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The  objective  of  this  study  was  to  investigate  the  structural  characteristics  of  slowly  digestible  starch  (SDS)
and  resistant  starch  (RS)  fractions  isolated  from  heat–moisture  treated  waxy  potato  starch.  The  waxy
potato  starch  with  25.7%  moisture  content  was  heated  at 120 ◦C  for 5.3  h. Scanning  electron  micrographs
of  the  cross  sections  of  RS and  SDS  + RS fractions  revealed  a growth  ring  structure.  The  branch  chain-
length  distribution  of debranched  amylopectin  from  the  RS  fraction  had  a higher  proportion  of long
eywords:
axy potato starch

lowly digestible starch
esistant starch
eat–moisture treatment

chains  (DP  ≥  37)  than  the SDS +  RS  fraction.  The  X-ray  diffraction  intensities  of RS and  SDS  +  RS  fractions
were  increased  compared  to  the  control.  The  SDS  +  RS  fraction  showed  a lower  gelatinization  enthalpy
than  the  control  while  the  RS  fraction  had  a higher  value  than  the  SDS  +  RS  fraction.  In  this  study  we
showed  the RS  fraction  is composed  mainly  of  crystalline  structure  and the  SDS  fraction  consists  of  weak
crystallites  and  amorphous  regions.
. Introduction

Starch, the main plant carbohydrate, is an important plant
erivative used by humans. Starch digestibility varies among dif-
erent starchy foods due to various factors including botanical
ource, food processing (Tester, Karkalas, & Qi, 2004), amy-
ose/amylopectin ratio (Hoover & Sosulski, 1985), A- and B-type
-ray patterns (Jane, Wong, & McPherson, 1997) and presence
f amylose–lipid complexes (Hoover & Manuel, 1995). For nutri-
ional purposes, starch is classified into rapidly digestible starch
RDS), slowly digestible starch (SDS) and resistant starch (RS)
ccording to the rate of glucose release and its absorption in the
ntestinal tract (Englyst, Kingman, & Cummings, 1992). RDS con-
ists mainly of amorphous and dispersed starch and is found in
igh amounts in starchy foods that have gone through moist heat
ooking, such as bread and potatoes. SDS consists of physically
naccessible amorphous starch and raw starch with A- and C-
ype crystalline structures, such as cereals, while B-type starch
ound in tuber and root is resistant to enzymatic digestion. RS has
arious structures according to the RS type and is not digested

n the small intestine but can be fermented in the large intes-
ine. Sajilata, Singhal, and Kulkarni (2006) reported a reason for
he enzyme resistance is the crystallinity of native B-type starch
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granules as observed in the case of amylomaize starch. A number
of physiological effects have been ascribed to the indigestible char-
acteristics of RS (Haralampu, 2000). The reported health benefits of
RS are as follows: prevention of colon cancer, hypoglycemic effects,
substrate for growth of probiotic microorganisms, reduction of
gall stone formation, hypocholesterolemic effects, inhibition of fat
accumulation, and increased absorption of minerals (Sajilata et al.,
2006). Nutritional characteristics of SDS include satiety, physical
performance, glucose tolerance enhancement and blood lipid level
reduction in healthy individuals and in those with hyperlipidemia
(Jenkins et al., 2002). Therefore, SDS is receiving much attention as a
new functional food component in innovative food product devel-
opment. Several studies reported the production of SDS through
chemical, physical, enzymatic, genetic, or multiple modifications
(Lee, Shin, Kim, Choi, & Moon, 2011; Lee, Kim, Choi, & Moon, 2012;
Miao, Jiang, & Zhang, 2009; Shin et al., 2007). Specifically, SDS was
produced from debranched waxy sorghum starch by controlling
the storage conditions and the degree of debranching. The struc-
tural properties of SDS were previously investigated and reportedly
SDS contained a small proportion of imperfect crystallites (Guraya,
James, & Champagne, 2001; Shin et al., 2004).

