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Abstract The effects of gelatinization and gel storage
conditions on the formation of canna resistant starch (RS)
were investigated. Starch slurries (10%, dwb) were auto-
claved at 121 °C for 30, 60, and 120 min. The gels obtained
were subsequently stored at different temperatures (4 °C,
30 °C, and 100 °C) and times (0, 1, 3, 5, and 7 days).
Analyses of the RS content in gelatinized starch samples in
comparison with that in granular starch showed that the RS
fraction in granular starch was very high (97.3% w/w);
however, nearly all of the RS was thermally unstable, as
indicated by a great reduction in RS content (to 1.9% w/w)
after cooking at 100 °C for 20 min. The RS contents in
gelatinized starch samples were 12.0–15.9% w/w, which
were reduced to 7.9–10.8% w/w after cooking. Storage of
gels resulted in a significant increase in the amount of the
thermally stable RS fraction, e.g., a thermally stable RS
content of 16.8% w/w was found in the gel sample
gelatinized for 120 min and stored at 4 °C for 3 days. This

indicated that the ordered structures of the RS portion were
tightened under the storage conditions. The gelatinization
temperature of canna starch was 72.2 °C, whereas the RS
products exhibited two melting temperature ranges, 51.1–
76.3 °C and 163.1–165.1 °C, indicating that the newly
formed crystals were very strong.
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Introduction

Dietary starch has different physiological effects in humans
depending on its rate and extent of digestion. Starch has
been classified into rapidly digestible (RDS), slowly
digestible (SDS), and resistant starch (RS) according to
the rate of glucose release and its absorption in the
gastrointestinal tract (Englyst et al. 1992). RDS leads to a
rapid increase of blood glucose and insulin levels, whereas
SDS has moderate glycemic and insulinemic responses. RS
reduces starch availability for digestion and produces short-
chain fatty acids in the large bowel through fermentation;
this is beneficial for colon health and may protect against
colorectal cancer (Sajilata et al. 2006). Consequently, starch
ingredients with high levels of SDS and RS can improve
the nutritional function of foods (Gelencsér et al. 2008,
2010).

RS has been categorized into four types. Among
these, RS type 3 (retrograded starch) seems to be of
particular interest because of its physical and nutritional
functionality and thermal stability. RS type 3 is basically
produced by disruption of the starch granules by
gelatinization followed by reassociation of the starch
molecules dispersed (especially the amyloses), which is
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usually referred to as retrogradation, into the more
ordered structure (crystalline form). Extent and quality
of RS formed depend on several factors including
intrinsic properties of the starch (amylose/amylopectin
ratio, molecular size of amylose, other minor compo-
nents, molecular structure of amylopectin), gelatinization
conditions (starch concentration, gelatinization tempera-
ture, and time), and storage conditions (temperature and
time).

So far, research strategies to enhance RS type 3
formation have involved: using a high-amylose starch
as a starting material, complete dispersion of starch
granules, increasing starch concentration, reducing the
molecular size and branch chain of starch molecules, and
optimizing the storage conditions. To achieve complete
dispersion of starch granules, extending gelatinization
time, increasing gelatinization temperature with applied
pressure, and repeating boiling and cooling cycles have
been investigated (Sajilata et al. 2006). Studies have also
been conducted on partial hydrolysis of gelatinized starch
to promote RS formation—by weak acids such as citric
acid or lactic acid (Onyango et al. 2006; Wang et al. 2007)
or by enzymes such as α-amylase or pullulanase (Lehmann et
al. 2002). Time and temperature of gel storage as well as
repeated heating/cooling cycles have been shown to affect
RS type 3 formation. Cold storage seems to promote an
increase in RS content. In commercial practice, RS type
3 products are manufactured from high amylose (about
70%) maize starch by repeated cycles of retrogradation
(Haralampu 2000).

