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Abstract

The objective of this work was to determine if annealing altered the susceptibility of different starches to enzyme hydrolysis. Five com-
mercial starches, including waxy corn, common corn, Hylon V, Hylon VII, and potato, were annealed by a multiple-step process, and
their susceptibility to a-amylase and glucoamylase and the physicochemical properties of the hydrolyzed native and annealed starches
were determined. During 36 h of enzyme hydrolysis, significant differences were noted between annealed starch and its native counterpart
in the extent of a-amylolysis for Hylon V, Hylon VII, and potato, and in the extent of glucoamylolysis for potato. Waxy and common
corn starches were hydrolyzed to a greater degree by both enzymes when compared with the other starches. The apparent amylose con-
tent of both native and annealed starches decreased during a-amylolysis for all starches, but increased for Hylon V, VII, and potato
starches during glucoamylolysis. Most native and annealed starches exhibited comparable or increased peak gelatinization temperatures
and comparable or decreased gelatinization enthalpy on hydrolysis with the exception of annealed potato starch, which showed a sig-
nificant decrease in peak gelatinization temperature on hydrolysis. Annealed starches displayed significant higher peak gelatinization
temperatures than their native counterparts. The intensity of main X-ray diffraction peaks of all starches decreased upon hydrolysis,
and the changes were more evident for glucoamylase-hydrolyzed starches. The annealing process allowed for a greater accessibility of
both enzymes to the amorphous as well as the crystalline regions to effect significant changes in gelatinization properties during enzyme
hydrolysis.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Annealing is the process of incubating starch in excess
water at a temperature above the glass transition temper-
ature but below the gelatinization temperature of the
starch (Yost & Hoseney, 1986). Under the annealing
conditions, the amorphous starch molecules become
mobile and reorganize to form an enhanced crystalline
structure, resulting in an increase in starch overall
crystallinity (Jacobs, Eerlingen, Rouseu, Colonna, & Del-
cour, 1998; Nakazawa & Wang, 2003; Waduge, Hoover,
Vasanthan, Gao, & Li, 2006; Yost & Hoseney, 1986).
Annealing, however, does not change the X-ray diffrac-
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tion pattern (Stute, 1992). Although the molecular mech-
anism of starch annealing is still not well elucidated,
several explanations have been proposed, such as the
twisting of unordered free ends of amylopectin A-chains
(Kiseleva et al., 2005), an improved alignment of amylo-
pectin double helices within the crystalline lamellae (Kis-
eleva et al., 2005), and an enhanced glassy structure of
the amorphous lamellae (Tester & Morrison, 1990). Fur-
thermore, annealing affects physiochemical properties
such as increased gelatinization temperatures and nar-
rowed gelatinization temperature ranges with increased
or unchanged enthalpy values (Hoover & Vasanthan,
1994; Knutson, 1990; Kohyama & Sasaki, 2006; Stute,
1992).

The susceptibility of native starch granules to amylo-
lytic enzymes has been studied (Gallant, Bouchet,
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Buleon, & Perez, 1992; Lauro, Suortti, Autio, Linko, &
Poutanen, 1993; Leach & Schoch, 1961; Zhou, Hoover,
& Liu, 2004). A biphasic trend has been observed with
an initial rapid hydrolysis of the amorphous regions
(Franco, Ciacco, & Tavares, 1988; Gallant et al., 1992;
Hoover & Vasanthan, 1994; Zhou et al., 2004) followed
by a decreased hydrolysis. Some researchers proposed
that the amorphous and crystalline regions were hydro-
lyzed at a similar ratio (Lauro, Forssell, Suortti, Hull-
eman, & Poutanen, 1999; Leach & Schoch, 1961; Lin
et al., 2006).

