Hoseney, 1986; Slade and Levine, 1987; Krueger et al.,
1987a,b; Münzing, 1989; Parades-Lopez et al., 1989;
Knutson, 1990; Tester and Morrison, 1990b; Larsson
and Eliasson, 1991; Liu and Lelièvre, 1991; Parades-
Lopez and Hernandez-Lopez, 1991; Tester et al., 1991;
Stute, 1992; Shi and Seib, 1992; Seow and Teo, 1993;
Hoover and Vasanthan, 1994b; Seow and Vasanti-Nair,
1994; Jacobs et al., 1995, 1997, 1998b; Eerlingen et al.,
1996; Muhrbeck and Svensson, 1996) and by small-
angle light scattering (Marchant and Blanshard, 1978,
1980). Gelatinization enthalpies were increased (Kuge
and Kitamura, 1985; Krueger et al., 1987a,b; Slade and

Levine, 1987; Münzing, 1989; Knutson, 1990; Tester and
Morrison, 1990b; Parades-Lopez and Hernandez-Lopez,
1991; Seow and Teo, 1993; Hoover and Vasanthan,
1994b; Seow and Vasanti-Nair, 1994; Jacobs et al., 1995;
Eerlingen et al., 1996; Muhrbeck and Svensson, 1996;
Jacobs et al., 1997, 1998b) or unchanged (Nakazawa et
al., 1984; Yost and Hoseney, 1986; Larsson and Elias-
son, 1991; Stute, 1992; Shi and Seib, 1992; Seow and
Teo, 1993; Jacobs et al., 1995, 1997; Eerlingen et al.,
1996).

Annealing studies of maize starches with different
amylose contents (Krueger et al., 1987b; Knutson, 1990)
showed that the largest changes in DSC characteristics
were observed for starches with the highest amylose
content. When annealing potato starches with varying
degrees of phosphorylation, Muhrbeck and Svensson
(1996) found the largest increase in gelatinization
temperature for those samples with the lowest degree
of phosphorylation, whereas the largest increase in
gelatinization enthalpy was observed for the highly
phosphorylated starches.

Using synchrotron radiation, SAXS patterns were
recorded during gelatinization of native and one- and
two-step annealed wheat and potato starches (Jacobs
et al., 1998b). The major difference between SAXS
gelatinization patterns of native and annealed starches
was the lack of increase in integrated intensity at the
onset of gelatinization for the annealed starches. Thus,

Table 1. Annealing Conditions for Starches, Cited in the Literature

starch
temp
(°C) time

water
content (%) reference

amaranth 45-55 2/12 h excessa Parades-Lopez et al. (1989); Parades-Lopez and
Hernandez-Lopez (1991)

barley (normal, waxy, 25-50 24/72 h excess Lorenz and Kulp (1984)
high amylose) 45/55 72 h excess Tester et al. (1991)

52 2/48 h excess Shi and Seib (1992)
maize (normal, waxy, 50/55 2-48 h excess Krueger et al. (1987a,b)

high amylose) 50 48 h excess Deffenbaugh and Walker (1989a)
50-70b 2-72 h excess Knutson (1990)
30-50 24 h 50 Larsson and Eliasson (1991)
60 2/48 h excess Shi and Seib (1992)

lentil and oat 50 0.5-72 h excess Hoover and Vasanthan (1994b,c)
pea 50-56b 24 h excess Jacobs et al. (1995, 1996, 1997c)
potato 52 0.5-10 h excess Wiegel (1933)

50-60b ? excess Hjermstad (1971)
50 72 h excess Kuge and Kitamura (1985)
30-50 24 h 50 Larsson and Eliasson (1991)
52-64b 14/92 h excess Stute (1992)
50 °C 0.5-72 h excess Hoover and Vasanthan (1994b,c)
50-55b 24 h excess Jacobs et al. (1995, 1996, 1997a,b)
52-54 16 h 40-excess Eerlingen et al. (1996)
50 2 min-21 h excess Muhrbeck and Svensson (1996)

rice (normal, waxy) 40 114 h 50 Nakazawa et al. (1984)
55/65 72 h excess Tester and Morrison (1990b)
50 1 week 50 Liu and Lelièvre (1991)
60/70 2/48 h excess Shi and Seib (1992)
55 4-24 h 40-excess Seow and Teo (1993)
50 15 min-24 h excess Seow and Vasanti-Nair (1994)
55 24 h excess Jacobs et al. (1995, 1996)

