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A low glycemic index starch was developed by partialR-amylase treatment, and its fine structure responsible for
slowly digestible and resistant properties was investigated. Different digestion rates were obtained for gelatinized,
retrograded starch by varying the enzyme dosage and reaction time. Analysis by high performance size-exclusion
chromatography (HPSEC) coupled with multiangle laser-light scattering indicated that the molecular weighs of
amylopectin and amylose were reduced during the digestion, to less than 100 kDa. A debranched chain length
study using high performance anion-exchange chromatography equipped with an amyloglucosidase reactor and
a pulsed amperometric detector and HPSEC revealed that short chains of amylopectin and noncrystalline amylose
were rapidly digested, while DPn 121 chains showed resistance, followed by DPn 46 chains. X-ray diffraction
analysis revealed that the crystalline structure in the treated starches survived cooking. These starches not only
have slowly digestible and resistant character, but also retain some branched structure for adequate functionality.

Introduction

Starch can be classified as containing rapidly digestible starch
(RDS), slowly digestible starch (SDS) and resistant starch (RS)
related to its physiological effect after consumption.1 Substantial
RDS correlated to high glycemic index (GI) and has been shown
in rats to induce nonreversible insulin resistance,2-4 stimulate
fatty acid synthase and lipogenesis,5 and promote body fat
deposit.6,7 In obese teenagers, the rapid absorption of glucose
after consumption of the high GI meals was shown to induce a
sequence of hormonal and metabolic changes that promoted
excessive food intake.8 In contrast, in the low GI meals, less
starch is digested rapidly and often is absorbed slowly. Low
GI meals lower nonfasting plasma glucose, plasma triacylglyc-
erol, and adipocyte volume in rats9 and prolonged satiety in
obese adolescents.10 Slowly digestible starch has low GI and
provides sustained postprandial levels of glucose in blood that
may be related to satiety, since transient declines in blood
glucose signal meal initiation in rats11 and humans.12 Resistant
starch, on the other hand, reduces starch availability for digestion
and produces short-chain fatty acids in the large bowel through
fermentation, which is beneficial for colon health13 and may
protect against colorectal cancer.14,15

Among the different resistant starches, the retrograded
resistant starch (RS3) has great commercial importance, since
its crystalline polymorphs exhibit an endothermic transition from
120 to 165°C16,17 that typically survive most, but not all, food
processing conditions. RS3 was initially hypothesized as a
crystalline state of amylose double helices.18 Later, the non-
crystalline part of retrograded starch was also found to be

enzyme resistant.19,20Gidley et al.21 characterized resistant starch
as aggregated/gelled amylose with high double helix content,
low crystallinity, and a degree of polymerization (DP) of
junction zones ranging from 10 to 100. Eerlingen et al.22 reported
that DP of the RS crystallites varied only between 19 and 26
and is independent of the chain length of the amylose. Resistant
starch isolated from ileostomates showed23 two main proportions
of DP 38 and over 100. Compared to current understanding of
resistant starch, little is known about the nature of slowly
digestible starch, although its existence in raw starch24 and
creation by retrogradation of debranched starch have been well-
documented.25

As normal maize starch contains both linear amylose and
branched amylopectin with short and long chains of different
sizes, our approach was to manipulate it at the molecular level
through physical and enzyme treatments to attenuate starch
digestion properties. The objectives of this work were (1) to
make a cooking-stable starch having slowly digestible and
resistant properties and (2) to study the structure of the created
starch with modified digestion. It is demonstrated that, by
controlling the digestions of retrograded normal maize starch
to varying extents with further processing, starches of different
digestion rates can be achieved.

Experimental Section

Materials. Normal maize starch was from Tate & Lyle North
America, Decatur IL. Porcine pancreaticR-amylase was from Sigma-
Aldrich, St. Louis, MO (Sigma A-3176).