Heat–moisture treatment (HMT) has been used to modify
starch digestibility. HMT  of starch is a physical treatment in

which starches are treated at various moisture levels (<35%)
for a certain period of time at a temperature above the glass
transition temperature but below the gelatinization temperature
(Jacobs & Delcour, 1998). Many researchers have investigated the
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ormation and structural characteristics of RS using HMT  (Chung,
iu, & Hoover, 2009; Haralampu, 2000; Sajilata et al., 2006). In all
tarches, HMT  caused increases in both gelatinization tempera-
ures and gelatinization temperature range as well as decreases
n swelling factor and amylose leaching. In contrast, depend-
ng on the starch source, transition of crystalline type, formation
f amylose–lipid complexes, disruption of crystallinity and an
ncrease or a decrease in enzyme susceptibility have been observed
n HMT (Gunaratne & Hoover, 2002; Hoover & Manuel, 1996;
oover & Vasanthan, 1994). Crystalline disruption and a transition
f crystalline type from B- or C-type to A-type in heat–moisture
reated tubers and root starches significantly influenced starch
igestibility (Lee et al., 2011; Vieira & Sarmento, 2008). Higher sus-
eptibility of A-type crystallites to enzymatic hydrolysis compared
ith B-type crystallites has been reported (Lehmann & Robin, 2007;

hang, Venkatachalam, & Hamaker, 2006). A- and B-types differ in
heir packing of double helices and water content. Shorter dou-
le helices and interior crystallites in A-type starches are more
eadily digestible and exhibit higher contents of RDS and SDS com-
ared with B-type starches, which often contain high amounts of
S (Jane et al., 1997). Many techniques have been used to eluci-
ate the starch structure. X-ray diffraction and nuclear magnetic
esonance (NMR) spectroscopy were employed to investigate the
ifference in crystalline structure and crystallinity under differ-
nt conditions (Gidley et al., 1995). Srichuwong, Sunarti, Mishima,
sono, and Hisamatsu (2005) reported chain-length distribution of
mylopectin was associated with digestibility showing the pro-
ortion of amylopectin chain with degree of polymerization (DP)
f 8−12 was positively correlated with hydrolysis rate and DP
6–26 was negatively correlated with hydrolysis rate. However,

nformation on how HMT  affects the formation and structural char-
cteristics of SDS fraction is lacking. Chung et al. (2009) investigated
he impact of annealing and HMT  on the digestibility of corn,
ea and lentil starches. For all granular native starches, the con-
ents of RDS and RS increased but the content of SDS decreased
y annealing and HMT, compared with the raw starch. Depend-

ng on the temperature and moisture levels during HMT, the RDS
nd SDS of potato starch increase, yet the RS content decreases as
ompared with the native starch (Lee et al., 2011). The HMT  of nor-
al  potato starch has been extensively researched and is widely

sed in the food industry. However, few studies have focused
n the waxy potato starch extracted from a recently developed
mylose-free potato mutant. Thus, structural properties of SDS and
S fractions in waxy potato starch formed by the HMT  are not
ell defined. Our previous article dealt with the optimal condi-

ions for SDS production through HMT  from waxy potato starch
nd the effects of HMT-induced structural changes on glucose
esponse in mice (Lee et al., 2012). The purpose of the current
tudy was to elucidate the structural characteristics of SDS + RS
nd RS fractions isolated from waxy potato starch subjected to
MT.

. Materials and methods

.1. Materials

Waxy potato starch was purchased from AVEBE (Veendam,
he Netherlands). The enzymes used in the starch digestion were
orcine pancreatin (activity 8 × USP/g, P7545, Sigma, St. Louis,
O,  USA) and amyloglucosidase (activity 300 AGU/mL, AMG  300L,
ovozymes, Bagsvaerd, Denmark), where USP and AGU stand
or United States Pharmacopia and amyloglucosidase activity,
espectively. Isoamylase was obtained from Megazyme (activity
000 U/mL, Megazyme International, Bray, Ireland). Other chem-

cals and regents used in this study were of analytical grade.
olymers 125 (2015) 200–205 201

2.2. HMT

The optimum conditions for forming high concentrations of
SDS fraction in waxy potato starch formed by HMT  were previ-
ously reported (Lee et al., 2012). The original moisture content
of the waxy potato starch used was  measured 12.7% according
to the AACC 44-15A procedure (American Association of Cereal
Chemists, 2000). The moisture content of the waxy potato starch
was increased to 25.7% by adding the appropriate amount of dis-
tilled water. The starch sample was  mixed thoroughly with the
water in a glass container, sealed and left overnight at ambient
temperature to equilibrate the moisture content. The heat treat-
ment was  performed in a forced air oven at 120 ◦C for 5 h 20 min.
Then, the container was  opened and the sample was air-dried to
uniform moisture content (∼10%).