Starches of different sources display considerable dif-
ferences in their susceptibility to enzyme action. Potato
starch with B-type X-ray diffraction pattern is more resis-
tant to amylolysis than are cereal starches with A-type
pattern. Kimura and Robyt (1996) proposed that potato
starch had a higher degree of crystallinity than the one
measured by X-ray diffractometry. They proposed that
the double helical chains in potato starch were formed
by both amylose and amylopectin but not associated
with each other; therefore the measured crystallinity of
potato starch is relatively low. Jane, Wong, and McPher-
son (1997) postulated that the difference in amylolysis
among different crystalline types arrived from variation
in the location of their amylopectin branch points. The
presence of more A-chains (DP 6–12) and branch link-
ages in the crystalline lamellae of A-type starches pro-
duced ‘weak’ points that were more susceptible to
enzyme hydrolysis. In B-type starches more branch
points are found in the amorphous region and thereby
provide a more superior crystalline structure that is resis-
tant to hydrolysis. Gallant, Bouchet, and Baldwin (1997)
proposed that a-amylolysis was affected by the size and
arrangement of starch molecules in the amorphous and
crystalline lamellae and their interactions with non-starch
components. Recently, Zhou et al. (2004) proposed that
the formation of crystalline regions from hydrolyzed
amylose chains during hydrolysis could also hinder the
accessibility of a-amylase to glucosidic bonds. Some
researchers proposed that the resistance of potato starch
(B-type) to enzyme hydrolysis may be attributed to its
larger blocklets arranged near the surface compared with
smaller blocklets in A-type starches (Baldwin, Adler,
Davies, & Melia, 1998; Gallant et al., 1992, 1997; Lin
et al., 2006).

Recently, Nakazawa and Wang (2003, 2004) demon-
strated that in addition to perfecting the crystalline struc-
ture, annealing also created void, porous structure that
allowed for more rapid hydrolysis by acid. However,
the enzyme susceptibility of native annealed starches
has been limited reported. The objective of this study
was to investigate the effect of annealing on the suscep-
tibility of starches to the degradation by a-amylase, an
endo-enzyme, and glucoamylase, an exo-enzyme.
Starches of different sources and amylose contents were
included to better understand their impacts on enzyme
hydrolysis after annealing.
2. Materials and methods

2.1. Materials

Native waxy corn, common corn, Hylon V (50%
amylose), and Hylon VII (70% amylose) starches were
kindly donated by National Starch and Chemical
Company (Bridgewater, NJ). Potato starch was obtained
from Avebe America Inc. (Princeton, NJ). a-Amylase
and glucoamylase were purchased from Sigma–Aldrich
(St. Louis, MO) and used as received without further treat-
ment. One unit of a-amylase (A-7595; Bacillus amylolique-

faciens, 288,000 U/mL) will dextrinize 5.26 g starch (db)
per hour under standard conditions. One unit of glucoam-
ylase (A-3042; Aspergillus niger, 11,500 U/mL) will produce
1.0 mg of glucose from starch in 3 min at pH 4.5 and 55 �C.

2.2. Preparation of annealed starch

Starches were annealed by a multiple-step process as
described in Nakazawa and Wang (2003). A multi-step
annealing process was employed because it has been shown
to produce higher gelatinization temperatures and more
perfect reorganization than either one or two-step pro-
cesses (Knutson, 1990). Starch (100 g, db) and distilled
water (300 mL) were placed in a 500-mL beaker, covered
with aluminum foil, and incubated at 40 �C and then
5 �C higher intervals until 55, 55, 60, 60, and 55 �C for
waxy corn, common corn, Hylon V, Hylon VII, and
potato, respectively. The highest annealing temperature
for each starch was selected according to the results by
Nakazawa and Wang (2003). Starch was annealed at each
annealing temperature for 24 h. After the annealing treat-
ment, starch was filtered through a Whatman No. 4 filter
paper and dried at room temperature.

2.3. Enzymatic hydrolysis of starch granules

A slurry containing 12.5 g starch (db), native or
annealed, and 37.5 mL buffer was incubated at 50 �C with
constant shaking at 145 rpm in a reciprocating shaker
(Boekel Scientific, Feasterville, PA). The buffer in a-amy-
lolysis was 20 mM phosphate buffer at pH 6.9, whereas
that of the glucoamylolysis was 20 mM acetate buffer at
pH 4.5. Hydrolysis was initiated by the addition of 200 U
enzyme/g dry starch to the slurry. Aliquots of 5 mL were
taken after 1 h and frequently thereafter until 36 h. At least
4 slurry samples were prepared for each starch type for the
enzyme hydrolysis in order to collect duplicate samples
during the course of 36 h. The aliquots were centrifuged
at 1520g for 15 min, and the supernatant was immediately
determined for soluble sugars content by using the phenol-
sulfuric method (Dubois, Gilles, Hamilton, Rebers, &
Smith, 1956). The starch was dried in a 40 �C oven for
48 h, powdered, and sieved through a US Standard Sieve
#100 with a sieve opening of 150 lm. Two hydrolyzed sam-
ples were prepared from each starch type for each enzyme.