rye 45 16 h excess Münzing (1989)
50 1 h excess Schierbaum and Kettlitz (1994)

wheat 50 72 h excess Gough and Pybus (1971)
40/50 24/72 h excess Lorenz and Kulp (1978, 1980)
50 72/96 h excess Marchant and Blanshard (1978, 1980)
42/47 30 min 50 Yost and Hoseney (1986)
25 55 days 55 Slade and Levine (1987)
50 48 h excess Deffenbaugh and Walker (1989a)
40 3 h excess Münzing (1989)
30-50 10 min-48 h 50 Larsson and Eliasson (1991)
50 0.5-72 h excess Hoover and Vasanthan (1994b,c)
45-53b 24 h excess Jacobs et al. (1995, 1996, 1997a,b)

a Excess water content means >60%. b Including multistep annealing temperatures.
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in the case of the annealed starches, SAXS measure-
ments indicated that the water uptake is not only
retarded but that there is less water absorption in the
first phase of gelatinization than for the native starches
(Jacobs et al., 1998b).

Impact of Annealing Temperature, Time, and Mois-
ture Content on the Magnitude of Changes in DSC
Gelatinization Characteristics. Annealing occurs most
rapidly, and to the largest extent, just below the
temperature at which gelatinization starts (Lorenz and
Kulp, 1984; Krueger et al., 1987a; Slade and Levine,
1987; Knutson, 1990; Larsson and Eliasson, 1991).
Nevertheless, the phenomenon has been reported to
occur at temperatures down to 25 °C [after 3 days for
barley starch (Lorenz and Kulp, 1984); after 55 days
for wheat starch (Slade and Levine, 1987)]. The latter
seems to be in conflict with the proposed location of the
glass transition temperature just before DSC gelatiniza-
tion (Maurice et al., 1985; Biliaderis et al., 1986; Slade
and Levine, 1988). However, it must be kept in mind
that Tg depends on operative conditions of moisture,
temperature, and time. In other words, the operative
Tg relative to annealing can decrease with increasing
holding time, in the presence of water, due to the effect
of dynamic plasticisation (Slade and Levine, 1988).

Multistep annealing allows higher annealing temper-
atures than can be obtained by one-step annealing
(Hjermstad, 1971; Knutson, 1990; Stute, 1992; Eerlin-
gen et al., 1996; Jacobs et al., 1997, 1998b). Thus,
annealing temperatures were 48 °C (first step) and 53
°C (second step) for wheat starch and 50 °C (first step)
and 55 °C (second step) for potato starch (Jacobs et al.,
1998b).

The impact of annealing time on the magnitude of
changes in DSC gelatinization characteristics was stud-
ied by Krueger et al. (1987a), Knutson (1990), Larsson
and Eliasson (1991), Seow and Teo (1993), Hoover and
Vasanthan (1994b), Seow and Vasanti-Nair (1994), and
Muhrbeck and Svensson (1996). Generally, increases
in gelatinization temperatures and enthalpies were
more pronounced with longer incubation times. Krue-
ger et al. (1987a) and Larsson and Eliasson (1991)
reported the largest changes in gelatinization temper-
ature for maize and wheat starches to occur during the
first 2-6 h (at 50 °C). Increases in enthalpy as a result

of annealing at 50 °C were evident after only 48, 6, 2,
and 1 h, for wheat, oat, potato, and lentil starches,
respectively (Hoover and Vasanthan, 1994b). These
observations may have implications for process steps in
the isolation of starch as well as for their end use.

With regard to moisture content during annealing,
Krueger et al. (1987a) observed slightly larger and at
the same time significant changes in gelatinization
temperature of maize starch with increasing moisture
content up to 67% (w/w), with no further effect at higher
water content. The change in gelatinization enthalpy
was practically not affected by increasing moisture
content. Hoover and Vasanthan (1994b) found that the
magnitude of changes in gelatinization temperatures
and enthalpies of wheat, oat, potato, and lentil starches
increased with increasing moisture content up to 80%
(w/w).