2.3. Isolation of SDS and RS

The SDS + RS and RS fractions were isolated based on the method
of Englyst et al. (1992) as modified by Shin et al. (2007). RDS
was measured for 10 min  based on the amount of glucose after
the enzyme reaction. SDS was  obtained as the amount digested
between 10 min  and 240 min. RS was the amount left undigested
after 240 min. The contents of RDS, SDS, and RS obtained were very
similar to the ones determined by the Englyst method. Porcine pan-
creatin (10 g) was  added to 120 mL  of distilled water and stirred
with a magnetic stirrer for 10 min. The pancreatin solution was then
centrifuged at 1500 × g for 10 min. The cloudy supernatant (100 mL)
was transferred to a conical flask containing 2 mL  (600 AGU) and
18 mL  of amyloglucosidase and distilled water, respectively. The
digestibility of the heat–moisture treated starch was measured by
adding sodium acetate buffer (0.1 M,  pH 5.2, 75 mL) and 5 glass
beads to a glass container (500 mL)  containing starch (3 g, wet
basis). The enzyme solution (75 mL)  was  added to the sample and
incubated in a shaking incubator (240 rpm) at 37 ◦C for 10 min
to remove RDS and absolute alcohol was added to the sample
solution to a final concentration of 80% to stop the reaction. The
SDS + RS fraction was  isolated by centrifugation (5000 × g, 10 min).
The RS fraction was obtained by hydrolyzing the treated starch for
240 min  to remove RDS and SDS, followed by the addition of alco-
hol and centrifugation. To prepare control starch, the native and
heat–moisture treated starches were incubated without enzyme
solution for 240 min, and the addition of alcohol and centrifugation
were conducted under the same conditions described above. The
residue was  air-dried at room temperature. The degrees of starch
hydrolysis of native SDS + RS, native RS, HMT-SDS + RS, and HMT-
RS fractions were 16.1%, 24.2%, 14.2%, and 56.0%, respectively (Lee
et al., 2012).

2.4. Scanning electron microscopy (SEM)

The surface structures and cross sections of SDS  + RS and RS
fractions were observed using field-emission scanning electron
microscopy (SEM). Starch samples were mounted on circular alu-
minum stubs with double sticky carbon tape, coated with a thin film
of platinum under vacuum and examined using a field-emission
scanning electron microscope (Supra 55VP, Carl Zeiss, Oberkochen,
Germany) at an accelerating potential of 3 kV. The cross section of a
starch granule was prepared with a stainless blade approximately
2-�m thick (ST 300, Dorco Co., Seoul, Korea).

2.5. X-ray diffraction
X-ray diffraction analysis was performed using an X-ray diffrac-
tometer (Model D5005, Bruker, Karlsruhe, Germany) operating at
40 kV and 40 mA producing CuK� radiation of 1.54 Å wavelength,
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ig. 1. Scanning electron micrograph (SEM) of heat–moisture treated waxy potato s
c)  native RS, (d) heat–moisture treatment (HMT) control, (e) HMT-SDS + RS, (f) HMT-

canning through the 2� range of 3–30◦ and step time of 4 s. Rela-
ive crystallinity of starches was calculated according to the method
f Nara and Komiya (1983) using a peak-fitting software (Origin-
ersion 7.5, OriginLab, Northampton, MA,  USA).

.6. Gelatinization parameters

Gelatinization parameters were determined using a differential
canning calorimeter (Pyris Diamond DSC, Perkin-Elmer, Waltham,
A,  USA). The calorimeter was calibrated with an indium standard.
ater (40 �L) was added with a micropipette to the sample (10 mg)

n a DSC pan, which was then sealed, reweighed and allowed to
tand for 4 h at room temperature to attain an even distribution of
istilled water. The sample pan was heated from 30 ◦C to 120 ◦C at
◦C/min with an empty pan as reference. During the scan, the space

urrounding the sample chamber was flushed with dry nitrogen to
void condensation. Onset, peak and conclusion temperatures of
elatinization as well as gelatinization enthalpies were determined
sing the Pyris software.