S. O’Brien, Y.-J. Wang / Carbohydrate Polymers 72 (2008) 597–607 599
Degree of hydrolysis ð%Þ

¼ Solublized sugars produced by enzyme hydrolysis

Total starch weight ðd:b:Þ �100
Table 1
Degree of hydrolysis (%) of native and annealed starches by a-amylase and
glucoamylase*

Duration (h) a-Amylolysis Glucoamylolysis

Native Annealed Native Annealed

Waxy corn 5 13.6c 18.6b 39.7a 44.8a

15 21.1c 22.5b 56.2a 59.2a

36 30.0b 30.6b 66.7a 67.6a

Common corn 5 12.5c 18.7b 25.6a 29.0a

15 21.6b 24.9b 39.0a 42.9a

36 26.9d 27.7c 48.7b 52.6a

Hylon V 5 8.2b 13.2a 11.3ab 11.9ab

15 12.0c 15.3b 20.9a 21.2a

36 13.6c 16.0b 26.3a 26.3a

Hylon VII 5 5.9b 8.7a 7.2a 8.5a

15 9.3c 11.9b 15.3a 15.8a

36 11.1d 13.3c 21.1a 20.2b

Potato 5 3.3b 10.2a 1.8b 11.2a

15 7.7b 14.2a 4.7c 14.1a

36 12.2b 15.9a 11.3b 15.6a

* Means of two measurements followed by a common letter in the same
row are not significantly different (p < .05).
2.4. Apparent amylose content

The amylose content of enzyme-treated native and
annealed starches was calorimetrically determined accord-
ing to the method of Juliano et al. (1981). Potato amylose
(Sigma A-0512) and waxy rice starch were used to con-
struct the standard curve.

2.5. Starch morphology

Scanning electron micrographs of enzyme-treated native
and annealed starches were taken with a Philips XL-30
scanning electron microscope (Philips Electron Optics,
Eindhoven, Netherlands) at an accelerating voltage of
6.0 kV. Starch granules were sprinkled onto double-backed
cellophane tape attached to a stub before coating with
gold-palladium.

2.6. Thermal properties

Thermal properties were assessed by a Perkin-Elmer
Pyris-1 differential scanning calorimetry (DSC, Perkin-
Elmer Co., Norwalk, CT). The instrument was calibrated
with indium and an empty pan was used for reference.
Starch (�4.0 mg, d.b.) was weighed into an aluminum
DSC pan and then moistened with 8.0 lL of deionized
water using a microsyringe. The pan was hermetically
sealed and allowed to stand for 1 h prior to analysis. The
sample was scanned from 25 �C to 130 �C at a rate of
10 �C/min. The onset (To), peak (Tp) and conclusion (Tc)
gelatinization temperature and enthalpy (DH) were auto-
matically computed. Because of the thermograms of Hylon
V and VII were not symmetrical and difficult to precisely
determine by using the software, gelatinization tempera-
tures were manually determined, and a planimeter (Model
L-30, Los Angeles Scientific Instrument Co., Inc., Los
Angeles, CA) was used to determine DH by measuring
the area under the transition peak.

2.7. X-ray diffraction

X-ray diffraction patterns of starches were obtained by a
Phillips Analytical diffractometer (Philips, Almelo, Nether-
lands) with a copper anode X-ray tube. The diffractometer
was operated at 27 mA and 50 kV, and the reflection angle
(2h) was from 5� to 45� at 0.1� step size with a count time of
2 s. A 100% relative humidity chamber was used to equili-
brate starch samples for 24 h prior to scanning. The total
area and amorphous area were measured with a planime-
ter. A straight line connecting the two points at 5� and
45� was drawn and considered as the baseline. All the base
points of each diffraction peak from 5� and 45� was drawn
as a border line separating the crystalline and amorphous
regions. The area above the border line was the crystalline
region, and the area under the line was the amorphous
region. The relative crystallinity (%) was calculated as
follows.