Canna starch, a kind of starch extracted from rhizomes
of the edible canna plant (Canna edulis Ker.), is mostly
used for preparing transparent starch noodles, a traditional
food of Southeast Asia. Canna starch is characterized by
very large granules, high amylose content, clear paste, high
viscosity, low breakdown, high retrogradation, and high
resistance to hydrolysis by α-amylase (Puncha-arnon et al.
2007; Thitipraphunkul et al. 2003a). High retrogradation of
canna starch is supposed to be due to a combined effect of
the following factors: considerably high amylose content
(about 30%; Puncha-arnon et al. 2007); small size of
amylose molecules (≈1,600 dp), with low value of average
number of branch chains; and high value of average chain
length of amylopectin (Thitipraphunkul et al. 2003b).
Therefore, canna starch should be a good candidate for
use as a starting material for RS production. This study
aimed to investigate the effects of gelatinization and gel
storage temperature and time on the formation of RS in
canna starch. The RDS, SDS, and RS in cooked and
uncooked native granular starch and gelatinized starch
powders were analyzed, and the impact of the formation
conditions on each starch fraction was discussed in relation
to the properties of canna starch.

Materials and Methods

Materials

Eight-month-old rhizomes of edible canna plant were
obtained from the Rayong Field Crops Research Center,
Rayong, Thailand, and the starch was isolated according to
a procedure described by Puncha-arnon et al. (2007).
Alpha-amylase (type VI-B from porcine pancreas, A-
3173, 26 U/mg), amyloglucosidase (EC 3.2.1.3, from
Aspergillus niger, 300 U/ml) and a glucose oxidase–
peroxidase assay kit (cat. no. GAGO-20) were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). Novelose
260 (RS type 2) and Novelose 330 (RS type 3) were
provided by National Starch and Chemical Co. (Bridge-
water Township, NJ, USA).

Preparation of Powdered Gelatinized Starches
and Powdered Gels After Storage

Two sets of canna starch slurries (10% w/v; 50 g of starch in
450 ml of distilled water) were pre-gelatinized at 70 °C for
15 min with moderate stirring. The pre-gelatinized starches
were then gelatinized by autoclaving at 121 °C for 30, 60,
or 120 min. The first set of gelatinized starch samples was
directly oven dried at 50 °C for 20 h without storage. In the
following sections, the gelatinized starch powders obtained
are denoted as G30min, G60min, and G120min for samples
autoclaved for 30, 60, and 120 min, respectively. The
second set of gelatinized samples was stored at 4 °C, 30 °C,
and 100 °C for 1, 3, 5, and 7 days and then dried at 50 °C
for 20 h. All dried samples were ground in a mortar and
pestle and passed through a 140-mesh sieve. The products
obtained were named as GtimeStemperature/time. For example,
G30minS4°/1day meant a powder prepared by autoclaving for
30 min and storing at 4 °C for 1 day.

Determination of RDS, SDS, and RS

The RDS, SDS, and RS were determined according to the
method of Englyst et al. (1992) with modifications. Porcine
pancreatic α-amylase (5 g) was dispersed in 50 ml of
sodium acetate buffer (0.1 M, 4 mM CaCl2, pH 5.2), and
centrifuged at 5,000 rpm for 10 min. The supernatant
(4.5 ml) was transferred to a beaker, and 0.5 ml of
amyloglucosidase (140 U/ml) was added to the solution.
This enzyme solution was freshly prepared for each
digestion. An uncooked starch sample (100 mg, db) and
5 ml of the enzyme solution were added to an Erlenmeyer
flask, mixed for 1 min, and then incubated in a shaking
water bath (37 °C, 130 strokes/minute). After 20 and
120 min of incubation, 0.2 ml of aliquot was added to 4 ml
of absolute ethanol, mixed well, and centrifuged at
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5,000 rpm for 10 min. The liberated glucose in the
supernatant was determined using a GAGO-20 glucose
oxidase/peroxidase assay kit. Starch fractions which were
digested within 20 min and between 20 and 120 min were
classified as RDS and SDS, respectively; those which were
undigested within 120 min were classified as RS.