.7. Determination of branched chain-length distribution using
igh-performance anion-exchange chromatography with pulsed
mperometric detection (HPAEC-PAD)

The branched chain-length distributions of SDS + RS and RS frac-
ions were determined after debranching with isoamylase. Starch
15 mg)  was solubilized in 90% DMSO (3 mL)  and boiled for 15 min.
thanol (15 mL)  was added to the starch suspension to precipitate
he starch. The suspension was centrifuged at 10,000 × g for 10 min

wice. Distilled water (1.5 mL)  was added to the pellet and boiled
or 10 min. After boiling, 1.5 mL  of 50 mM sodium acetate buffer (pH
.3) and 30 �L of isoamylase (Megazyme International) were added
nd the sample was incubated in a water bath at 45 ◦C and 50 rpm
 (a) native control, (b) native slowly digestible starch plus resistant starch (SDS + RS),
) SEM of the surface of starch granules (2) SEM of the cross-section of starch granules.

for 2 h. The sample was boiled for 10 min  to stop the reaction. The
debranched sample was  filtered through a 0.45-�m membrane
filter and analyzed using high-performance anion-exchange chro-
matography with pulsed amperometric detection (HPAEC-PAD) on
a CarboPacTM PA-1 anion exchange column (Dionex, Sunnyvale, CA,
USA) with a pulsed amperometric detector (Dionex). This analysis
was performed using 150 mM NaOH for column equilibration and
600 mM sodium acetate in 150 mM NaOH for sample elution with
flow rate of 1 mL/min. The gradients of sodium acetate used were
as follows: linear gradients from 0% to 20% for 0 to 5 min, from 20%
to 45% for 6 to 30 min, from 45% to 55% for 31 to 60 min, from 55%
to 60% for 61 to 80 min, from 60% to 65% for 81 to 90 min, from 65%
to 80% for 91 to 95 min  and from 80% to 100% for 96 to 100 min.
The values of DP from 1 to 7 were designated using a mixture of
maltooligosaccharides (DP 1–7, Sigma Chemical) as standard.

2.8. Statistical analyses

All experiments were performed in triplicate and mean val-
ues and standard deviations reported. Analysis of variance was
conducted and the mean separations were analyzed using the Dun-
can’s multiple range test (p < 0.05). The statistical analyses were
conducted using the SPSS for Windows 12.0 software (SPSS Inc.,
Chicago, IL, USA).

3. Results and discussion

3.1. SEM
The surface and cross sections of starch granules of SDS + RS and
RS fractions were investigated using SEM. The surface of native
starch granules was  displayed as round or oval granular shapes
with no evidence of cracks (Fig. 1a1). The surface of starch granules
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Table 1
Relative crystallinity of slowly digestible starch plus resistant starch (SDS + RS) and
RS  fractions.

Samples Relative crystallinity

Native control 0.50 ± 0.01c

Native SDS + RS 0.52 ± 0.01d

Native RS 0.56 ± 0.01e

HMT  control 0.42 ± 0.01a

HMT-SDS + RS 0.47 ± 0.01b

HMT-RS 0.52 ± 0.01d
ig. 2. X-ray diffraction patterns of slowly digestible starch plus resistant starch
SDS + RS) and RS fractions.