Preparation of Low GI Starch. Normal maize starch (5 wt % in
diluted pH 6.9 buffer solution containing 0.0625 mM sodium glycer-
olphosphate-HCl, 1.563 mM NaCl, and 0.313 mM CaCl2) was heated
to over 80°C with stirring to gelatinize starch, and thereafter autoclaved
(121 °C) for 15 min. The gelatinized starch solution was cooled and
stored at 4°C for 12 h to allow retrogradation. It was then warmed to
37 °C and digested by porcine pancreasR-amylase at 15 U/g of starch
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for 1 h, 30 U/g of starch for 2 h, and 45 U/g of starch for 4 h (U is
defined as the amount of enzyme that liberates 1.0 mg of maltose from
starch in 3 min at pH 6.9 at 20°C). Immediately after the reaction, the
solutions were autoclaved for 15 min and cooled in a water bath and
10% of ethanol (v/v) was added to facilitate precipitation of retrograded
starch. The mixtures were transferred to 4°C and stored overnight (12
h). The precipitated starch was collected by centrifugation at 6000g
for 15 min, washed with purified water (half of the original volume of
buffer), and collected by centrifugation twice. This starch was mixed
with water (half of the original volume of buffer) and spray-dried at a
flow rate of 30 mL/min with inlet and outlet temperatures of 120 and
75 °C, respectively (NIRO Automizer, Copenhagen, Denmark).

In Vitro Digestibility Assay. In vitro digestibility was analyzed
using the method of Zhang and Hamaker26 with minor modification.
Starch (500 mg) with 5 mL of purified water in a sealed 30-mL bottle
was cooked in a boiling water bath for 10 min. Buffer (20 mL)
containing 1 mM sodium glycerophosphate-HCl, pH 6.9, 25 mM NaCl,
5 mM CaCl2 was added to the cooked starch. The solution was
equilibrated at 37°C for 0.5 h and 150 U ofR-amylase added. Enzyme
digestion was carried out at 37°C, and 0.5 mL aliquots of hydrolyzed
solution were withdrawn at selected times. The equivalent reducing
sugar value of maltose was determined using the Somogyi-Nelson
method.27

In Vivo Assay of Acute Glucose Response in Rats after Gavage
of Starch. Starch samples (10 wt % in water) were cooked in boiling
water for 10 min and cooled at room temperature for 1 h. Sprague-
Dawley rats (age 44-48 days and weight 175-199 g) (10 rats for each
treatment) were fed 2.3 mL (10% starch) of cooked starch samples,
and blood samples were drawn at 0, 10, 20, 30, 45, 60, 90, 120, and
180 min after oral gavage. Seven rats in the control and eight rats in
the testing sample successfully completed the blood sampling. Blood
glucose was determined by the colorimetric method using a Cobas Mira
Plus autoanalyzer (Roche Diagnostics, Mannhein, Germany).28

High-Performance Liquid Chromatography. Molecular weight
distribution of low GI starch was analyzed using high performance
size-exclusion chromatography (HPSEC) coupled with a multiangle
laser-light scattering (MALLS) and a refractive index (RI) detector.29

Starch samples (100 mg) were dissolved in 95% dimethyl sulfoxide
(10 mL) and boiled with continuous stirring for 1 h. The samples were
cooled to room temperature and stirred for an additional 24 h. The
completely dissolved samples were precipitated with ethanol (40 mL)
and centrifuged at 3800g for 15 min. The precipitates were washed
with 40 mL of ethanol and collected with centrifugation at 3800g for
15 min two times. The precipitates were dried for 24 h in a vacuum at
room temperature. Dried samples (15 mg) were added with 5 mL of
purified water and boiled with stirring for 10 min. The samples were
cooked in a pressure cooker (121°C) for 25 min and immediately
injected into an HR 16/50 Pharmacia column (Sephacryl S 500 HR
gel, exclusion rangeMr 4 × 105 to 2 × 107, Pharmacia, Sweden) with
a Varian 9012 HPLC solvent delivery system, a Varian 9040 reflective
index detector (Varian Associates, Inc., Walnut Creek, CA), and a
multiangle laser light scattering detector (Wyatt/Optilab 903 interfero-
metric refractometer and DAWN DSP laser photometer) (Wyatt
Technology Corp., Santa Barbara, CA). The mobile phase was 0.02%
sodium azide aqueous solution filtered through a 0.22µm GV Durapore
membrane (GA Durapore Membrane Filters, Millipore, Ireland), and
the flow rate was 1.5 mL/min.

