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a b s t r a c t

Physicochemical properties, structure and in vitro digestibility of resistant starch (RS) from debranched
waxy rice starch were investigated. Compared to native starch, all RS products have higher apparent
amylose content. All RS products displayed a mixture of B and V-type X-ray diffraction (XRD) pattern
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while native starch showed A-type X-ray diffraction pattern. With increasing the RS content, the rela-
tive crystallinity was increased. RS products had a higher peak melting temperature and enthalpy than
that of native starch in differential scanning calorimetry (DSC). The in vitro digestibility of products
was decreased. The total carbohydrate digestion products and the average rate of digestion of resistant
starches were decreased with increasing RS content.
esistant starch
n vitro digestibility

. Introduction

In a world of rapidly changing food habits and stressful life styles
t is more and more recognized that a healthy digestive system is
ssential for overall quality of life. This recognition has led to the
evelopment of foods that are designed to contribute to a healthy
igestive system and indirectly to the maintenance of general well
eing (Brouns, Kettlitz, & Arrigoni, 2002). For this reason, there is
n immediate growing interest in the field of gut health related
o the consumption of resistant starch (RS) (Asp, van Amelsvoort,

Hautvast, 1996). Resistant starch (RS) is defined as starch and
roducts of starch degradation that cannot be absorbed in the small

ntestine of healthy individuals and, hence, might be fermented in
he colon (Englyst, Kingman, & Cummings, 1992). There are four
ypes: RS1, physically inaccessible to digestion by entrapment in

non-digestible matrix (Haralampu, 2000); RS2, native granule
r ungelatinized starch as in raw potato and banana; RS3, starch
hat has been processed and partially recrystallized (retrograded)
Bird, Lopez-Rubio, Shrestha, & Gidley, 2009); RS4, which is formed
y chemical modification of starch (Eerlingen & Delcour, 1995;

hompson, 2000). RS3 is of particular interest, because of its ther-
al stability. This allows it to be stable in most normal cooking

perations and enables its use as an ingredient in a wide vari-
ty of conventional foods (Haralampu, 2000). Therefore, RS3 is the
ajor type to be found in processed foods. It is classified as part of

∗ Corresponding author. Tel.: +86 13660261703.
E-mail address: qygao@scut.edu.cn (Q.-y. Gao).

144-8617/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.01.004
© 2011 Elsevier Ltd. All rights reserved.

dietary fibers and has been widely studied by researchers (Zhao &
Lin, 2009).

The method of enzyme hydrolysis was adopted in preparation
of RS3. Pullulanase is the common debranching enzyme in starch
processing. It is well documented that when starch slurry is heated
and cooked, it becomes starch gel. Adding pullulanase, amylopectin
molecules are cut into short chain amylose and amylose is re-
associated which leads to a new and strong crystalline structure
upon cooling, so RS3 is formed. Zhao and Lin (2009) reported that
maize starch was treated by autoclaving–cooling cycles, coupled
with pullulanase hydrolysis to prepare resistant starch (RS). When
gelatinized maize starch was hydrolyzed by pullulanase at addi-
tion level of 3 PUN/g (E.C.3.2.1.41, 1.25 g/mL, 400 PUN/mL) (PUN
is defined as the amount of enzyme that liberates 1.0 mmol glu-
cose from starch in 30 min at pH 5 and 40 ◦C) starch for 12 h at
60 ◦C and then treated with two autoclaving–cooling cycles, RS
yield increased to 23.5%. Cai and Shi (2010) investigated that waxy
wheat, waxy maize, and waxy potato starches were debranched
by isoamylase, and resistant starch content of samples was deter-
mined by a modified Englyst et al. (1992) procedure. Crystalline
short-chain amylose (CSCA) from debranched waxy potato starch
had a higher peak melting temperature (116.2 ◦C) and higher resis-
tant starch content (77.8%) than that from debranched waxy wheat
(67.7%) and waxy maize starches (68.1%).