n the native SDS + RS fraction was similar to that of native starch.
owever, many cracks and granular degradation were observed

n the native RS fraction (Fig. 1c1). The cross section of the native
tarch granules showed no hollow areas (Fig. 1a2). Growth ring
tructure was observed in the cross section of the native RS frac-
ion (Fig. 1c2), but was not observed in the native SDS + RS fraction.
he surface of the heat–moisture treated sample showed signs of
racks (Fig. 1d1) and more granular degradation occurred in the
DS + RS and RS fractions (Figs. 1e1 and f1). The cross section of
ach starch granule displayed a large hollow region at the center,
ossibly caused by the HMT  (Fig. 1d2). HMT  may  cause transfer
r rearrangement of the molecular structure at the center of the
tarch granules where the tissue structure is weak (Kawabata et al.,
994). A growth ring structure was observed in the HMT-SDS + RS
nd HMT-RS fractions. In comparison with the HMT-SDS + RS frac-
ion, more degradation of the amorphous growth ring occurred in
he HMT-RS fraction. This result was due to the hydrolysis of starch

olecules, which occurred to a greater extent in the amorphous
egion that was relatively more easily accessible by enzymes than
n the semicrystalline growth ring. Reportedly, �-amylase attacks
referentially amorphous regions of the starch, and solid regions
re less accessible and hydrolyzed at a slower rate (Vasanthan &
hatty, 1996).
.2. X-ray diffraction and relative crystallinity

The X-ray diffraction patterns and relative crystallinities of the
amples are shown in Fig. 2 and Table 1, respectively. Native
The values with different superscripts within a column are significantly different
(p  < 0.05) by Duncan’s multiple range test.

waxy potato starch showed the typical B-type pattern with
diffraction intensities at 5.5◦, 14.8◦, 17◦, 19.3◦, 22◦ and 24◦ 2� angle.
Heat–moisture treated samples exhibited significantly changed X-
ray diffractograms. The original peaks at 5.5◦ and 19.3◦ disappeared
and those at 22◦ and 24◦ were replaced by the peak at 23◦. Thus, the
X-ray patterns were altered from a B-type to a combination of B-
and A-types. The B- to B + A-type transformation in potato and waxy
potato starches has been previously reported (Hoover & Vasanthan,
1994; Lee et al., 2012). In the HMT-SDS + RS fraction, the peaks at 22◦

and 24◦ were replaced by the peak at 23◦, which showed the B + A-
type pattern. In contrast, in the HMT-RS fraction, peaks appeared
at 5.5◦, 22◦ and 24◦, thus displaying a B-type pattern. The B-type
polymorph has been proposed to have more branch points in non-
crystalline regions, leading to high-density amorphous regions and
stable crystallites, which resist enzymatic hydrolysis compared to
A-type polymorphs (Srichuwong & Jane, 2007). In the current study,
heat–moisture treated starches showed a decrease in the intensity
of the major diffraction peaks along with a decrease in crystallinity.
The X-ray diffraction patterns in the native SDS + RS and native RS
fractions were unchanged. However, small increases in the level
of relative crystallinity in the native SDS + RS and native RS frac-
tions were observed, and the increase in the latter was greater. The
relative crystallinity increased in the HMT-SDS + RS and HMT-RS
fractions and the increase was higher in the latter. The HMT-RS frac-
tion displayed lower relative crystallinity compared with the native
RS fraction. These results indicated that the RS fraction was mainly
composed of semicrystalline regions, which was  in agreement with
the description by Sajilata et al. (2006).

3.3. Gelatinization parameters

The gelatinization parameters of various samples are shown
in Table 2. The HMT  samples displayed slight increases in To

and Tp, a significant increase in gelatinization temperature range
(Tc–To), and a decrease in gelatinization enthalpies compared with
the native control starch. The increased gelatinization parame-
ters of HMT  samples were consistent with the previous studies
on the effects of HMT  on tuber and root starches (Gunaratne &
Hoover, 2002; Hoover & Manuel, 1996). Both the native SDS + RS
and native RS fractions showed higher gelatinization temperatures
and a lower Tc–To than the native control. There were no signifi-
cant differences in To, Tp, Tc, and �H for the native SDS + RS and
native RS fractions. To, Tp, and Tc increased more in both the HMT-
SDS + RS and HMT-RS fractions than the HMT  control. Compared
with the HMT  control, only the HMT-RS fraction showed a decrease
in Tc–To. The decrease of �H  was the greatest in the HMT-SDS + RS
fraction, followed by the HMT-RS fraction. The differences in Tc–To

are due to the degree of crystallite heterogeneity, which has slightly
different crystal strengths (Gunaratne & Hoover, 2002; Vasanthan

& Bhatty, 1996). The decrease in �H  values after HMT  of potato
starch suggested several of the original double helices might be
disrupted during the polymorphic transformation from B-type to
the combination of A- and B-types. Shin et al. (2004) reported the
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Table 2
Gelatinization parameters of slowly digestible starch plus resistant starch (SDS + RS) and RS fractions.