For the determination of RS in cooked samples, sample
powders (100 mg, db) and water (2 ml) were added to an
Erlenmeyer flask and mixed for 1 min. The sample was
heated in a boiling water bath for 20 min and then placed
into a water bath at 37 °C to equilibrate for 10 min. The
enzyme solution was then added, and the procedure
continued according to the steps mentioned above.

Differential Scanning Colorimetry

Thermal properties of starches were determined by a
differential scanning calorimeter (DSC; Pyris 1, Perkin
Elmer, Norwalk, CT, USA). Starch (10 mg) was weighed in
a DSC pan, and water (20 mg) was added. The pan was
sealed and allowed to stand for 24 h at 4 °C. The scanning
temperature range and the heating rate were 30–160 °C and
5 °C/min, respectively. An empty pan was used as a
reference. The transition temperatures reported are the onset
temperature (To), peak temperature (Tp), and conclusion
temperature (Tc). The enthalpy of gelatinization (ΔH) was
estimated by integrating the area between the thermogram
and a baseline under the peak, and was expressed in terms
of joules per gram dry starch.

Statistical Analysis

For the effect of gelatinization time, one-way analysis of
variance (ANOVA) was performed using Duncan’s
multiple-range test to compare treatment means at P<
0.05. The effects of storage temperature and time on the
levels of SDS and RS of G30min and G120min were
evaluated using two-way ANOVA (three temperatures×
four times). If there were any interactions between the two
factors, the simple main effect was then analyzed. Post hoc
analysis was carried out using Duncan’s test (P<0.05).
The software used for all analyses was SPSS (version
16.0). If not specified, all tests were carried out with two
replications.

Results and Discussion

Effect of Gelatinization (Autoclaving) Time on RDS, SDS,
and RS Contents

In order to assess the thermal stability of the products
obtained from different treatments, all samples including

the native starch were cooked at 100 °C for 20 min, and the
cooked samples were analyzed in parallel with the
uncooked counterparts. The amounts of RDS, SDS, and
RS in native canna starch and gelatinized starches prepared
by autoclaving for 30, 60, and 120 min are presented in
Fig. 1.

RDS, SDS, and RS Contents in Uncooked Samples

RS contents of Novelose 260 and Novelose 330 were
46.7% and 34.8%, respectively (Fig. 1a), whereas that of
raw canna starch was very high at 97.3%. The digestion of
raw starch granules is a complex process which involves
the accessibility (diffusion and adsorption) and hydrolytic
activity of the enzyme toward the substrate. The accessi-
bility of α-amylase is determined principally by the
physical appearance (i.e., smoothness of granule surface,
peripheral pores and channels inside the granule, and specific
surface area) of starch granules, whereas the hydrolytic
activity depends mainly on the supramolecular arrangement
of starch molecules in granules (Watcharatewinkul et al.
2010). The high resistance of canna starch granules to
enzyme hydrolysis has been reported by Hung and Morita
(2005), Srichuwong et al. (2005), and Puncha-arnon et al.
(2007), and was suggested to be attributed to granular
features and structure—including large granular size (10–
100 μm), quite smooth surface, and B-type crystalline
pattern—as well as to the mode of degradation, which was
identified as “exocorrosion” mode (outwardly hydrolyzed)
(Puncha-arnon et al. 2007).