Chain Length Distribution of Debranched Starch Analysis.The
chain length distribution of debranched starch was analyzed using high
performance anion-exchange chromatography equipped with an amylo-
glucosidase reactor and a pulsed amperometric detector (HPAEC-ENZ-
PAD) and high performance size exclusion chromatography (HPSEC).
Starch samples were debranched by isoamylase using the procedure
by Jane and Chen.30 Chain-length distributions of debranched starch
samples were analyzed using HPAEC-ENZ-PAD (Dionex, Sunnyvale,
CA) following the method of Wong and Jane.31 A PA-100 anion-
exchange analytical column and a guard column (Dionex, Sunnyvale,

CA) were used. The separation gradient, composed of eluent A (100
mM sodium hydroxide) and eluent B (100 mM sodium hydroxide, 300
mM sodium nitrate), was as follows: 0-5 min, 99% A and 1% B;
5-30 min, linear gradient to 8% B; 30-150 min, linear gradient to
30% B; 150-200 min, linear gradient to 45% B. Samples were analyzed
in duplicate. The debranched starch chain distribution was also analyzed
to determine long and extra-long chains using an HPSEC equipped
with an RI detector.32 Standards (pullulan and glucose) were used to
estimate molecular weights (MW).30

X-ray Diffraction. X-ray diffraction patterns were obtained using
a Philips PW3710 diffractometer with a step width of 0.01° in the 2θ
range 10°-35°. Cu KR (λ ) 1.5418 Å) radiation was used and the
tube was operated at 40 kV and 25 mA. The time spent at each step
was 3 s. Moisture levels of all starch samples were equilibrated in
desiccators containing a saturated solution of K2CO3 at room temper-
ature for a week. In the assessment of cooking on the crystallinity of
starch, starch (10% in water) was cooked in a boiling water bath in a
sealed 30-mL tube for 10 min and immediately transferred to a 37°C
water bath. After 30 min, the starch solution was frozen in liquid
nitrogen and kept in a freezer (-20 °C) overnight. The frozen starch
samples were freeze-dried (VirTis Genesis 25 ES, VirTis, Gardiner,
NY) and moisture levels equilibrated using the same method as above.
Powdered starch (∼1 g) was packed in an aluminum holder, and X-ray
data were collected at room temperature. Starch crystallinity was
measured on the basis the ratio of crystalline to amorphous material.33

Differential Scanning Calorimetry (DSC). The thermal properties
of starch samples were determined using a differential scanning
calorimeter (DSC-7, Perkin-Elmer, Norwalk, CT). Approximately 6 mg
of starch was weighed in a stainless steel pan, mixed with 18 mg of
deionized water, and sealed. Sample was allowed to equilibrate for 2
h and scanned at a rate of 10°C/min over a temperature range of 25-
170°C. An empty pan was used as the reference.

Viscosity of Cooked Starch Solution at Different Shear Rates.
Starch solution (10% in purified water) was cooked in boiling water
for 10 min and then placed in a 27°C water bath for 2 h. Starch solution
(1.2 mL) was transferred onto the center of the plate of a controlled
stress rheometer (ReoLogica Instruments AB, Sweden). Measurements
were conducted using a cone and plate system with a cone of 4 cm
diameter and 4° angle. Steady shear measurements were conducted at
27 °C using a range of shear rates of 5.6-238 1/s and the resulting
flow curves analyzed. All the measurements were conducted in
duplicate.