Sample To (◦C) Tp (◦C) Tc (◦C) Tc–To (◦C) �H (J/g)

Native control 63.5 ± 0.4a 69.3 ± 0.2a 74.3 ± 0.3a 10.8 ± 0.8c 16.1 ± 0.2d

Native SDS + RS 66.8 ± 0.1d 71.8 ± 0.3c 76.4 ± 0.4b 9.6 ± 0.4b 15.2 ± 0.5c

Native RS 67.1 ± 0.3d 71.5 ± 0.1c 75.8 ± 0.2b 8.7 ± 0.2a 15.5 ± 0.1cd

HMT control 64.1 ± 0.4b 70.1 ± 0.2b 86.6 ± 0.2d 22.5 ± 0.1e 14.0 ± 0.5b

HMT-SDS + RS 66.1 ± 0.0c 71.9 ± 0.1c 89.1 ± 0.2e 22.9 ± 0.2e 10.9 ± 0.3a

HMT-RS 67.1 ± 0.4e 71.8 ± 0.5c 79.6 ± 0.4c 11.9 ± 0.4d 13.5 ± 0.1b

The values with different superscripts within a column are significantly different (p < 0.05) by Duncan’s multiple range test.

Table 3
The branched chain-length distributions of slowly digestible starch plus resistant
starch (SDS + RS) and RS fractions.

Sample Percent distribution

DP 6–12 DP 13–24 DP 25–36 DP ≥37

Native control 21.4 ± 0.4c 49.8 ± 0.7b 17.5 ± 0.4b 11.3 ± 0.3a

Native SDS + RS 21.0 ± 0.3c 49.4 ± 0.4b 17.7 ± 0.5b 11.9 ± 0.2abc

Native RS 21.1 ± 0.4c 49.1 ± 0.3b 17.8 ± 0.3b 12.0 ± 0.5bc

HMT control 21.1 ± 0.3c 49.6 ± 0.2b 17.6 ± 0.3b 11.6 ± 0.3ab

HMT-SDS + RS 20.4 ± 0.4b 48.2 ± 0.3a 19.0 ± 0.6a 12.5 ± 0.3c

HMT-RS 19.0 ± 0.5a 47.9 ± 0.6a 19.7 ± 0.3a 13.3 ± 0.3d
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he values with different superscripts within a column are significantly different
p  < 0.05) by Duncan’s multiple range test.

nzymatically hydrolyzed fraction from debranched waxy sorghum
tarch was inferred to be RDS, which was mostly amorphous. Addi-
ionally, double helices of the SDS + RS fraction had a less ordered
tructure than the RS fraction. In the present study, the �H of HMT
ontrol revealed a higher value than the heat–moisture treated
axy potato starch (12.7 J/g, Lee et al., 2012). This seemed due to the

earrangement of crystalline matrix during incubation for produc-
ng control sample. The HMT-SDS + RS fraction displayed a lower

H than the HMT-RS fraction (10.9 and 13.5 J/g, respectively). As
he �H primarily reflects the loss of double helical order, the vari-
tion in �H corresponds to the number of double helices and the
xtent of interaction between adjacent amylopectin double helices
ithin the crystalline domains (Cooke & Gidley, 1992; Gunaratne

 Hoover, 2002). It is known that short chains of amylopectin
olecules form double helices (short order), which organize into

rystalline lamella (long order) (Roder, Ellis, & Butterworth, 2005).
herefore, the lower �H  of HMT-SDS + RS than HMT  control might
e caused by a decrease in the proportion of short chains of DP < 25.
he amorphous region and a less perfect crystalline region were
ydrolyzed through enzyme digestion, as supported by a signifi-
ant difference in enthalpy between the HMT-SDS + RS and HMT-RS
ractions. This result indicated that double helices of the HMT-
DS + RS fraction were removed during the enzyme digestion and
he HMT-SDS + RS fraction had a less ordered structure than the
MT-RS fraction. The HMT-SDS + RS fraction included SDS which
ould be consisted of weak crystallites and amorphous regions, sup-
orting the SDS structure reported by Shin et al. (2004). Thus, the
rystalline regions likely composed most of the HMT-RS fraction.