When canna starch was subjected to heat gelatinization
for 30, 60, and 120 min, most of the RS was converted to
SDS and RDS. The RS remaining in the gelatinized
products (in a dried powder form) was only 12.0–15.9%,
whereas the SDS and RDS increased from 2.0% to 4.0–
7.1% and from 0.7% to 80.0–82.6%, respectively. The
destruction of granular starch into granule fragments and
the dispersal of starch molecules by autoclaving facilitated
the accessibility of amylase to the substrate, thereby
substantially reducing the RS content. Extending the
autoclaving time from 30 to 60 min resulted in a decrease
in RS content, from ≅16% to ≅12%. However, the contents
in 60-min and 120-min autoclaved samples were compara-
ble (12–13%). The RS fraction in G30min and G120min might
be the starch fragments that remained after autoclaving,
and/or be a newly formed crystal from reassociation of
amylose into a tightly packed structure, stabilized by
hydrogen bonding during drying at 50 °C for 20 h.

RDS, SDS, and RS Contents in Cooked Samples

Most starch in food products has usually undergone some
kind of cooking such as boiling, steaming, extrusion, etc.,
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which involves heating in the presence of moisture.
Therefore, the data of RDS, SDS, and RS contents in
cooked samples might be more useful in practice than those
in raw samples. As a consequence, this study also reported
the analyses of RDS, SDS, and RS contents in starch
samples after cooking at 100 °C for 20 min.

As shown in Fig. 1b, the amounts of RS in Novelose 260
and Novelose 330 were not significantly reduced by
cooking (from 46.7% and 34.8% to 35.0% and 29.5%,
respectively). On the other hand, when raw canna starch,
which contained a very high RS content (97.3%), was
cooked, its RS was greatly reduced to 1.9%, whereas RS
contents in the G30min, G60min, and G120min were reduced to
some extent (from 15.9%, 12.0%, and 13.4% to 10.8%,
7.9%, and 10.8%, respectively). The results obtained
suggested that nearly all of the RS in raw canna starch
was thermally unstable, whereas RS in the gelatinized
starches as well as in the commercial products (Novelose
260 and Novelose 330) was comparatively stable when
undergoing the cooking process. As reported by Sajilata et
al. (2006), the melting temperatures of Novelose 260 and

Novelose 330 were 114.4 °C and 121.5 °C, respectively.
This result was in accord with the starch paste appearance
(figure not shown). After cooking at 100 °C for 20 min, the
Novelose 260 in a water sample was still nonviscous and
displayed a turbid white color. Their granules precipitated
when the flask was left for a while. On the other hand, raw
canna starch when gelatinized resulted in a clearer and
more homogeneous solution compared to the G30min,
G60min, and G120min. Some flake-like pieces which were
found in the starch gel solutions of the G30min, G60min, and
G120min might be remaining starch fragments and/or
retrograded starch formed during drying the gelatinized
starches at 50 °C for 20 h. These fractions were responsible
for the higher resistance of the G30min, G60min, and G120min

to enzyme hydrolysis.

Effect of Gel Storage Conditions on RS and SDS Formation

The starches gelatinized for 30 and 120 min were stored at
4 °C, 30 °C, and 100 °C for 1, 3, 5, and 7 days. After
drying at 50 °C for 20 h, they were ground to obtain

Fig. 1 RDS, SDS, and RS con-
tents of commercial RS
products, raw canna starch, and
canna starches gelatinized for
30, 60, and 120 min. a Uncooked
samples, b cooked samples
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samples in a powder form. The RS and SDS in each dried
gel sample before and after cooking were then analyzed; the
data of mean and standard deviation values of the starch
fractions are summarized in Table 1.

SDS and RS Formation in G30min

A two-way ANOVAwas conducted to examine the effects
of storage temperature and storage time as well as the
interaction between the effects of storage temperature and
storage time on RS and SDS formation. The P values from
the F test as shown in Table 2 revealed that there were
significant interactions between the effect of storage
temperature and storage time on SDS and RS in both
cooked and uncooked samples. The results of significant
interactions were followed up by running tests for simple
main effects of storage time—that is, the mean differences
in RS (or SDS) of gels stored for 1, 3, 5, and 7 days at each
storage temperature. Different letters in the same column of
Table 1 were used to indicate significant differences (p≤
0.05) of RS (or SDS) at the same storage temperature.