Waxy rice starch almost entirely consists of amylopectin. After

treatment with pullulanase, amylopectin becomes relatively short
linear glucans which can promote the formation of resistant starch.
The objective of this study was to prepare waxy rice resistant starch
with different conditions. Resistant starch content was determined
by Megazyme Resistant Starch Assay Kit (AOAC Method. 2002.02).

dx.doi.org/10.1016/j.carbpol.2011.01.004
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:qygao@scut.edu.cn
dx.doi.org/10.1016/j.carbpol.2011.01.004
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he properties of resistant starch samples included digestibility,
hermal property, X-ray diffraction pattern and apparent amylose.
his research can provide important information about properties
f waxy rice resistant starches.

. Materials and methods

.1. Materials

Waxy rice starches were purchased from Baby Group, JiangSu,
hina. Pullulanase (E.C.3.2.1.41, 1000 ASPU/g, 1.15 g/mL) (ASPU is
efined as the amount of enzyme that liberates 1.0 mg glucose
rom starch in 1 min at pH 4.4 and 60 ◦C) was obtained from
anisco Company (Diazyme® P10) (USA). Resistant starch assay kit
as bought from Megazyme International Ireland Limited, includ-

ng pancreatic �-amylase, amyloglucosidase and GOPOD reagent
nzymes. Pancreatic �-amylase (E.C.3.2.1.1) (one unit will liberate
.0 mg of maltose from starch in 3 min at pH 6.9 at 20 ◦C) was bought
rom Sigma Chemical Company (St. Louis, MO, USA). Amylose and
mylopectin standards were also obtained from Sigma Chemical
ompany. Other chemicals and solvents were all of analytical grade.

.2. Preparation of resistant starch samples

.2.1. Different quantity of pullulanases and reacting times
Waxy rice starch slurry (10%, w/w in diluted pH 4.5 buffer solu-

ion containing 0.2 M acetic acid and 0.2 M sodium acetate) was
ooked in water bath at 95 ◦C for 30 min. The temperature of sam-
les was adjusted to 58 ◦C thereafter, debranched by pullulanase at
0, 40, 50, 55, 60, 70 and 80 ASPU/g of dry starch for 12 h. After the
eaction, the solutions were heated at 100 ◦C for 30 min to stop reac-
ion and cooled to room temperature. The solutions were stored at
5 ◦C for 24 h to form retrograded starch. The precipitated starch
as oven dried at 45 ◦C overnight. All the samples were ground and

creened through 80 mesh sieve.
Cooked 10% waxy rice starch slurry was also treated by pullu-

anase (55 ASPU/g) for 1, 4, 8, 12, 16, 20 and 24 h. The following
teps were the same with above.

Based on the different pullulanase concentrations, the samples
reated by pullulanase at 30, 40, 55, 70 and 80 ASPU/g of dry starch
ill be referred to as S1, S2, S3, S4 and S5 respectively.

.2.2. Different stored temperatures and times
Cooked 10% waxy rice starch slurry was treated by pullulanase

55 ASPU/g) for 12 h, reheated (100 ◦C for 30 min), and stored at
20, 4, 25, 35, 45, 55 and 65 ◦C for 24 h. The following steps were

he same with above.
Cooked 10% waxy rice starch slurry was also treated by pullu-

anase (55 ASPU/g) for 12 h, reheated (100 ◦C for 30 min), and stored
t 25 ◦C for 1, 6, 12, 24, 36, 48 and 72 h. The following steps were
he same with above.

.3. Resistant starch determination

Resistant starch content was determined by a Megazyme Resis-
ant Starch Assay Kit (AOAC Method. 2002.02) (McCleary et al.,
002). The samples (100 mg) were incubated in a shaking water
ath with 4 mL mixture of pancreatic �-amylase and amyloglu-
osidase for 16 h (at 37 ◦C, 200 strokes/min) to hydrolyze digestible
tarch to glucose. The reaction was terminated with 4 mL of 95%
thanol and the indigested resistant starch was recovered by cen-

rifugation (1500 × g, 10 min). The residue was washed with 50%
thanol twice, and then solubilized with 2 mL of 4 M KOH solu-
ion in an ice bath. After 20 min, the solution was neutralized
ith 8 mL sodium acetate buffer (1.2 M, pH 3.8), incubated with

myloglucosidase (0.1 mL, 3300 U/mL) at 50 ◦C for 30 min. Aliquots
olymers 84 (2011) 1151–1157

(0.1 mL) of the diluent, 3 mL of glucose oxidase/peroxidase reagent
(GOPOD) were added and the mixture was incubated at 50 ◦C
for 20 min. Absorbance was measured using a spectrophotometer
under 510 nm. Resistant starch was calculated as glucose × 0.9.