Impact of Annealing on Starch Pasting Characteris-
tics. A schematic overview of changes in pasting
properties, measured by viscometry, that are observed
after annealing is shown in Table 2. Wiegel (1933)
reported a decreased viscosity, at temperatures between
70 and 95 °C, of a potato starch suspension, after
preliminary treatment of the starch suspension at 52
°C during 1-2 h. Hjermstad (1971) also found a
decreased viscosity during heating of annealed potato
starch, together with an increased onset temperature
of swelling, an increased stability on cooking, and an
increased tendency to form a gel on cooling. Using the
viscoamylograph, Kuge and Kitamura (1985), Stute
(1992), Hoover and Vasanthan (1994b), and Jacobs et
al. (1995, 1996) confirmed results of Hjermstad (1971):
a higher onset temperature, a lower peak viscosity, and
a higher (or unchanged) viscosity on cooling, as a result
of annealing of potato starch, were observed. Hoover
and Vasanthan (1994b) studied the pasting of native
and annealed wheat, lentil, and oat starches, and
Schierbaum and Kettlitz (1994) did so for native and
annealed rye starches. Annealing of wheat, pea, and
rice starches resulted in increased amylograph peak
viscosities and viscosities upon cooling (Jacobs et al.,
1995). However, it was equally reported that different
results are obtained when the effects of annealing of pea
and wheat starch were analyzed with the rapid vis-
coanalyzer (Jacobs et al., 1996).

Table 2. Changes in Starch Pasting Characteristics, Measured by Viscometry, after Annealing (+, Increase; -,
Decrease; ), Unchanged; 0, Not Determined)

technique starch onset tempa visc maxb visc coolingc reference

Ostwald viscometerd potato + - 0 Wiegel (1933)
Corn Industries viscometere potato + - + Hjermstad (1971)
viscoamylographe potato + - ) Kuge and Kitamura (1985)

+ - + Stute (1992)
+ - + Hoover and Vasanthan (1994b)
+ - + Jacobs et al. (1995, 1996)

wheat ) + + Hoover and Vasanthan (1994b)
- + + Jacobs et al. (1995, 1996)

lentil + - - Hoover and Vasanthan (1994b)
oat + + - Hoover and Vasanthan (1994b)
rye + )/- )/- Schierbaum and Kettlitz (1994)
pea ) + + Jacobs et al. (1995, 1996)
rice - + + Jacobs et al. (1995, 1996)

rapid viscoanalyzerf maize ) - - Deffenbaugh and Walker (1989a)
wheat + - ) Deffenbaugh and Walker (1989a)

+/- + + Jacobs et al. (1995, 1996)
potato + - + Jacobs et al. (1995, 1996); Eerlingen (1997)
pea +/) +/- +/- Jacobs et al. (1995, 1996)
rice ) + + Jacobs et al. (1995, 1996)

a Onset temperature of viscosity development. b Maximum viscosity during heating. c Viscosity on cooling. d 1% starch suspension. e 5-
6.6% stach suspension. f 6.6-10% starch suspension.
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Deffenbaugh and Walker (1989) detected differences
in rapid viscoanalyzer (rva) pasting properties between
native and annealed wheat and maize starches (Table
2). Rva pasting characteristics of native and annealed
wheat, potato, pea, and rice starches were studied
(Jacobs et al., 1995, 1996). The published data show
that the effects of annealing on the pasting curves
depend on the botanical source of the starch investigated
and the measuring instrument (Table 2). Furthermore,
the heating/cooling rate applied in the instrument was
found to be important in determining the way in which
the starch pasting curve is altered by annealing (Jacobs
et al., 1996). Apparently, annealed starches are less
sensitive toward heating rate and shearing time than
the corresponding native starches (Jacobs et al., 1996).
Hoover and Vasanthan (1994c) studied the flow proper-
ties of gelatinized suspensions of native and annealed
starches with a cone and plate viscometer. Depending
on the starch botanical source, they found an increase
or a decrease in the apparent viscosity as a result of
annealing.

Impact of Annealing on Starch Swelling Power and
Solubility. Swelling power and amylose leaching were
found to decrease after annealing of wheat (Lorenz and
Kulp, 1978; Hoover and Vasanthan, 1994b,c; Jacobs,
1998), potato (Kuge and Kitamura, 1985; Hoover and
Vasanthan, 1994b,c), and oat and lentil (Hoover and
Vasanthan, 1994b,c) starches.