Without Cooking The initial content of RS in uncooked
G30min was 15.9%, whereas the RS contents in stored gels
varied from 13.1% to 18.3%. Storage time had no
significant effect on RS formation when gels were stored
at 4 °C and 30 °C, but at 100 °C, a significant effect was
found. At 100 °C, the RS content in gels stored for 1 and

3 days was highest (18.3%), but it tended to decrease when
the gels were stored longer and became 13.1% after storage
for 7 days. For SDS, the initial content in uncooked G30min

was 4.1% and changed to 2.5–11.7% after storage.
Statistical analysis revealed that storage time affected SDS
formation at all storage temperatures, i.e., longer storage
tended to result in higher SDS (at 4 °C, gels stored for 3, 5,
and 7 days had higher SDS contents than those stored for
1 day; at 30 °C, gels stored for 5 and 7 days had higher
SDS contents than those stored for 3 days; and at 100 °C,
gels stored for 7 days had higher SDS contents than those
stored for 1, 3, and 5 days). It was noticed that a few cases
which displayed an insignificant change in SDS
(G30minS100°/1day and G30minS100°/3days) concurrently dis-
played a high content of RS. This indicated the potential of
transformation between the SDS and RS.

After Cooking The RS contents in all stored G30min gels
decreased drastically when cooked. Among the cooked
samples, only a few cases of stored gels (G30minS4°/7days,
G30minS100°/3days, and G30minS100°/5days) displayed an increase
in RS content (12.8–14.0%) compared to that of unstored
samples (10.8%). Storage time had a significant effect on RS
formation at all temperatures (P≤0.05). At 4 °C, the RS
content in gel stored for 7 days (14.0%) was higher than
those in gels stored for 1, 3, and 5 days (10.0–10.4%).
Conversely, the RS content in gel stored for 7 days was
lower than those in gels stored for 1, 3, and 5 days when gels

Table 1 SDS and RS contents in G30min and G120min stored at different conditions

Storage conditions G30min G120min

Temperature (ºC) Time (days) Without cooking After cooking Without cooking After cooking

SDS RS SDS RS SDS RS SDS RS

Control 4.1±1.0 15.9±1.7 4.8±0.8 10.8±0.2 4.0±0.9 13.4±1.1 3.0±1.4 10.8±1.3

4 1 7.4±1.6a 15.6±1.7a 4.1±1.3ab 10.3±1.3a 3.2±0.5a 18.7±1.5ab 5.0±1.7b 12.7±1.6a

3 9.9±1.3b 16.1±1.7a 4.9±1.7ab 10.0±1.3a 8.6±1.1b 19.5±1.5b 2.2±1.3a 16.8±0.4b

5 10.6±0.8b 17.2±1.5a 5.8±2.0b 10.4±0.6a 8.6±0.4b 16.3±0.2a 4.8±1.3b 16.7±1.9b

7 11.7±1.4b 16.6±1.5a 2.2±1.8a 14.0±1.0b 7.7±1.6b 19.4±1.7b 3.6±0.2ab 14.8±0.6ab

30 1 7.0±2.1ab 15.6±0.5a 1.7±0.6a 11.8±0.9b 7.8±1.6b 13.7±1.0a 7.3±1.8b 11.7±0.4a

3 5.4±1.3a 15.6±0.5a 0.9±0.7a 10.2±1.7ab 5.2±1.0a 13.8±1.5a 4.4±0.9ab 12.9±0.8ab

5 8.7±1.0b 14.4±1.9a 1.0±0.8a 11.5±1.2b 6.1±1.0ab 17.3±0.9b 6.9±2.3b 13.9±1.5b

7 9.1±1.1b 13.6±1.6a 5.6±1.5b 8.9±1.6a 6.6±0.8ab 18.8±0.4b 2.9±0.4a 16.6±0.2c

100 1 2.8±1.2a 18.3±1.1c 0.9±1.2a 12.3±0.2b 3.1±1.5a 18.4±1.6c 6.6±0.8b 14.9±0.9b