.4. Branch chain-length distributions

The chain-length distributions of the SDS + RS and RS fractions
ebranched by isoamylase are presented in Fig. 3 and Table 3. The
ranch chain-length distribution was determined as a percentage
f the total peak area and the variation in the detector response with
P was disregarded (Hanashiro, Abe, & Hizukuri, 1996). Group-

ng of DP numbers followed that of Hanashiro et al. (1996), who

ategorized branched chains into the following four fractions: DP
–12, 13–24, 25–36, and ≥37, corresponding to A, B1, B2, and B3,
espectively and longer chains of amylopectin. Reportedly, B-type
tarches have longer branch chains than A- and C-type starches
Fig. 3. The branched chain-length distributions of slowly digestible starch plus
resistant starch (SDS + RS) and RS fractions.

(Jane et al., 1999; Hizukuri, Kaneko, & Takeda, 1983). Waxy potato
amylopectin had a high proportion of DP 13–24 and a low propor-
tion of DP ≥37. No significant differenences were observed in the
SDS + RS and RS fractions of the native and HMT  controls. However,
the HMT-SDS + RS fraction had lower proportions of short branch
chains (DP 6–12 and DP 13–24) and higher proportions of DP 25–36
and DP ≥37 compared with the native and HMT  controls. More-
over, amylopectins of the HMT-RS fraction had a higher proportion
of long branch chains (DP ≥37) but a lower proportion of short
branch chains of DP 6–12 than the HMT-SDS + RS fraction.

The B-type starches have lower percentages of short chains
(DP 6–12) and higher percentages of long chains (DP ≥37) than
do A- and C-type starches (Hanashiro et al., 1996; Jane et al.,
1999). The HMT-RS fraction, which showed the B-type X-ray

pattern, had a higher proportion (13.3%) of long chains (DP
≥37) and a lower proportion (19.0%) of short branch chains
(DP 6–12) than the HMT  control (11.6% and 21.1%, respectively).
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C.J. Lee, T.W. Moon / Carbohyd

sing partial �-amylase hydrolysis, Han et al. (2006) devel-
ped a novel maize starch with a slowly digestible and resistant
haracter compared with raw maize starch. They reported the
roportion of short chain was reduced in the partially �-amylase-
reated starch having higher SDS and RS contents than raw
tarch and the proportion of long chains progressively increased.

 significant amount of short chains in amylopectin molecules
nterrupted the formation of crystallites perfectly resistant to
igestion during retrogradation. Amylopectin molecules having a
mall amount of short chains and a large amount of long chains
referentially formed relatively perfect crystallites resistant to
tarch-hydrolysing enzymes.

Zhang et al. (2006) reported SDS is composed of undigested or
artially digested amylopectin and a considerable amount of small
olecules was detected after debranching. In addition to the short

hains of DP 5–9, the long chains of DP > 30 greatly contributed to
DS. The fine structure of amylopectin is potentially related to the
ontent of SDS (Zhang, Ao, & Hamaker, 2008).

. Conclusions

HMT of waxy potato starch caused a change in the granular
tructure altering the digestion pattern. Cross-sections of starch
ranules displayed a more definite growth ring pattern in the
DS + RS fraction than in the RS fraction. The RS fraction exhibited
ncreased crystallinity, gelatinization enthalpy and proportion of
ong chains (DP ≥37) but a decreased gelatinization temperature
ange compared with the SDS + RS fraction. The SDS + RS fraction
howed increases in crystallinity and proportion of long chains (DP
25) but a decrease in gelatinization enthalpy compared with the
ontrol starch. These results indicated that the majority of RS was
omposed of crystalline structure and had a high proportion of long
hains (DP ≥37). Finally, most of the SDS consisted of amorphous
egions and weak crystallites and showed a high proportion of DP
25. This structural information could be used to develop a low-
igestible food ingredient based on heat–moisture treated waxy
otato starch.
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