Results and Discussion

Digestibility of Normal Maize Starch after r-Amylase
Treatment. Raw starch was treated at three specific dosages
and digestion times, 15 U/g of starch for 1 h, 30 U/g of starch
for 2 h, and 45 U/g of starch for 4 h, denoted hereafter as Tr1,
Tr2, and Tr3, respectively. Subsequently, after cooking,R-amyl-
ase digestion rates were found to be significantly lower than
for the untreated starch (Figure 1). For example, at 30 min, the
digestions were reduced by 21, 35, and 46% from the control,
respectively. Even after 3 h, this trend was maintained (13, 21,
and 28%). Thus, it was hypothesized that there are rapidly
digestible, slowly digestible, and resistant starch fractions in
the treated samples. To test this, rats were fed (by gavage) Tr2
and normal maize starch after boiling 10% of each in sealed
bottles for 10 min. Their blood glucose levels were then
analyzed up to 3 h (Figure 2). Postprandial glycemic response
was substantially lower in the treated than in the original starch,
implying reduced digestion or absorption of the treated starch
(Figure 2). The area under the glucose curve, namely glycemic
index (GI), showed 35% reduction. The GI in rats has been
related to GI in humans.34 In addition, the peak glucose level is
related to the amount of insulin released to blood.35 The
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observed difference of 24 mg/dL in the peak glucose levels at
20 min digestion was much more than that after 2 h (11.4 mg/
dL) or 3 h (7.3 mg/dL) digestion. This indicates that glucose
absorption from cooked normal maize starch by rats is more
rapid and more starch is digested slowly in theR-amylase-treated
starch.

Molecular Weight and Debranched Chain Length Distri-
bution. The changes in molecular size after amylase treatment
were studied to understand how the treated starch structure was
prone to be more slowly digested and resistant to digestion.
Figure 3 shows the HPSEC/MALLS-generated molecular weight
(MW) profile of normal maize starch. After treatment with
gelatinization, retrogradation, and amylase digestion, the most
significant change was that the MW was considerably reduced

and to a fairly narrow distribution (Figures 4a-c). Also,
increasing enzyme dosage and digestion time resulted in
progressively smaller amounts of higher molecular weight
material.

To further characterize the structure of theR-amylase
degraded starches, chain length distributions of debranched
starch were analyzed by both HPAEC-ENZ-PAD and HPSEC-
RI. Detailed short and medium size chains are shown by
HPAEC-ENZ-PAD, whereas HPSEC-RI was used to detect the
long and extra-long chains of amylopectin.32 In normal de-
branched maize starch, significant amounts of short chains of
DPn 12-13 were detected (Figure 5). In contrast, the proportion
of short chains was significantly reduced in treated starches
(Figures 6a-c), and this number decreased considerably with
increasing amylase dosage and digestion time. The inference,
therefore, is that short chains of amylopectin molecules in the
retrograded material were preferentially digested by amylase.

The chain length distribution of debranched starches obtained
by HPSEC-RI confirmed that the short chains around DPn 12
were markedly less due to amylase treatment (Figure 7).
Surprisingly, amylose (DPn 665) was also found to be prefer-
entially digested. In this regard, it can be postulated that such

Figure 1. In vitro digestibility of normal maize and R-amylase-treated
normal maize starches after cooking.

Figure 2. Acute postprandial glucose response of rats after gavages
of cooked normal maize and R-amylase-treated normal maize
starches.

Figure 3. Chromatogram and molar mass distribution of normal
maize starch by high performance size-exclusion chromatography
coupled with MALLS.

Figure 4. Chromatogram and molar mass distribution of R-amylase-
treated normal maize starch determined by high performance size-
exclusion chromatography coupled with MALLS: (a) 15 U/g of starch
for 1 h, (b) 30 U/g of starch for 2 h, and (c) 45 U/g of starch for 4 h.

1164 Biomacromolecules, Vol. 7, No. 4, 2006 Han et al.

CDV



long chains may be involved in retrogradation or formation of
junction zones to nucleate an ordered domain, while a significant
part of its structure would still be in an amorphous state. It is
nearly impossible for these chains to form a perfect crystalline
structure. On this basis, it is proposed that the amorphous regions
of retrograded amylose are easy targets forR-amylase during
treatment. Thus, these short chains and amorphous regions of
amylose appear to account for the rapidly hydrolyzed starch
during R-amylase treatment.

In the case of Tr3, the predominant peak (DPn 121) of
branched chains of the digested material extended to about DP
46 (Figure 7). Since linear chains of DPn 121 existed in smaller
amounts in normal maize starch and progressively increased
(in proportion) upon enzyme treatment, they are likely to be
retrograded glucan stretches and either resistant or slowly
digestible in nature. Among the three treated samples, DPn 46
chains showed a similar trend, but the effect was the most
pronounced for Tr2. Thus, we infer that these chains are likewise
slowly digestible and/or partially resistant to amylase digestion.