3 2.5±0.4a 18.3±1.4c 5.2±0.5b 12.8±1.4b 6.1±1.2b 15.8±0.6b 1.6±0.3a 14.4±1.1b

5 3.9±0.8a 16.2±0.5b 0.8±0.7a 12.9±1.2b 6.5±1.1b 12.5±1.7a 6.1±1.6b 12.6±0.6a

7 8.7±1.5b 13.1±1.2a 4.9±0.9b 10.4±1.4a 11.0±1.3c 15.4±0.9b 5.4±1.4b 14.9±0.5b

Each measurement was done in triplicate

Comparisons were done among the mean values of RS/SDS in gels stored at the same temperature; mean values in the same column with different
letters are significantly different (p<0.05).
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were stored at 30 °C and 100 °C. For SDS, the contents in
gels stored at all conditions also decreased significantly
when cooked. The initial content in cooked G30min was 4.8%
and changed to 0.8–5.8% after storage. All stored gels had a
comparable or a lesser amount of SDS than the G30minS0day.
Statistical analysis revealed the effect of storage time on SDS
formation at all storage temperatures; however, tendencies on
the effect were inconclusive.

SDS and RS Formation in G120min

Without Cooking Storage of G120min under various con-
ditions resulted in a clear increase in both RS and SDS
compared to G30min (Table 1). Except for G120minS30°/1day,
G120minS30°/3days, G120minS100°/5days and G120minS100°/7days,
the RS in G120min increased from an initial content of
13.4% to 15.8–19.5%. Similarly, except for G120minS4°/1day,
G120minS30°/3days, and G120minS100°/1day, the SDS increased
from 4.0% to 6.1–11.0%. This finding indicated that the gel
characteristics (degree of granule dispersion) before storage
had a great effect on inducing the formation of starch
crystals; that is, the starch molecules in well-dispersed
granules (G120min) can reassociate better than those in the
less-dispersed sample (G30min).

According to the P values in Table 2, there were
interactions between the effect of storage temperature and
storage time on both SDS and RS formations in uncooked
samples. Therefore, the simple main effect of storage time
at each storage temperature was further analyzed. At
storage temperature of 4 °C, gel stored for 5 days contained
lower amount of RS than gels stored for 3 and 7 days. At
30 °C, gels stored for 5 and 7 days had higher RS than gels
stored for 1 and 3 days; whereas at 100 °C, the RS content
decreased as the storage time increased, and gel stored for
5 days contained the lowest amount of RS. Storage time
affected SDS formation at all storage temperatures. Longer
storage tended to result in higher SDS when gels were
stored at 4 °C (gels stored for 3, 5, and 7 days had higher
SDS contents than that for 1 day) and at 100 °C (7 days>3
and 5 days>1 day); whereas at 30 °C, storage time had less

influence on SDS formation. The results obtained indicated
a complicated interaction between the effects of storage
temperature and storage time on RS and SDS formation.

After Cooking The effect of gel storage was much more
clearly observed in G120min. Although the cooked samples
had a lower amount of RS than the uncooked ones, the
differences between them were not as high as those of
G30min. In addition, the SDS contents of cooked stored
G120min gels in some cases were higher than that of the
uncooked samples. These results indicated that the RS and
SDS in stored G120min had higher thermal stability than
those in the stored G30min. Heat stability of RS and SDS in
stored gel depended on storage conditions. Unstable RS can
be converted to SDS, and also unstable SDS can be
converted to RDS, by heat processing.