Impact of Annealing on Dynamic Rheological Char-
acteristics of Starch Gels. The elastic moduli (G′) of 20.0
and 9.9% gels of annealed wheat starches were higher
than those of the starting materials, indicating an
increased rigidity of the annealed starch granules
(Jacobs, 1998).

Impact of Annealing on the Susceptibility of Granular
Starch to Acid Hydrolysis. The annealing treatment
affects the susceptibility of granular starches to acid
hydrolysis. Hoover and Vasanthan (1994b) found a
∼5% decrease in the degree of hydrolysis of annealed
wheat, potato, and lentil starches after 20 days of acid
hydrolysis (2.2 M HCl, 35 °C) but an increased suscep-
tibility (+14%) of annealed oat starch. We also found
a slight (∼5%) decrease in the susceptibility of potato
starch to acid hydrolysis (20 days, 2.2 M HCl, 35 °C).
However, for wheat and pea starches, no differences in
susceptibility were observed between native and an-
nealed starches (Jacobs et al., 1997). After lintneriza-
tion of wheat, potato, and pea starches, differences in
DSC characteristics between native and one- and two-
step annealed samples almost disappeared (Jacobs et
al., 1998a). For 7 and 20 days lintnerized wheat
starches, 7 days lintnerized potato starches, and 20 days
lintnerized pea starches, the chain length distribution
patterns [determined by high-performance anion ex-
change chromatography (HPAEC)] showed a higher
average DP and/or a slightly higher proportion of singly
branched (DP 22-30) to short linear (DP 10-18) chains
for the annealed than for the corresponding native
samples. It is suggested that, as a result of annealing,
the branch points of amylopectin become more resistant
to acid attack, leading to a higher proportion of singly
branched to short linear chains and/or a higher relative
amount of multiply branched (DP > 35) chains (Jacobs
et al., 1998a).

Impact of Annealing on the Susceptibility of Granular
Starch to Enzymic Hydrolysis. Gough and Pybus (1971)
and Lorenz and Kulp (1980) found annealing to increase

the susceptibility of wheat starch to degradation with
Bacillus subtilis R-amylase or a fungal R-amylase,
respectively. Likewise, annealing was found to increase
enzymic susceptibility of annealed barley (Lorenz and
Kulp, 1984; Lauro et al., 1993) and oat (Hoover and
Vasanthan, 1994b) starches. For annealed potato starch,
however, Kuge and Kitamura (1985) observed a de-
creased susceptibility to B. subtilis R-amylolysis. A
slightly decreased degree of solubilization of wheat,
potato, and lentil starches, after 72 h of porcine pan-
creatic R-amylolysis, was reported by Hoover and Vas-
anthan (1994b). In a recent study (Jacobs et al., 1997),
we found the impact of one- and two-step annealing on
susceptibility to pancreatin hydrolysis to depend on
starch botanical origin and/or the crystal type. In the
first rapid phase of hydrolysis, the enzyme resistance
was increased for one-step-annealed pea starch and
annealed potato starches and was approximately un-
changed for annealed wheat starches and two-step
annealed pea starch. However, in the second slower
phase, annealed wheat and pea starches were hydro-
lyzed to a larger extent than the corresponding native
starches (although not significantly for wheat), whereas
annealed potato starches were even more resistant to
pancreatic R-amylolysis than native potato starch (Ja-
cobs et al., 1997). DSC and 13C CP/MAS NMR evidence
indicated that annealing increased the susceptibility of
double-helical structures in the wheat starch granule
toward pancreatin hydrolysis (Jacobs et al., 1997).

Heat-Moisture Treatment. Definition. Heat-
moisture treatment of starch is defined as a physical
treatment that involves incubation of starch granules
at low moisture levels, that is, below 35% water (w/
w), during a certain period of time, at a temperature
above the glass transition temperature but below the
gelatinization temperature. Temperature-moisture con-
ditions for heat-moisture treatments, however, have
often been chosen without consideration of the exact
gelatinization temperature of the starch at the moisture
level investigated. Therefore, some of the reported
results on heat-moisture treatments may have been
influenced by partial gelatinization (Eerlingen et al.,
1996). Heat-moisture treatment conditions for starches
of different botanical origin are summarized in Table
3. Heat-moisture treatment is suggested to occur
during drying of wheat grains (temperature reaching
80 °C and moisture content reaching 9.7%) (Zamponi
et al., 1990).