It has been reported that the isolated RS after dietary fiber
analysis has DP between 19 and 26, regardless of the original
chain length.22 Similarly, the RS of DP 43 is formed after
porcine pancreaticR-amylase digestion and that of DP 32 after
acid hydrolysis.17 Both studies showed more extensive hydroly-
sis due to higher enzyme or acid concentration than in our
experiments. Therefore, the linear chains of the larger DPn 121
in Figure 7 are due to relatively milder hydrolysis. Starch linear
chains of DPn 121 may still be digestible under more extensive
digestion conditions, but they would be digested at a much
slower rate than short chains or part of the extra-long chains.
These chains may also contribute, to some extent, to form
crystalline structure along with nearby short noncrystalline
regions. Small-angle X-ray scattering of retrograded starch by
others showed much lower crystallinity than native starch
granules.36,37Thus it can be speculated that the short noncrystal-
line regions between crystalline regions in our treated samples
could be slowly digested or resistant to digestion, depending
on the length of these noncrystalline regions and their locations
(surface or interior) in crystallites.

X-ray Analysis. X-ray powder diffraction patterns of normal
maize starch and the three treated starches (Tr1, Tr2, Tr3) are
shown in Figure 8. Their crystallinities are 24.7, 27.2, 24.6,
and 21.5%, respectively. Normal maize starch had a typical
A-type pattern with the most intense bands corresponding to
Bragg angles (2θ) 15, 17, 18.1, and 23.3° as reported by

Planchot et al.38 On the other hand, the diffraction profiles for
the treated samples were of a different nature. All the three
treated samples diffracted similarly (Figure 8) and correspond
to a composite of the B-type crystalline structure and V-form
of amylose-ethanol or amylose-lipid complex. It is known
that lipid-complexed amylose in the amorphous region of starch
can be partially hydrolyzed to form B-type crystalline structures
that are resistant to hydrolysis during lintnerization.39 It is also
known that when ethanol is used in the precipitation of amylase-
treated starches, it complexes with amylose and hence appears
in the amylose-ethanol diffraction pattern, which is similar to
that of the V-form of the amylose-lipid complex.40,41

After cooking and freeze-drying, no crystalline pattern was
discerned for normal maize starch (Figure 9). However, all the
three treated starches recovered their original diffraction patterns

Figure 5. Chromatogram of isoamylase debranched normal maize
starch determined by high performance anion-exchange chromatog-
raphy equipped with an amyloglucosidase reactor and a pulsed
amperometric detector.

Figure 6. Chromatogram of isoamylase debranched R-amylase-
treated normal maize starch determined by high performance anion-
exchange chromatography equipped with an amyloglucosidase re-
actor and a pulsed amperometric detector: (a) 15 U/g of starch for 1
h, (b) 30 U/g of starch for 2 h, and (c) 45 U/g of starch for 4 h.
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to varying degrees (Figures 10a-c). The resulting crystallinity
(19.0% for Tr1, 17.9% for Tr2, and 18.6% for Tr3) is likely
due to the resistance of crystallites to melt at the boiling
temperature (around 100°C), but conceivably could be due to
the ability to re-form a crystalline structure quickly during the
cooling process. The applied enzyme dosage and treatment time
was positively correlated with the retaining of crystallinity, with

Tr3 almost abutting its raw sample. Because of this ability to
maintain initial crystallinity, it is not surprising that the treated
samples are less digestible.

DSC Analysis. DSC thermal profiles are shown in Figure
11. In the case of normal maize starch, the first endothermic
peak was at 71°C (Tp) and the second at 93°C, corresponding
to the melting of crystallites in the native starch granules and
amylose-lipid complex, respectively.40,42In all the three treated
samples, the 71°C gelatinization peak was absent, indicating
the complete melting of the original crystalline structure. Instead,
the first new endothermic peak appeared at roughly 24°C
higher, 96, 95, and 94°C, for the three samples. The observed

Figure 7. Chromatograms of debranched normal and R-amylase-
treated normal maize starches determined by high performance size-
exclusion chromatography.

Figure 8. X-ray diffraction patterns of native and R-amylase-treated
normal maize starches.

Figure 9. X-ray diffraction patterns of normal maize starch before
and after cooking.