2.4. Apparent amylose contents

Apparent amylose contents in starches were assessed according
to the colorimetric procedure of Kumari, Urooj, and Prasad (2007)
All the samples – both native and debranched were analyzed for the
amylose content by the colorimetric method based on the reaction
between amylose and iodine. Starch (100 mg, dry basis) was wetted
with 1 mL ethanol (95%) and gelatinized by treatment with 9.2 mL
of 1 mol/L NaOH and storage for about 16–24 h at ambient temper-
ature. After adjusting to 100 mL of distilled water, an aliquot of 5 mL
of the solution was transferred to 100 volumetric flasks and 1 mL of
1 mol/L acetic acid and iodine solution (2 mL, 0.2% I2 in 2% KI) were
added. The volume made up to 100 mL with distilled water and
mixed, after 20 min the absorbance was measured at 620 nm using
as blank 5 mL 0.09 mol/L NaOH, to which acetic acid (1 mL) and
iodine solution (2 mL) were added in 100 mL total volume (Juliano
et al., 1981). Amylose and amylopectin (Sigma Company) were used
as standards. The above analysis was carried out in 2 replicates.

2.5. Wide angle X-ray diffraction

X-ray diffractograms were obtained with D/Max-2200 X-ray
diffractometer (Rigaku Denki Co., Tokyo, Japan) with Cu K� radi-
ation at 44 kV and 26 mA. The samples were adjusted to the
equilibrium water content in a sealed desiccator at room tempera-
ture before analysis. The diffractograms were scanned between 4◦

and 35◦ (2�) at the rate of 5◦/min. Relative crystallinity was esti-
mated by the ratio of the peak areas to the total diffractogram area
(Chen, Zhang, Huang, & Lu, 2010).

2.6. Thermal analysis

The thermal properties of each starch sample were examined
using a differential scanning calorimetry (DSC) (DSC8000, Perkin
Elmer Inc., USA). A 30% (w/w) suspension of solid sample in water
was prepared and sealed in a DSC pan. Samples were allowed to
equilibrate for 2 h at room temperature, then heated from 30 ◦C
to 150 ◦C at 10 ◦C/min. The differential scanning calorimetry ana-
lyzer was calibrated using indium as a standard and an empty
DSC pan was used as the reference. The onset temperature (To),
peak temperature (Tp), conclusion temperature (Tc) and enthalpy
of gelatinization (�H) were calculated automatically.

2.7. In vitro digestion of starch samples

According to the methods of Jenkins et al. (1981) and Wen,
Lorenz, Martin, Stewart, and Sampson (1996) with some mod-
ifications. Weigh 400 mg starch samples in beaker and add
approximately 10 mL pH 6.9 phosphate buffer, then carefully trans-
fer the entire contents into a 13 cm dialysis bag (width 4.5 cm,
molecular weight cutoff 14,000, Japan). Wash the beaker thor-
oughly with phosphate buffer and add these washings to the
dialysis bag to make the final volume of all samples 15 mL. Add
10 mL pancreatic �-amylase solution (520 U/mL), close and mix.
Place the dialysis bag into a beaker containing 400 mL phosphate
buffer at 37 ◦C with agitation. After 1–7 h of incubation, pipette

0.2 mL of dialysate into test tube, add 1 mL of 5% phenol and 5 mL
of concentrated sulfuric acid, thoroughly mix the tube and allow
to stand for 10 min, shake, place in the water bath at 25–30 ◦C
for 20 min. Measure the absorbance at 490 nm. Make a calibration
curve of micrograms of maltose vs. absorbance. Total carbohydrate
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Fig. 1. Effect of pullulanase debranching on RS content. (A) 1 (20.31% RS), 2 (22.88%
RS), 3 (23.20% RS), 4 (28.61% RS), 5 (27.57% RS), 6 (21.59% RS) and 7 (18.55% RS)
respectively added 30, 40, 50, 55, 60, 70 and 80 ASPU/g pullulanase to debranch for
12 h, then stored at 25 ◦C for 24 h. (B) 1 (12.09% RS), 2 (20.73% RS), 3 (22.18% RS), 4
M.-m. Shi, Q.-y. Gao / Carbohyd

igestion products and average rate of digestion were calculated
ccording to:

Total carbohydrate digestion products (mg):
CHO = C × D × (425 − S) × 0.001
Average rate of digestion (mg/g/h): V = CHO/W/H

here C, carbohydrates in 0.2 mL diluted dialysate by reference to
he standard curve; D, multiple of dilution; CHO, total carbohydrate
igestion products, mg; 425, the volume of whole system, mL; S,
.2 mL from 400 mL diluted dialysate, mL; 0.001, conversion from
illigrams to micrograms; W, weight of sample, g; H, reaction time,

.

.8. Statistical analysis

The differences between the mean values of multiple groups
ere analyzed by one-way analysis of variance (ANOVA) with
uncan’s multiple range test. ANOVA data with a P < 0.05 were clas-

ified as statistically significant. SPSS 13.0 software, Origin 75 and
icrosoft Excel 2007 program were used to analyze and report the

ata. Mean values from the duplicated experiments were reported.

. Results and discussion

.1. Effect of pullulanase debranching on RS content

Pullulanase has the ability to debranch amylopectin molecules.
he raw waxy rice starch after being cooked was treated with
ifferent pullulanase concentrations and debranching time. The
esistant starch contents of native and debranched waxy rice
tarches are presented in Fig. 1(A) and (B). Resistant starch con-
ents increased as the amount of enzyme increased, reaching

maximum (28.61%) at about adding 55 ASPU/g (base on dry
tarch) pullulanase, and decreasing thereafter to 21.59% and 18.55%
pon 70 ASPU/g and 80 ASPU/g starch of pullulanase enzyme con-
entration. With increasing the debranching time, RS content of
ebranched starches increased greatly. Ozturk, Koksel, Kahraman,
nd Ng (2009) and Ozturk, Koksel, & Ng, (2009) also reported that
mong the debranched samples of Hylon V, the 48 h hydrolyzed
ample had a significantly higher RS content than those with lower
ebranching times. When starches were debranched for 12 h, the
ield of RS was the highest (28.61%). Too long and too short time
ere not beneficial to form RS.

Compared to the resistant starch content of native waxy rice
tarch (0.33%), the resistant starch content of all samples increased
avorably, and the enhancement of the sample S3 was supreme.
hese results may be explained by analyzing the crystallization
rocess and the chain length of substances. After debranching, amy-

opectin became to relatively short linear glucans which is ideal
or RS3 formation (Schmiedl, Bäuerlein, Bengs, & Jacobasch, 2000).
idley et al. (1995) also suggested that an approximate relative
aximum at DP20-30 is suitable to form RSIII. Therefore, an appro-

riate chain length is required for crystallization and formation of
ouble helices. Too short chains are known to inhibit retrograda-
ion.

.2. Effect of retrogradation on RS content

The term retrogradation is used to describe the changes that
ccur upon cooling and storage of gelatinized starch. Through

he process of recrystallization, the gelatinized starch is trans-
ormed from an amorphous state to a more ordered or crystalline
tate (Miao, Jiang, & Zhang, 2009). Amylose recrystallization occurs
apidly and is called short-term retrogradation, whereas amy-
opectin molecules need a longer time to associate, a process called
(28.61% RS), 5 (23.84% RS), 6 (22.88% RS) and 7 (21.17% RS) at 55 ASPU/g pullulanase
respectively were debranched for 1, 4, 8, 12, 16, 20 and 24 h, then stored at 25 ◦C for
24 h.