Effects of Heat-Moisture Treatment on Starch Gran-
ule Morphology and Crystallinity. After heat-moisture
treatment of maize, wheat, yam, lentil, and potato
starches, no changes in external morphology were
observed (Kulp and Lorenz, 1981; Stute, 1992; Hoover
and Vasanthan, 1994a; Franco et al., 1995; Hoover and
Manuel, 1996). However, Kawabata et al. (1994) ob-
served formation of cracks on the surface of treated
maize and potato starches, together with a hollow inside
the granule.

A characteristic effect of heat-moisture treatment is
the evolution of the WAXS pattern from the B- to the
A- (or C-) type for potato starch (Sair, 1967; Donovan
et al., 1983; Kuge and Kitamura, 1985; Stute, 1992;
Hoover and Vasanthan, 1994c; Kawabata et al., 1994)
and also for yam starch (Hoover and Vasanthan, 1994c).
Such a shift from B- to A-crystal type as a result of
heat-moisture treatment was confirmed by 13C CP/
MAS NMR based on variations in C-1 multiplicity
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(Gidley and Bociek, 1985). However, for potato starch,
not all temperature-moisture conditions induce such
a shift from B- to A-type crystallinity (R. C. Eerlingen,
Katholieke Universiteit Leuven, Heverlee, Belgium,
unpublished results). For arrowroot and cassava
starches, a shift from C- to A-type was observed (Lorenz
and Kulp, 1982). Such transitions were not observed
after annealing. The A-type pattern of cereal starches
is unchanged after heat-moisture treatment and shows
unchanged or increased intensities (Sair, 1967; Fukui
and Nikuni, 1969; Donovan et al., 1983; Radosta et al.,
1992; Hoover and Vasanthan, 1994a; Franco et al., 1995;
Hoover and Manuel, 1996). However, some authors
found decreased X-ray intensities for some heat-
moisture-treated barley and triticale (Lorenz and Kulp,
1982), cassava (Abraham, 1993), and maize (Franco et
al., 1995) starches.

Impact of Heat-Moisture Treatment on Starch Double-
Helix Content. 13C CP/MAS NMR spectra of native and
heat-moisture-treated potato starches were not signifi-
cantly different (Eerlingen, unpublished results). On
the basis of the work by Gidley and Bociek (1985), this
means that there are either no changes in double-helix
content as a result of heat-moisture treatment or that
they are below the detection limit.

Impact of Heat-Moisture Treatment on Amylose-
Lipid Complexes in the Starch Granule. In some cases,
for cereal starches, development of two new peaks,
characteristic for the V-type pattern (attributed to
crystalline amylose-lipid complexes), was observed
(Fukui and Nikuni, 1969; Kawabata et al., 1994). Such
indication of formation of crystalline amylose-lipid
complexes as a result of annealing was found only for
barley starches (Lorenz and Kulp, 1984).

Donovan et al. (1983) found an unchanged DSC
amylose-lipid dissociation endotherm after heat-
moisture treatment of wheat starch. For wheat and
maize starches, Hoover and Vasanthan (1994a) and

Hoover and Manuel (1996) observed a decreased appar-
ent amylose content, indicating extra formation of
amylose-lipid complexes as a result of heat-moisture
treatment.

Impact of Heat-Moisture Treatment on Starch Gela-
tinization Characteristics. As for annealing, heat-
moisture treatment increases the gelatinization tem-
perature,but, incontrastwiththenarrowergelatinization
temperature range observed after annealing, this range
was broadened (Sair, 1967; Kulp and Lorenz, 1981;
Donovan et al., 1983; Radosta et al., 1992; Stute, 1992;
Kobayashi, 1993; Hoover et al., 1993, 1994; Hoover and
Vasanthan, 1994a; Eerlingen et al., 1996; Hoover and
Manuel, 1996) or unchanged (Eerlingen et al., 1996;
Hoover and Manuel, 1996) after heat-moisture treat-
ment. In some cases, a biphasic endotherm (in excess
water) was observed after treatment of wheat, potato,
or rye starches (Donovan et al., 1983; Radosta et al.,
1992; Kobayashi et al., 1993). The gelatinization en-
thalpies were decreased (Donovan et al., 1983; Kuge and
Kitamura, 1985; Radosta et al., 1992; Stute, 1992;
Kobayashi, 1993; Hoover et al., 1994; Hoover and
Vasanthan, 1994c; Eerlingen et al., 1996) or unchanged
(Kuge and Kitamura, 1985; Hoover et al., 1993, 1994;
Hoover and Vasanthan, 1994c; Eerlingen et al., 1996;
Hoover and Manuel, 1996).