Relative crystallinity ð%Þ ¼ Total area�Amorphous area

Total area

� 100
2.8. Experimental design

A 5 · 2 · 2 completely randomized design (CRD) (5
starch types, with and without annealing treatment, and
two enzymes) was used. Each combination and subsequent
analysis was performed in duplicate. Data were statistically
analyzed by the JMP program (Version 6, SAS Software
Institute, Inc. Cary, NC). Analysis of variance (ANOVA)
was used to detect significant differences and Student’s t

test (p < .05) was used to identify significantly different
means. All significant differences were reported at the
95% confidence interval.

3. Results and discussion

3.1. Enzymatic hydrolysis of starch granules

Two different types of amylolytic enzymes, a-amylase,
an endo-enzyme, and glucoamylase, an exo-enzyme, were
employed in this study to understand if annealing would
affect their degradation rates and extents differently. Five
starches were studied to relate their changes in physico-
chemical properties to starch type upon hydrolysis.
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Waxy corn starch is a cereal starch that has �100%
amylopectin and A-type X-ray diffraction pattern. Corn
starch is a cereal starch (A-type) that has �27% amylose
and �73% amylopectin. Hylon V is a cereal starch (B-
type) that has �50% amylose and �50% amylopectin.
Hylon VII is a cereal starch (B-type) that has �70%
amylose and �30% amylopectin. Potato starch is a tuber
starch (B-type) that has �20% amylose and 80% amylo-
pectin. Selected results of enzyme hydrolysis of native
and annealed starches are listed in Table 1, and all
results are depicted in Fig. 1. The results showed that
the hydrolysis kinetics of native and annealed starch
granules was affected by annealing treatment and starch
type.

The extent of hydrolysis by a-amylase followed the
order: waxy corn � common corn > Hylon V � Hylon
VII � potato for both native and annealed starches
(p < .05). The hydrolysis by glucoamylase followed the
order of waxy corn > common corn > Hylon V � Hylon
VII > potato for native starches, and the order of waxy
corn > common corn > Hylon V � Hylon VII � potato
Fig. 1. Percent hydrolysis by a-amylase or glucoamylase of native (–4–) and
potato starches over 36 h.
for annealed starches (p < .05). A much faster hydrolysis
at the initial stage was observed for most annealed starches
when compared with their native ones. During the course
of 36-h hydrolysis, there were significant differences
between the annealed starch and its native counterpart in
the extent of a-amylolysis for Hylon V, Hylon VII, and
potato, and in the extent of glucoamylolysis for potato.
Native potato displayed a linear gradual increase in hydro-
lysis with time, whereas annealed potato exhibited a rapid
increase at the initial stage and then reached a plateau of
�16% conversion.

Kimura and Robyt (1995) and Yook and Robyt
(2002) reported a similar trend with native starches by
glucoamylase and a-amylase, respectively. Waxy maize
starch was found to be most susceptible to glucoamylase,
followed by an intermediate group of barley, maize, and
tapioca starch, and then the least susceptible group of
potato, amylomaize-7 and shoti starches (Kimura &
Robyt, 1995). The extent of conversion by both porcine
pancreatic a-amylase and B. amyloliquefaciens a-amylase
followed the order of waxy maize � maize > amylomaize-
annealed (—h—) waxy corn, common corn, Hylon V, Hylon VII, and



Table 2
Apparent amylose content (%, starch dry basis) of native and annealed
starches after a-amylolysis and glucoamylolysis*