The P values, as shown in Table 2, indicated that there
was significant interaction between the effect of storage
temperature and storage time on RS formation. Although
there were some fluctuations in RS contents in cooked
samples of G120min, there was a recognizable trend of the
RS change with time at each storage temperature. At a
storage temperature of 4 °C, the RS content of G120min

stored for 3 days (16.8%) was significantly higher than
that stored for 1 day (12.7%). An increase in storage
time from 3 days to 7 days had no significant effect on
the RS content. When the gel was stored at 30 °C, the
RS content consistently increased with storage time and
reached a maximum of 16.6% after 7 days of storage;
whereas at 100 °C, the RS showed little change,
fluctuating around 14–15%. Unlike the uncooked sam-
ples, there was no interaction between the effect of
storage temperature and storage time on SDS formation
(P=0.069). Both storage temperature (P=0.041) and
storage time (P=0.000) had significant effects on SDS
contents. Storage of G120min at 30 °C resulted in the
highest SDS. Gels stored for 1 and 5 days contained
higher amounts of SDS compared to those stored for 3 and
7 days.

When SDSwas taken into account, the sum of RS and SDS
at 4 °C was highest after 5 days of storage (Fig. 2). Except for

Sample Source of variation Without cooking After cooking

SDS RS SDS RS

G30min Temperature 0.000* 0.001* 0.000* 0.005*

Time 0.000* 0.001* 0.001* 0.600ns

Temperature×time 0.002* 0.001* 0.000* 0.000*

G120min Temperature 0.434ns 0.000* 0.041* 0.005*

Time 0.000* 0.002* 0.000* 0.001*

Temperature×time 0.000* 0.000* 0.069ns 0.000*

Table 2 The P values from the
F test

ns not significant

P>0.05, not significant (ns);
*P<0.05
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the first day, the sum of RS and SDS increased with an
increase in storage time at 100 °C. Onyango et al. (2006)
investigated the effects of incubation temperature (−20 °C to
100 °C) and time (6–48 h) on RS formation in autoclaved
(1 h at 121 °C) cassava starch in water, and reported that at
100 °C, the RS increased significantly (to about 9–10%) at
the later period of storage, whereas at 4 °C, the RS was
considerably high after 6 h but remained constant after that
(about 5–6%). Eerlingen et al. (1993) showed that the RS of
gelatinized wheat starch stored at 100 °C quickly increased
to a maximum (about 10%) after an induction time of about
150 min, which was higher than the maximums obtained at
storage temperatures of 0 °C and 68 °C (about 4–6%). The
effect of the relationship between incubation temperature and
time on RS was interpreted in terms of recrystallization in an
amorphous matrix (starch gel is a partially crystalline
polymer system). Polymer recrystallization is a three-stage
process that involves nucleation (formation of critical
nuclei), propagation (crystal growth from the nuclei formed),
and maturation (continued crystal growth and perfection).
For a partially crystalline system, crystallization can occur
only at a temperature between Tg and Tm, i.e., in a rubbery
state (Levine and Slade 1988; Marsh and Blanshard 1988).
Starch gel containing more than 27% water has a Tg of about
−5 °C (Slade 1984), and the Tm of the amylose crystals is
about 150 °C (Ring et al. 1987); therefore, crystallization of
amylose can occur only between these temperature limits.
Eerlingen et al. (1993) found that upon incubation of wheat
starch gel at 0 °C, the nucleation rate was high, and the
propagation rate was low; the opposite was the case upon
incubation at 100 °C. However, that trend could not be
clearly observed in our study. The deviation from theoretical
recrystallization of canna starch gel might be due to its very
high viscosity which is a typical characteristic of canna
starch.