long-term retrogradation (Zhang, Ao, & Hamaker, 2008; Zhang,
Sofyan, & Hamaker, 2008). Fig. 2(A) showed the effect of storage
time (1 h, 6 h, 12 h, 24 h, 36 h, 48 h and 72 h) on the formation of
RS. In this study, the amount of RS increased markedly with stor-
age time at 25 ◦C up to 24 h. RS content decreased slowly when
storage time increased to a longer time. Fig. 2(B) showed the effect
of different temperatures (−20 ◦C, 4 ◦C, 25 ◦C, 35 ◦C, 45 ◦C, 55 ◦C and
65 ◦C) on the formation of RS. RS content was affected by both chain
length and recrystallization temperature (Robin, Merinat, Simon, &
Lehmann, 2008). Debranched (12 h) waxy rice starch stored at 35 ◦C
results in 31.84% RS, showing the maximum RS. The highest (65 ◦C)
and lowest (−20 ◦C) storage temperature had a negative effect on RS
formation. When starches stored at 25 ◦C, 35 ◦C and 45 ◦C, it showed
no significant differences in the RS content. Therefore, the suited

storage temperature of debranched waxy rice starch is approxi-
mately the room temperature and the temperature is propitious
to develop products with appropriate RS levels. The result is in
accord with Gonzalez-Soto, Mora-Escobedo, Hernandez-Sanchez,
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Fig. 2. Effect of recrystallization on RS content. (A) 1 (13.98% RS), 2 (20.15% RS), 3
(22.15% RS), 4 (28.61% RS), 5 (26.21% RS), 6 (23.00% RS) and 7 (19.22% RS) at 55 ASPU/g
pullulanase was debranched for 12 h, then stored respectively at 25 ◦C for 1, 6, 12, 24,
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Table 1
Apparent amylose content of native starch and samples.

Samples RS content (%) Apparent amylose content (%)

Native starch 0.33 ± 0.00a 0.00 ± 0.00a

S1 20.31 ± 0.00c 21.14 ± 0.47bc
S2 22.88 ± 0.51d 23.03 ± 0.31d
S3 28.61 ± 0.54e 30.26 ± 0.94e
S4 21.59 ± 0.18cd 21.70 ± 0.71bc

S5 18.55 ± 0.55b 20.14 ± 0.55b

Values with the different letters in the same column are significantly different
(P < 0.05).
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3.4. X-ray diffraction pattern

X-ray diffraction patterns and relative crystallinity of native and
debranched starches are summarized in Fig. 3 and Table 2. Native
waxy rice starch exhibited strong diffraction peak at 2� with values

Table 2
The relative crystallinity of native starch and samples.

Samples RS content (%) The relative
crystallinity (%)

The type of
diffraction pattern

Native starch 0.33 ± 0.00a 40.6 ± 0.21a A
S1 20.31 ± 0.00c 44.3 ± 0.28b B + V
S2 22.88 ± 0.51d 46.9 ± 0.28d B + V

e d
6, 48 and 72 h. (B) 1 (5.77% RS), 2 (10.41% RS), 3 (28.61% RS), 4 (31.84% RS), 5 (31.35%
S), 6 (15.38% RS) and 7 (14.59% RS) at 55 ASPU/g pullulanase was debranched for
2 h, then stored respectively at −20, 4, 25, 35, 45, 55 and 65 ◦C for 24 h.

anchez-Rivera, and Bello-Perez (2007) and Guraya, James, and
hampagne (2001). In addition, all the samples were oven dried
t 45 ◦C overnight, therefore, the RS contents of samples should
e higher than those of other ways dried samples (such as freeze
ried samples) due to ongoing retrogradation of samples during
ven drying at 50 ◦C (Ozturk, Koksel, Kahraman, et al., 2009; Ozturk,
oksel, et al., 2009).

.3. Apparent amylose contents

The changes observed in the amylose content of native and resis-
ant starch samples are given in Table 1. All the samples contained
mylose in the range from 20% to 30%. The amylose contents of all
amples were obviously higher than that of native waxy rice starch
0%). Among different samples, the sample of S3 had highest amy-

ose content (30.26%). The results exhibited the enhancement trend
f amylose content of native and starch samples matched resis-
ant starch content. Amylose contents increased as resistant starch
ontents increased. It is coincident with Shu et al. (2006), RS111 (a
Fig. 3. X-ray diffraction patterns of native starch and samples. Native starch
(0.33%RS); S1 (20.31%RS); S2 (22.88%RS); S3 (28.61%RS); S4 (21.59%RS); S5
(18.55%RS).