Duration (h) a-Amylolysis Glucoamylolysis

Native Annealed Native Annealed

Common corn 0 27.9a 24.7b 27.9a 24.7b

5 22.1b 17.0c 23.9a 25.0a

15 21.4b 18.2c 25.6a 26.6a

36 12.8b 10.3c 19.1a 18.5a

Hylon V 0 52.7a 48.5b 52.7a 48.5b

5 46.0b 42.5c 69.1a 68.5a

15 42.7a 40.4a 67.6a 66.0a

36 40.7b 38.2c 64.7a 64.0a

Hylon VII 0 70.5a 67.3b 70.5a 67.3b

5 60.1b 58.0c 87.2a 88.3a

15 50.3b 48.5c 82.2a 84.3a

36 47.9b 47.5b 78.3a 80.3a

Potato 0 21.9a 18.1b 21.9a 18.1b

5 20.1c 15.7d 46.3a 42.1b

15 15.1c 10.7d 52.1a 46.2b

36 15.2c 10.8d 48.5a 44.7b

* Means of two measurements followed by a common letter in the same
row are not significantly different (p < .05).
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7 > potato (Yook & Robyt, 2002). The high resistance to
amylolysis of potato starch was ascribed to its high per-
centage of double-helical chains formed by amylose and
amylopectin, whereas that of amylomaize-7 was attrib-
uted to a high percentage of inter-double-helical chain
association (Kimura & Robyt, 1995). The high amylose
content probably hindered the enzyme action by interact-
ing among them and/or with amylopectin during
hydrolysis.

Wang, Powell, and Oates (1997) studied the annealing
effect on the hydrolysis of sago starch granules by a mix-
ture of a-amylase and glucoamylase. They reported that
annealed sago starch was more susceptible to enzyme
hydrolysis, which was proposed to result from disruption
of hydrogen bonding between the amorphous and crystal-
line regions and a slight expansion of the amorphous
region after annealing. However, it was later reported that
annealing did not change the crystalline and amorphous
lamellae repeat distance in wheat and potato starches
(Jacobs et al., 1998). Nakazawa and Wang (2003) observed
more rapid acid hydrolysis of annealed starches relative to
their native counterparts, and proposed the formation of
more porous structures as a result of annealing. These por-
ous structures might or might not enhance enzyme hydro-
lysis, which possibly depends on starch type and enzyme
type.

The reordering from annealing did not change a-amylol-
ysis nor glucoamylolysis of waxy corn and common corn,
but increased a-amylolysis of Hylon V, VII, and potato
and glucoamylolysis of potato. The more compact A-type
structure might not allow for sufficient change in terms of
the porous structure from annealing (Nakazawa & Wang,
2003) to promote enzyme hydrolysis. On the other hand,
potato starch exhibited the most increase in degree of
enzyme hydrolysis after annealing, presumably due to its
B-type less compact structure. Annealed Hylon V and
VII exhibited a similar extent of glucoamylolysis but
increased a-amylolysis when compared with their native
ones. It is known that the action of B. amyloliquefaciens

a-amylase involves multiple attacks along a binding site
having nine D-glucosyl residues (Robyt & French, 1963),
whereas glucoamylase requires a starch-binding domain
that is distinct from the starch-hydrolyzing domain (Stof-
fer, Frandsen, Busk, & Schneider, 1993; Svensson, Larsen,
Svendsen, & Boel, 1983). The different modes of action
between a-amylase and glucoamylase might contribute to
the observed differences in hydrolysis among different
starches.

3.2. Apparent amylose

The apparent amylose content (AAC) of native
starches decreased after annealing (Table 2), which was
attributed to amylose leaching out during the annealing
process (Nakazawa & Wang, 2003). The AAC of all
native and annealed non-waxy starches decreased during
a-amylolysis. All native and annealed starches, except
common corn, showed a continuous decrease in AAC
for the first 15 h with slight or no decrease thereafter,
while the AAC of common corn starch continued to
decrease from 15 h to 36 h of hydrolysis. The initial more
rapid decrease in AAC was assumed to result from
hydrolysis of amylose in the amorphous lamellae,
whereas the later decrease might be partly from the
hydrolysis of amylose that was present in the crystalline
lamellae. The decrease in AAC after 36 h was �55% for
common corn, �22% for Hylon V, �30 for Hylon VII,
and �30–40% for potato. The lower susceptibility of
Hylon starches could be due to crystallization of hydro-
lyzed amylose during a-amylolysis, which impeded the
further hydrolysis of amylose.