Impact of Heat-Moisture Treatment on Starch Past-
ing Characteristics. Kulp and Lorenz (1981), Kuge and
Kitamura (1985), Stute (1992), and Hoover and Vasan-
than (1994c) investigated the impact of heat-moisture
treatment on the viscograph or rapid viscoanalyzer
pasting properties of potato starch. A higher onset
temperature of viscosity development, a lower peak
viscosity, and a higher or lower end viscosity (depending
on the treatment conditions) were observed. The same
observations were made for cassava (Lorenz and Kulp,
1982; Abraham, 1993), maize (Schierbaum and Kettlitz,
1994; Franco et al., 1995; Hoover and Manuel, 1996),

Table 3. Heat-Moisture Treatment Conditions for Starches, Cited in the Literature

starch
temp
(°C) time

water
content (%) reference

arrowroot and barley 100 16 h 18-27 Lorenz and Kulp (1982)
cassava 100 16 h 18-27 Lorenz and Kulp (1982)

110 3-16 h 18-24 Abraham (1993)
maize (normal, waxy, 95-110 16 h 18-27 Sair (1967)

high amylose 120 30/180 min 25 Fukui and Nikuni (1969)
? ? ? Kobayashi (1993)
125 5/20 min 14 Kawabata et al. (1994)
100 4 h 25 Schierbaum and Kettlitz (1994)
100 16 h 18-27 Franco et al. (1995)
100 16 h 30 Hoover and Manuel (1996)

lentil and oat 100 16 h 10-30 Hoover and Vasanthan (1994a,c); Hoover et al. (1994)
pea 100 16 h 30 Hoover et al. (1993)
potato 95-110 16 h 18-27 Sair (1967)

100 16 h 18-27 Lorenz and Kulp (1981); Kulp and Lorenz (1981);
Donovan et al. (1983)

80-120 15-60 min 5-27 Kuge and Kitamura (1985)
110/120 140/240 min 20 Stute (1992)
? ? ? Kobayashi (1993)
100 16 h 10-30 Hoover and Vasanthan (1994a,c); Hoover et al. (1994)
110 30 min 16.5 Kawabata et al. (1994)
84-105 16 h 20-35 Eerlingen et al. (1996, 1997)

rice 120 30/180 min 25 Fukui and Nikuni (1969)
rye 100 4 h 22/25 Radosta et al. (1992); Schierbaum and Kettlitz (1994)
triticale 100 16 h 18-27 Lorenz and Kulp (1982)
wheat 120 30/180 min 25 Fukui and Nikuni (1969)

100 16 h 18-27 Lorenz and Kulp (1981); Kulp and Lorenz (1981);
Donovan et al. (1983)

100 16 h 10-30 Hoover and Vasanthan (1994a,c); Hoover et al. (1994)
100 4 h 25 Schierbaum and Kettlitz (1994)

yam 100 16 h 10-30 Hoover and Vasanthan (1994c)
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wheat (Kulp and Lorenz, 1981), rye (Schierbaum and
Kettlitz, 1994), and lentil, oat, and yam (Hoover and
Vasanthan, 1994a) starches. An overall increase in
heat-moisture-treated wheat starch viscosity was noted
by Hoover and Vasanthan (1994a). Hoover and Vas-
anthan (1994c) also found significant effects of heat-
moisture treatment on the flow properties of gelatinized
starch suspensions, using a cone and plate viscometer.