Figure 10. X-ray diffraction patterns of R-amylase-treated normal
maize starches before and after cooking: (a) 15 U/g of starch for 1
h, (b) 30 U/g of starch for 2 h, and (c) 45 U/g of starch for 4 h.
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increase in enthalpy (∆H) of this peak with the extent of amylase
treatment suggests that this starch fraction is partially resistant
to digestion. Two possible explanations exist. First, it is possible
that the endotherms at an elevated temperature of∼95 °C could
represent the melting of a crystalline structure composed of
longer chains of amylopectin. This is in accord with the rapid
retrogradation of long chains of amylopectin in a DSC study
of rescanning high amylose starch in aqueous solution.43,44

Second, it is possible that this peak represents the amylose-
lipid complex and is partially resistant to porcineR-amylase
digestion. This is consistent with a report that the amylose-
lipid complex slows down the digestion by pancreaticR-amylase
compared to noncrystalline amylose.45

The second endothermic transition peak in treated starches
occurred at 126, 144, and 149°C, respectively (Figure 11). It
may be recalled that B-type crystals with longer chains have
higher melting temperatures than those with shorter chains.46

The 126°C portion of Tr1 was either digestible or partially
digested during its processing, since this peak did not appear
in Tr2 or Tr3 starches. A third peak for Tr1 was at about 150
°C, comparable to the second for Tr2 and Tr3. This usually is
attributed to the melting of retrograded amylose.16 However,
the 144 °C peak for Tr2 was larger but broader than the
corresponding one for Tr1. Hence, we hypothesize that the 126
°C peak in Tr1 represents the melting of an amylopectin
crystalline structure composed of medium chains or partially
crystallized long chains. With further amylase treatment for 2
h (Tr2), both short and medium chains of amylopectin were
significantly reduced, thereby likely leading to its disappearance
and resulting in a crystalline mixture of long chains of
amylopectin and amylose of varying sizes so that the melting
profile at 144 °C was broader and lower. As the amylase
treatment was increased to 4 h (Tr3), more and more of the
short and medium chains were digested, and the long chains of
amylopectin and of partially degraded amylose of relatively
uniform sizes formed crystalline structures that melted at the
higher temperature of 149°C. The increased melting enthalpy
(∆H) of 6.8 J/g at the high-temperature endotherm is an
indication of formation of high-temperature stable crystalline
structure.

Viscosity of Treated Starches after Cooking.To assess the
rheological properties of the treated starches, viscosities were
measured and compared in Figure 12. The appreciable viscosity

noticed at low shear is a positive attribute of the lesser treated
starches. The viscosity, however, decreased with an increase in
the severity ofR-amylase treatment during starch processing.
Thus, the viscosity is inversely related to the digestibility of
the treated starches (Figures 1 and 12). This is fully in
accordance with the X-ray observations (Figure 10). In addition,
the removal of short chains of amylopectin may significantly
increase the thermal stability of the crystalline structure made
up of longer chains that would otherwise decrease the solubility
and hence viscosity of cooked starch.

Conclusions

Starches with resistant and slowly digestible properties
retained after cooking were produced upon amylase treatment
of normal maize starch. Postprandial glycemic response in rats
was reduced. The native amylopectin and amylose molecular
size was significantly and rapidly reduced during enzyme
treatment to a narrow, but defined, molecular weight range. The
chain length distribution of debranched starch showed that the
short chains of amylopectin and noncrystalline amylose were
preferentially digested (rapidly) during starch processing, while
the chains of DPn 121 were resistant to amylase treatment,
followed by those of DPn 46. Also, substantial crystallinity
persisted in the treated starches after cooking. With an increase
in the time and amount ofR-amylase treatment, DSC enthalpy
values increased for the primary peak around 95°C and the
higher melting peak around 140-150 °C. The mildly treated
starches (Tr1 and Tr2) maintained appreciable viscosity fol-
lowing recooking. In short, our study indicates that, with
R-amylase treatment, maize starch with resistant as well as
slowly digesting nature retained after cooking that corresponds
to a low glycemic index, can be produced. Similar behavior
could be expected for treatment of other starches as well, perhaps
even improving resistant and slowly digestible properties.
However, its validation must await further research.
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