For glucoamylolysis, the AAC of native and annealed
common corn did not change significantly for the first
15 h of hydrolysis, and thereafter gradually decreased.
In contrast, a rapid increase in AAC was observed for
native and annealed Hylon V, VII, and potato during
the first 5 h of hydrolysis. The increase in AAC of Hylon
V and VII could be due to their smaller molecular
weight (MW) of amylose (Jane & Chen, 1992), which
is more prone to crystallization during glucoamylolysis.
The crystallization thereafter hindered the further hydro-
lysis by glucoamylase. In the meantime, amylopectin was
preferentially hydrolyzed by glucoamylase, thus resulting
in an increase in amylose ratio. On the other hand, the
AAC was more than doubled in hydrolyzed potato
starch, which could be ascribed to its substantially larger
MW of amylose than that of Hylon and common corn
amyloses (Jane & Chen, 1992). Thus more potato amylo-
pectin might be hydrolyzed before amylose was degraded
to become undetectable, consequently resulting in a
higher AAC.



Fig. 2. SEM photographs of annealed waxy corn, common corn, Hylon V, Hylon VII, and potato starches hydrolyzed by a-amylase for 15 h.
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3.3. Starch morphology

The representative SEM micrographs of hydrolyzed
annealed starches by a-amylase and glucoamylase are pre-
sented in Figs. 2 and 3. The annealing treatment did not
alter the appearance of hydrolyzed native starch granules
(micrographs not shown). There was no difference with
regard to patterns of enzymatic degradation between native



Fig. 3. SEM photographs of annealed waxy corn, common corn, Hylon V, Hylon VII, and potato starches hydrolyzed by glucoamylase for 15 h.
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and annealed starches for both enzymes. For waxy and
common corn starches, both a-amylase and glucoamylase
appeared to hydrolyze starch granules via multiple attacks
of localized digging, resulting in small pits into the granule.
It appeared that the pits were initiated from the nonreduc-
ing ends of the molecules located on the surface of the
granule. The presence and number of these hydrolyzed
regions did not appear to be correlated with specific areas



Table 3
Gelatinization properties of hydrolyzed native and annealed starches by a-amylase and glucoamylase: Tp: peak gelatinization temperature; Tc–To:
gelatinization temperature range (conclusion temperature � onset temperature); DH: gelatinization enthalpy*