Impact of Heat-Moisture Treatment on Starch Swell-
ing Power and Solubility. Swelling power and carbo-
hydrate leaching were generally found to decrease as a
result of heat-moisture treatment (Sair, 1967; Kulp and
Lorenz, 1981; Kuge and Kitamura, 1985; Hoover et al.,
1993, 1994; Hoover and Vasanthan, 1994a,c; Hoover and
Manuel, 1996), as was also found after annealing.
Eerlingen et al. (1996) found no direct relationship
between temperature and/or moisture content during
treatment and the extent of the effect on swelling power
or solubility. An increased solubility was observed for
heat-moisture-treated wheat (Kulp and Lorenz, 1981),
rye (Radosta et al., 1992), and barley and triticale
(Lorenz and Kulp, 1982) starches.

Impact of Heat-Moisture Treatment on Dynamic
Rheological Characteristics of Starch Gels. The extent
to which the elastic moduli (G′) of the potato starch gels
were affected after different temperature-moisture
treatment conditions could, on the basis of the theory
of Steeneken (1989), be explained for all starch concen-
trations investigated (3.0, 6.6, and 20% w/w), in terms
of swelling power, close packing concentration, and the
starch concentration used. Thus, for those starches in
the concentrated regime, G′ values were determined by
the rigidity of the granules and G′ increased with
decreasing swelling power. For the starches in the
diluted regime, G′ increased with increasing swelling
power (Eerlingen et al., 1997).

Impact of Heat-Moisture Treatment on the Suscep-
tibility of Granular Starch to Acid Hydrolysis. The
susceptibility to acid hydrolysis decreased after treat-
ment of maize (Hoover and Manuel, 1996), pea (Hoover
et al., 1993), potato (Hoover and Vasanthan, 1994a), and
wheat, lentil, oat, and yam (Hoover and Vasanthan,
1994a) starches. However, for oat, potato, and yam
starches, Hoover and Vasanthan (1994a) noted an
increased solubilization during the first 7 days of
hydrolysis. The increase in DSC transition temperature
of lintnerized potato starches was less for the heat-
moisture-treated samples than for the native one (Ee-
rlingen, unpublished results). Despite differences in the
degree of hydrolysis, no significant changes in chain
length distibutions (measured by HPAEC) of lintnerized
native or heat-moisture-treated potato starches, before
and after debranching, were found (Eerlingen, unpub-
lished results). This contrasts with observations made
after annealing (Jacobs et al., 1998a). The difference
in behavior cannot be rationalized at present.

Impact of Heat-Moisture Treatment on the Suscep-
tibility of Granular Starch to Enzymic Hydrolysis.
Depending on botanical origin and treatment conditions,
increased or decreased susceptibilities to enzymic hy-
drolysis were observed as a result of heat-moisture
treatment (Kulp and Lorenz, 1981; Lorenz and Kulp,
1982; Kuge and Kitamura, 1985; Hoover et al., 1993;
Kobayashi, 1993; Hoover and Vasanthan, 1994a; Kawa-
bata et al., 1994; Franco et al., 1995; Hoover and
Manuel, 1996). The reasons for the different behaviors

are likely to be ascribed to variations in starch source
as well as to differences in treatment conditions.

Major Differences between the Effects of An-
nealing and Heat-Moisture Treatment. The effects
of annealing and heat-moisture treatment on starch
are most readily differentiated using WAXS and DSC.

(1) Whereas annealing hardly affects WAXS patterns,
heat-moisture treatment changes B-type patterns into
A- (or C-) type patterns.

(2) Whereas annealing drastically narrows DSC ge-
latinization endotherms, these endotherms are broad-
ened after heat-moisture treatment.

DISCUSSION AND SUGGESTIONS FOR FUTURE WORK

Despite a broad description in the literature of the
changes in physicochemical properties of starches of
different botanical origin that occur as a result of
hydrothermal treatments, the exact molecular mecha-
nism(s) of these treatments remain(s) unknown.