Thermal Properties

DSC thermograms of native canna starch as well as G120min

stored at different conditions are shown in Fig. 3. Native
canna starch exhibited an obvious sharp peak around a
temperature range of 70–76 °C (To=69.7 °C, Tp=72.2 °C,
Tc=75.6 °C) with ΔH of 17.0 J/g, and a very tiny peak at
158 °C. After gelatinization for 120 min (G120min), the
sharp peak had disappeared, and a broad peak around 50–
78 °C was found instead. Two other tiny peaks could be
observed at 158 °C and 178 °C as well. The broad peak at
low temperature with ΔH of 4.0–7.2 J/g was still observed
in gels stored at all conditions. However, the endotherms at
high temperature were varied depending on the storage
condition. In some storage conditions, very small peaks in
the region of 100–130 °C were found. The most obvious
effect of storage was reflected by the endotherms found in a
temperature range of 150–180 °C. The endotherms dis-
played a bit more visiblity when the gel was stored at 100 °C,
compared to that at 4 °C.

The broad endothermic peak around 50–78 °C has been
ascribed to retrogradation of the amylopectin component
(Silverio et al. 2000; Fredriksson et al. 1998; Yuan et al.
1993; Xie et al. 2004). Amylopectin molecules associate by
crystallization of the outer short branched chain (DP 14–20)
to form a network (Ring et al. 1987). Due to the limited
dimensions of the chains, the melting temperature of
retrograded amylopectin is rather low. As a consequence,
the stability of these crystallites is lower than that of those
formed from amylose (Eerlingen and Delcour 1995), and
there is less impact on RS and SDS in most heat-processed
food products. Very small peaks around 100–130 °C may
correspond to the transition of the amylose–lipid complex,
as reported by Eliasson (1994) and Zaidul et al. (2008). The
more prominent endothermic peaks that indicate RS crystal
formation are the peaks around 150–180 °C. Similar melt
transitions have been reported for RS type 3 from other
starchy materials (Sievert and Wursch 1993; Shamai et al.
2003; Onyango et al. 2006) and have been ascribed to the
dissociation of recrystallized amylose. The enthalpies
associated with endotherms for heating enzyme-resistant
retrograded starches in water represent a quantitative
measure of ordered structure loss. It has been suggested
that melting of double helices, and not disruption of
crystalline packing, is the primary determinant of endo-
therm enthalpy (Cooke and Gidley 1992; Gidley et al.
1995). As seen in Fig. 3, the endothermic peaks and the
baseline of peaks around 150–180 °C were not clear, so
exact calculation of transition enthalpies is quite difficult.
However, the transition enthalpies of these RS fractions
were estimated to be 0.5–3.7 J/g. These were in a similar
range (0.2–1.6 J/g) as that reported for RS type 3 from
cassava starch (Onyango et al. 2006).

Fig. 2 Comparison of RS (lower bar) and SDS (upper bar) contents
in cooked samples of G120min stored at 4 °C, 30 °C, and 100 °C for 1,
3, 5, and 7 days (control is a gel at time zero)
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Conclusion

Canna starch in the granular form contained a very high
amount of RS (97.3%) due to its lower susceptibility to
enzyme hydrolysis. However, the RS content was reduced
greatly (to 1.9%) when cooked, indicating that nearly all of
the RS in raw canna starch was thermally unstable.
Gelatinization time (autoclaving for 30, 60, and 120 min)
did not have much effect on the thermally stable RS in
canna starch (8–10%). However, storage of gels with a
higher degree of disintegration (autoclaving for 120 min)

resulted in a clear increase in both RS and SDS compared
to those with a lesser degree of disintegration (autoclaving
for 30 min). This finding indicated that the gel character-
istics before storage had a significant effect on inducing the
formation of the starch crystals. In this study, no recogniz-
able trend in the effects of storage time and temperature on
SDS and RS formation was observed. In most cases, there
were significant interactions between the effects of storage
temperature and storage time on RS and SDS formation.
The amount of RS in cooked granular starch could be
increased from 1.9% to 16.8% by simple gelatinization and

Fig. 3 Thermograms of canna
starch and G120min stored at
different conditions
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storing. This is evidence that canna starch has high potential
for use as a starting material for RS production. Using the
enzymes (such as amylase and pullulanase) to hydrolyze
starch before storage might enhance RS formation.
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