Sample a-Amylolysis Glucoamylolysis

0 h 5 h 15 h 36 h 0 h 5 h 15 h 36 h

Waxy corn

Native Tp (�C) 72.8d 74.8c 75.0c 75.9b 72.8d 75.9b 75.6b 77.5a

Tc–To (�C) 13.0abc 13.8ab 12.1bcd 11.7cde 13.0abc 11.7cde 10.3ef 10.5def

DH (J/g) 14.7a 14.6a 15.0a 14.0a 14.7a 12.3b 11.1c 11.8b

Annealed Tp (�C) 77.0c 78.6b 79.1b 79.2a 77.0c 76.7b 80.9a 81.4a

Tc–To (�C) 6.6cd 7.8abc 7.7abc 8.6ab 6.6cd 7.4bcd 7.3bcd 7.3bcd

DH (J/g) 17.3a 15.2b 14.7b 12.8c 17.3a 13.1c 10.5d 10.4d

Common corn

Native Tp (�C) 72.3f 73.6e 74.9bcd 74.8bcd 72.3f 74.6cd 75.7ab 75.5abc

Tc–To (�C) 9.2a 9.3a 9.2a 8.8a 9.2a 8.5a 9.0a 8.4a

DH (J/g) 12.3ab 12.2abc 12.5ab 11.3bcd 12.3abc 10.5d 8.9e 9.1e

Annealed Tp (�C) 77.4b 78.5a 78.8a 78.3a 77.4b 78.2a 78.4a 78.8a

Tc–To (�C) 6.5bc 6.7abc 6.6bc 8.7ab 6.5bc 7.2abc 8.2abc 7.0abc

DH (J/g) 15.2a 12.7b 11.9c 10.9d 15.2a 11.7c 10.1e 9.2f

Hylon V

Native Tp (�C) 76.8a 78.1a 78.1a 79.2a 76.8a 79.9a 79.2a 78.9a

Tc–To (�C) 37.6ab 36.1abc 36.2abc 36.3abc 37.6ab 31.0cd 34.3bcd 35.2abc

DH (J/g) 16.8a 21.0a 20.3a 19.4a 16.8a 20.6a 20.3a 20.5a

Annealed Tp (�C) 77.2b 83.4a 83.4a 83.8a 77.2b 83.4a 82.3a 84.0a

Tc–To (�C) 31.8a 30.2a 30.1a 29.3a 31.8a 27.9a 30.0a 30.4a

DH (J/g) 19.2b 18.5b 16.2b 13.6c 19.2b 18.8b 22.3a 22.4a

Hylon VII

Native Tp (�C) 69.1d 77.2bc 79.5abc 81.2ab 69.1d 81.7ab 81.8ab 82.0ab

Tc–To (�C) 41.3a 38.2b 37.1b 35.3cd 41.3a 33.3de 34.9cd 34.0cde

DH (J/g) 16.3a 7.6b 9.1b 9.4b 16.3a 8.4b 9.3b 10.3b

Annealed Tp (�C) 86.9a 86.7a 87.0a 87.3a 86.9a 87.7a 87.7a 86.3a

Tc–To (�C) 38.8a 32.2b 30.3b 30.1b 38.8a 27.5c 27.7c 27.0c

DH (J/g) 20.1a 13.0b 12.3b 13.6b 20.1a 17.0a 17.2a 18.3a

Potato

Native Tp (�C) 67.3c 65.2d 67.1c 68.9b 67.3c 69.2b 69.7b 71.2a

Tc–To (�C) 15.1a 10.1bc 9.1bcd 10.0bc 15.1a 8.3bcd 9.1bcd 7.3cd

DH (J/g) 16.5a 15.2b 14.1c 15.0b 16.5a 15.1b 14.1c 15.0b

Annealed Tp (�C) 77.4a 71.2e 72.5bcd 72.5bcd 77.4a 72.6bcd 72.0cd 72.8bc

Tc–To (�C) 7.3bc 8.3abc 9.2abc 9.8ab 7.3bc 7.8bc 8.6abc 7.8bc

DH (J/g) 19.2a 16.0bc 15.1bcd 15.3bc 19.2a 14.9bcd 14.0cd 15.6bc

* Means of two measurements followed by a common letter in the same row are not significantly different (p < .05).
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on granules or with specific types of granules. Similar deg-
radation patterns were observed in starches during gluco-
amylolysis except that pits were larger and deeper into
granules as a result of more extensive hydrolysis (Table
1). For Hylon starches only a few granules were noted with
pits from limited hydrolysis (Table 1).

The mode of enzymatic attack of potato starch differed
from the extensive digging observed in corn starches.
Hydrolyzed potato starch showed a single hole on one
end of the granule with more extensive hydrolysis of the
internal regions of the granule, which agrees with the find-
ings by Wang et al. (1997). They observed that the internal
structure of annealed sago starch was rapidly digested by
a-amylase and glucoamylase, followed by slow surface ero-
sion. Recently Lin et al. (2006) reported that the end dis-
tant from the hilum of native lotus starch was more
susceptible to a-amylolysis. Digestion by enzymes would
affect the loosely packed internal region of the granule fas-
ter than the densely packed periphery, thus leaving an
empty shell. They concluded that this degradation pattern
was due to heterogeneous molecular organization.

3.4. Thermal properties

The gelatinization properties of native and annealed
starches and their granular residues after 5, 15, and 36 h
of hydrolysis by both enzymes as measured by DSC are
listed in Table 3. Native and annealed waxy and common



Fig. 4. X-ray diffraction patterns of unhydrolyzed and hydrolyzed annealed waxy corn, common corn, Hylon V, Hylon VII, and potato starches by a-
amylase for 36 h.

Table 4
Relative crystallinity (%) of native and annealed starches after a-amylolysis and glucoamylolysis for 36 h*

Starch Unhydrolyzed a-Amylase Glucoamylase

Native Annealed Native Annealed Native Annealed

Waxy corn 28.7b 29.9b 29.6b 30.7b 44.8a 46.5a

Common corn 23.9c 24.5c 20.0d 20.5d 29.9b 38.9a

Hylon V 28.7a 28.6a 29.1a 24.9b 22.6c 20.8c

Hylon VII 29.2ab 28.2ab 24.3cd 28.8abc 25.1cd 26.2bcd

Potato 36.6b 38.1a 33.6c 33.1c 32.9c 29.4d

* Means of two measurements followed by a common letter in the same row are not significantly different (p < .05).
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corn and native Hylon VII and potato exhibited increased
peak gelatinization temperatures (Tp) and decreased gelati-
nization enthalpy (DH) on hydrolysis. There was no signif-
icant change in Tp and DH for native Hylon V during
hydrolysis by both enzymes. Annealed potato starch was
the only starch that showed a decrease in Tp on hydrolysis.
Most starches displayed either decreased or unchanged
gelatinization temperature ranges (conclusion – onset tem-
perature) during the course of hydrolysis with the excep-
tion of annealed waxy corn.