Possible explanations for the observed effects of
annealing (ANN) and heat-moisture treatment (HMT)
on starch properties include the following:

(1) Changes with Respect to the Crystallinity.
These are either (a) crystallite growth or perfection of
already existing crystallites (ANN: Lorenz and Kulp,
1980, 1984; Yost and Hoseney, 1986; Slade and Levine,
1987; Tester and Morrison, 1990b; Larsson and Elias-
son, 1991; Parades-Lopez and Hernandez-Lopez, 1991;
Tester et al., 1991; Seow and Teo, 1993; Muhrbeck and
Svensson, 1996; Jacobs et al., 1997, 1998,a,b; HMT:
Donovan et al., 1983; Hoover and Vasanthan, 1994a)
as also also observed when synthetic polymers are
annealed (Wunderlich, 1976); (b) changes in packing
arrangement of double helices in starch crystallites from
B- to A-type crystallinity (HMT: Sair, 1967; Donovan
et al., 1983; Kuge and Kitamura, 1985; Stute, 1992;
Hoover and Vasanthan, 1994a; Kawabata et al., 1994);
(c) partial melting and realignment of polymer chains
(ANN: Marchant and Blanshard, 1978), or (d) develop-
ment of new crystallites in the amorphous regions. This
may be formation of amylose crystallites (ANN: Krue-
ger et al., 1987a,b; HMT: Hoover and Manuel, 1996)
or formation of crystalline amylose-lipid complexes
(ANN: Lorenz and Kulp, 1984; HMT: Fukui and
Nikuni, 1969; Kawabata et al., 1994; Hoover and
Manuel, 1996).

(2) Changes with respect to the amorphous
fraction which have to do with increase in order,
without increase in crystallinity. Mentioned were (a)
increased interactions between amylose chains or be-
tween amylose and amylopectin (ANN: Nakazawa et
al., 1984; Knutson, 1990; Seow and Teo, 1993; Hoover
and Vasanthan, 1994b; Seow and Vasanti-Nair, 1994;
Jacobs et al., 1997, 1998a, 1998b; HMT: Hoover et al.,
1993, Hoover and Vasanthan, 1994a; Kawabata et al.,
1994); (b) extra formation of amylose-lipid complexes
(ANN: Lorenz and Kulp, 1984; HMT: Hoover and
Vasanthan, 1994a), or (c) transformation of amorphous
amylose into a helix (HMT: Lorenz and Kulp, 1982).

(3) Alterations of the interactions (coupling
forces) between crystallites and the amorphous
parts, for example, a reorientation of the crystallites
within the amorphous matrix (ANN: Stute, 1992).

Because, in a semicrystalline structure such as the
starch granule, crystalline and amorphous parts are
interdependent, in our opinion, changes with respect to
the crystallinity (1) and/or the amorphous fraction (2)
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evidently also affect these interactions between crystal-
line and amorphous parts.

For several starch physicochemical properties, the
observed effects of the treatments depend on starch
botanical origin and/or the treatment conditions (tem-
perature and moisture level). Most likely, the changes
that occur in the starch granule on a molecular level
during annealing or heat-moisture treatment, are a
combination of the above-mentioned possible explana-
tions.

SAXS, using synchrotron radiation, is a promising
technique for elucidating some unknown features of
starch granule structure (Cameron and Donald, 1992,
1993a,b; Jenkins et al., 1993, 1994; Jenkins and Donald,
1995; Jacobs et al., 1998b). In this respect, time-
resolved SAXS during the annealing (or heat-moisture)
treatment may provide more information on molecular
mechanisms of hydrothermal treatments. Also, small-
angle neutron scattering (SANS), which has been ap-
plied to native starches by Blanshard et al. (1984) and
more recently by Jenkins and Donald (1996) and Waigh
et al. (1996), seems promising for the investigation of
hydrothermal treatment effects on water distribution
in granular starches, because with SANS experiments
water concentrations in different regions of the granule
can be determined. Recently (Buléon et al., 1997; Waigh
et al., 1997) X-ray microfocus diffraction experiments,
using a synchrotron source, made it possible to study
∼2 µm regions within one starch granule. The latter
technique could also be applied in the study of the effects
of hydrothermal treatments on starch molecular struc-
ture.

ABBREVIATIONS USED

ANN, annealing; HMT, heat-moisture treatment;
DP, degree of polymerization; WAXS, wide-angle X-ray
scattering; SAXS, small-angle X-ray scattering; SANS,
small-angle neutron scattering; 13C CP/MAS NMR, solid
state 13C cross-polarization/magic angle spinning nuclear
magnetic resonance; Tg, glass transition temperature;
DSC, differential scanning calorimetry; HPAEC, high-
performance anion exchange chromatography.
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