high-resistant starch rice) contained more amylose than R7954 (a
wild rice type) and a little less amylopectin than R7954, indicating
that the increased RS in RS111 might mainly result from increased
amylose content. Zhang, Ao, et al., 2008 and Zhang, Sofyan, et al.,
2008 also reported that a significant positive relationship was
shown between amylose content and RS content in the cooked
maize starch samples. The presence of amylose in starch is also
known to affect the formation of RS (Kumari et al., 2007). The well-
known connection between high amylose content and resistant
starch arises from the greater number of longer branches, which can
form the small retrograded species (Witt, Gidley, & Gilbert, 2010).
Generally speaking, amylose molecules combined easily to form
solid crystal structure, so high amylose starches were conducive to
formation of resistant starch (Jian, Gao, & Liang, 2002).
S3 28.61 ± 0.54 47.5 ± 0.21 B + V
S4 21.59 ± 0.18cd 45.1 ± 0.42c B + V
S5 18.55 ± 0.55b 44.1 ± 0.28b B + V

Values with the different letters in the same column are significantly different
(P < 0.05).
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Table 3
Thermal properties of native starch and samples.

Samples RS content (%) To (◦C) Tp (◦C) Tc (◦C) Tc − To (◦C) �H (J/g)

Native starch 0.33 71.19 75.42 80.78 9.59 11.22
S1 20.31 74.03 87.10 96.57 22.54 14.32
S2 22.88 79.49 91.43 100.34 20.82 16.70
S3 28.61 82.31 94.06 104.40 22.09 17.18
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digestion of resistant starches were decreased. In the first 3 h, the
digestion products of all samples and the average rate of diges-
tion were sharp increasing. This was mainly attributed to the high
concentration and efficiency of pancreatic �-amylase solution in
the former reaction. After 3 h, starch molecules were hydrolyzed
S4 21.59 79.01
S5 18.55 73.56

f around 15.02◦, 17.11◦, 18.01◦ and 23.04◦. These results indicated
hat the crystal type of native waxy rice starch is a characteris-
ic A-type. However, after treated, X-ray diffraction patterns of all
esistant starch samples formed new crystalline structure (Miao
t al., 2009). The sample S4 showed strong diffraction peak at 2�
ith values of around 5.62◦, 14.16◦, 14.95◦, 17.10◦, 19.55◦, 22.11◦

nd 24.02◦, and the results of other samples were alike. B-type sig-
ature reflection at 2� with values of 5.62◦ and V-type signature
eflection at 2� with values of 14.16◦ and 19.55◦ was absent. As
result, X-ray diffraction patterns of all resistant starch samples

isplayed a mixture of B and V-type. A low starch concentration
10%, w/w) was used, debranching of waxy rice starch at 58 ◦C fol-
owed by crystallization at 25 ◦C resulted in crystalline short-chain
mylose with a B-type X-ray pattern. As Cai, Shi, Rong, and Hsiao
2010) said, B-type polymorph is favored by low concentration and
emperature. Similarly, resistant starch isolated from cooked rice
isplayed a mixture of B- and V-type diffraction pattern that was
ore resistant to starch hydrolysis by alpha-amylase (Eerlingen,
eceuninck, & Delcour, 1993).

The relative crystallinity of starch samples was different. Com-
ared to native waxy rice starch (40.6%), all samples have slightly
igher relative crystallinity (Table 2). Overall, samples with higher
esistant starch have higher relative crystallinity. The sample of
3 which had the highest resistant starch content (28.61%) had
he highest relative crystallinity (47.5%). The relative crystallinity
f the sample of S1 (44.3%) was least of all starches, accord-
ngly, it had the lowest resistant starch content (20.31%). RS was
ormed through the rearrangement of amylose chains into enzyme-
esistant structures of higher crystallinity (Lopez-Rubio, Flanagan,
hrestha, Gidley, & Gilbert, 2008). Generally, differences in degree
f crystallinity between starches could be attributed to the follow-
ng: crystal size, amount of crystalline (influenced by amylopectin
ontent and amylopectin chain length), orientation of the double
elices within the crystalline domains, and extent of interaction
etween double helices (Song & Jane, 2000). The average chain

ength of waxy rice starch is 17–20 (Eliasson, 2004). Compared to
ative starch, the diffractogram of the RS samples displayed more

ntense and sharper peaks due to the B-polymorph formed during
etrogradation (Leong, Karim, & Norziah, 2007).