The increase in Tp indicates hydrolysis of the amor-
phous structure by both enzymes because the amorphous
regions facilitate the melting of crystalline structure. The
decrease in DH on the other hand supports the hydrolysis
of the crystalline and helical structures. Therefore, the
present results suggest simultaneous hydrolysis of both
amorphous and crystalline structures of native and
annealed starches by both enzymes. The Tp of potato
starch showed the most increase after annealing from
67.3 �C to 77.4 �C among the starches, suggesting a highly
improved crystalline structure after annealing. The forma-
tion of enhanced ordered structures allowed for a signifi-
cant increase in the more porous structures, which might
subsequently promote more rapid hydrolysis the crystal-
line structures by enzymes, thus resulting in reduced Tp

on hydrolysis. Starches hydrolyzed by glucoamylase gen-
erally exhibited higher Tp, narrower gelatinization temper-
ature ranges, and lower DH values than those hydrolyzed
by a-amylase, assuming that the higher degree of hydroly-
sis by glucoamylase manifested changes in gelatinization
properties.

3.5. X-ray diffraction

The X-ray diffraction patterns of annealed starches
before and after 36 h of hydrolysis by a-amylase and gluco-
amylase are presented in Fig. 4. The X-ray diffraction pat-
terns of native starches were similar to their annealed
counterparts; therefore their results are not shown. The
native and annealed starches displayed typical A-type pat-
tern for waxy corn and common corn with main peaks at
15�, 17�, 18�, and 23�, and B-type pattern for Hylon V,
VII, and potato with main peaks at 5.6�, 14.4�, 17�, and
22�, and 24� (Zobel, 1964). Upon hydrolysis, all main
peaks decreased in intensity but the extent of decrease var-
ied. For waxy and common corn, the intensity of the main
peaks decreased slightly during a-amylolysis, but notice-
ably during glucoamylolysis. In contrast, the intensity of
the main peaks in Hylon V, VII, and potato significantly
reduced on hydrolysis, but the profiles and peak intensities
were similar regardless of enzymes. The peak at 20� is char-
acteristic for formation of amylose–lipid complex and
became more visible on hydrolysis for common corn and
Hylon starches. Waxy starch showed a major triplet peak
at 20� after glucoamylolysis. The X-ray diffraction patterns
clearly showed the reduction in peak intensity as well as in
amorphous area. Therefore, these results provide direct evi-
dences of simultaneous degradation of the amorphous as
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well as the crystalline structures by a-amylase and
glucoamylase.

The relative crystallinity of native and annealed
starches either unchanged or decreased during a-amylol-
ysis, but those of waxy and common corn increased and
those of Hylon V, VII, and potato decreased during
glucoamylolysis (Table 4). There was no difference in rel-
ative crystallinity for starches after annealing by both
enzymes, except Hylon V by a-amylase and potato by
glucoamylase. More crystalline structure was hydrolyzed
in annealed Hylon V by a-amylase and in annealed
potato by glucoamylase.

4. Conclusions

Annealed starches exhibited different properties from
native ones during a-amylolysis: higher degree of hydro-
lysis (potato and Hylon V and VII), lower AAC
(potato), higher Tp (all starches), and lower relative crys-
tallinity (Hylon V). During a-glucoamylolysis all
annealed starches displayed higher Tp, and annealed
potato showed an increase in degree of hydrolysis and
relative crystallinity when compared with the native ones.
The results of gelatinization and X-ray diffraction sup-
ported the simultaneous degradation of both amorphous
and crystalline structures during a-amylolysis and gluco-
amylolysis. Annealing promoted the formation of more
porous structures to allow for enhanced enzyme hydroly-
sis, which significantly change some physicochemical
properties such as gelatinization temperature but the
extent of change was affected by type of starch and
enzyme.
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