.5. Thermal analysis

Thermal properties of native waxy rice starch and the resis-
ant products were determined by DSC analysis. The native waxy
ice starch was characterized with a sharp endothermic peak at
5.42 ◦C and enthalpy of 11.22 J/g (Table 3). Compared to native
axy rice starch, the transition temperatures (To, Tp, and Tc)

nd enthalpies (�H) of samples were increased significantly. The
esistant starch products exhibited very broad peaks and the
ndothermic peak that ranged from 73 ◦C to 105 ◦C was observed

or all samples. The enthalpy of RS product increased from 13.84 J/g
o 17.18 J/g with increasing RS content. The sample S3 displayed a
igher peak melting temperature (94.06 ◦C) and the endothermic
nthalpy (17.18 J/g) than others. This endothermic transition has
een attributed to the recrystallization of amylose during the starch
.56 100.18 21.17 15.85

.88 95.07 21.51 13.84

retrogradation (Eerlingen, Jacobs, & Delcour, 1994). The increase
in �H can be explained in terms of increased ordering and sta-
bilization of double helical structures through hydrogen bonds
and other intermolecular forces (Mutungi, Rost, Onyango, Jaros, &
Rohm, 2009). Accordingly, it can be argued that the transition tem-
peratures and endothermic enthalpy increases with increased the
degree of crystallite and the stabilization double helical structures.

3.6. In vitro digestibility of starch samples

The total carbohydrate digestion products and the average rate
of digestion of resistant starches are shown in Fig. 4(A) and (B).
With increasing incubation time, the total carbohydrate diges-
tion products were increased and the average rates of digestion
were decreased. The native starch has the most digestion prod-
ucts and the highest hydrolysis rate. With increasing RS content,
the total carbohydrate digestion products and the average rate of
Fig. 4. In vitro digestibility of starch samples. (A) The total carbohydrate diges-
tion products of RS samples. (B) The average rate of digestion of RS samples. S1
(20.31%RS); S2 (22.88%RS); S3 (28.61%RS); S4 (21.59%RS); S5 (18.55%RS).
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nto the too small molecular chain and the binding sites between
tarch molecules and �-amylase were decreased, so the digestion
f resistant starch slowed down. The longer the substrate–enzyme
ontact time, the more starch was digested within the duration
f the experiment (Dhital, Shrestha, & Gidley, 2010). More and
horter short chains that are difficult for the enzymes to digest
Zhang, Ao, et al., 2008; Zhang, Sofyan, et al., 2008). Generally
peaking, with increasing the RS content, the digestion products
nd the average rate of digestion of resistant starches were con-
istently decreased. The digestion products of S3 with the highest
S content (28.61%) were the least and the reaction rate was also
he slowest of all starch samples. These results indicate that the
ebranched starch samples were resistant to �-amylase digestion.
he results were also accordance with Pongjanta, Utaipattanaceep,
aivikul, and Piyachomkwan (2009) who found the in vitro starch
ydrolysis rate (0–180 min) of the debranched amylose rice starch
ith the highest RS content was lowest among the samples. The
ecrease in the enzymatic digestion of starch after retrogradation
ad been reported by Cui and Oates (1999). It can be attributed
o the recrystallization of amylose during the starch retrograda-
ion and the compact double helical structures through hydrogen
onds. Therefore, the debranched starch with higher RS content had

ess the total carbohydrate digestion products and the low average
ate of digestion. That is to say, the samples with high RS con-
ent had low in vitro digestibility and more resistant to �-amylase
igestion.

. Conclusions

Waxy rice resistant starch products with various RS contents
ossessed differences in physicochemical properties, structure and

n vitro digestibility. All RS products have higher apparent amylose
ontent than that of native starch. All RS products displayed a mix-
ure of B and V-type X-ray diffraction pattern. With increasing the
S content, the relative crystallinity was increased. RS products had
higher peak melting temperature and enthalpy than that of native
tarch in DSC. The in vitro digestibility of products was decreased.
he total carbohydrate digestion products and the average rate of
igestion of resistant starches were decreased with increasing RS
ontent. It indicates that the debranched starch samples were resis-
ant to �-amylase digestion. These results can be attributed to the
ecrystallization of amylose during the starch retrogradation.
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