
pubs.acs.org/JAFCPublished on Web 08/04/2010© 2010 American Chemical Society

J. Agric. Food Chem. 2010, 58, 9753–9758 9753

DOI:10.1021/jf1011769

Structure and in Vitro Digestibility of Normal Corn Starch:
Effect of Acid Treatment, Autoclaving, and β-Amylolysis

WEI SONG, SRINIVAS JANASWAMY, AND YUAN YAO*

Department of Food Science, Purdue University, 745 Agriculture Mall Drive, West Lafayette,
Indiana 47907-2009

The goal of this study was to explore a new strategy to reduce the digestibility of normal corn starch

(NCS). NCS was treated using 1.0% hydrogen chloride at 55 �C. After neutralization and desalting,

starches were adjusted to 35% moisture content and subjected to autoclaving. Thereafter, starches

were subjected to β-amylolysis. At different stages, starches were characterized for chain length

distribution, ordered structure including the crystalline pattern, and in vitro digestibility. The results

showed that acid treatment reduced amylose molecular weight and increased the thermal resistance

of A-type crystallites. V-type crystallites promoted by autoclaving were increased by acid treatment,

suggesting the beneficial effect of reduced amylose molecular weight on crystallization. β-Amylolysis

had minor impact on the crystalline pattern; however, it significantly reduced the in vitro digestibility

of starch by enriching linear chains. At higher levels of acid treatment, the effect of β-amylolysis was

more pronounced.

KEYWORDS: Starch digestibility; acid treatment; autoclaving; β-amylolysis

INTRODUCTION

Controlled digestibility of starch-containing foods may help to
address a number of health issues, specifically those related to
glucose absorption, glycemic index, and colon health. In the past,
significant works have been accomplished to modulate starch
digestibility, for example, by increasing the amount of resistant
starch in food. Resistant starch has been understood as the starch
component that avoids amylolysis in the small intestine and
enters the colon for fermentation. According to Englyst et al.
(1), by their digestion behaviors, starchmaterials can be classified
into rapidly digestible starch (RDS), slowly digestible starch
(SDS), and resistant starch (RS). The properties of various RS
types and approaches for preparing them have been extensively
discussed (2).

Due to their capability to form stable crystallites, long linear
R-glucans such as amylose are favored for preparing RS. High-
amylose corn starch (HACS), which may contain up to 70%
amylose, is the most preferred startingmaterial for preparing RS-
containing food ingredients (2). Starches with lower amylose
content have also been utilized for this purpose, mostly through
enzymatic debranching to generate linear glucans (3-5). De-
branching releases linear chains fromamylopectin to promote the
formation of ordered structure.However, comparedwithHACS,
materials prepared by debranching low-amylose starch contain
short chains as the primary components, limiting the formation
or stability of double helices and crystallites (6). The study by
Eerlingen et al. (7) showed that the chain length of RS ranges
from DP19 to DP26 and is independent of amylose chain length

and that the linear chains below DP24 are unlikely to form
crystallites.

Various types of hydrothermal treatment have been used to
reduce starch digestibility. Particularly, autoclaving has been
used to increaseRS (8-16). The autoclaving-mediated formation
of RS can be affected by amylose content (9), treatment time, and
use of acid (14), lintnerization (13), and genotypes (12). It was
reported that high-pressure autoclaving had an effect similar to
that of the treatment in a boiling-water bath in obtaining RS
(11). Recently, we found that a combined use of autoclaving and
β-amylolysis can beused to reduce the digestibility of normal corn
starch andwheat starch (16). In addition, acid treatment has been
used to increase the chain mobility of HACS and thus to improve
the ordering of linear chains during annealing and heat-moisture
treatment (17).

By increasing the content of R-1,6 glucosidic linkages (i.e.,
branch density), digestibility can also be reduced (18-20). This
methodology is based on the fact thatR-1,6 linkages aremuch less
susceptible to enzymatic hydrolysis than R-1,4 linkages (21, 22).
Recently, we have shown that highly branched malto-oligosac-
charides and phytoglycogen have lower digestibility than normal
and waxy corn starches (20).

The present study was a follow-up of our previous work (16).
The goal was to advance the β-amylolysis-based strategy for re-
ducing the digestibility of normal corn starch (NCS). We hypo-
thesized that the acid treatment of NCS starch granules can pro-
mote amylose crystallization during hydrothermal treatment and
enhance the reduction of in vitro digestibility after β-amylolysis.
To test the hypothesis, NCS was treated using hydrogen chloride
solution and then subjected to autoclaving andβ-amylolysis. Starch
materials at each stage were analyzed for chain length distribution,
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amount of ordered structure, crystalline pattern, and in vitro
digestibility.

MATERIALS AND METHODS

Materials. NCS and high-amylose starch (HylonVII) were obtained
from National Starch and Chemical Co. (Bridgewater, NJ). Pancreatin
and amyloglucosidase were purchased from Sigma (St. Louis, MO).
Isoamylase, pullulanase, and GOPOD assay kit were purchased from
Megazyme (Bray, Ireland). β-Amylase (BBA) was a gift from Genencor
(Rochester, NY). The activity of β-amylase was 16400 Betamyl units/mL
determined using the Betamyl method (Megazyme).

Methods. Acid Treatment. NCS (in the form of a 20% slurry) was
treated by 1.0%hydrogen chloride at 55 �C.Acid-treated starch slurrywas
neutralized using 1.0% sodium hydroxide and desalted through repetitive
washing using deionized water. Starch cakes were air-dried in the fume
hood at room temperature (22 �C), ground using a high-speed blender
(Waring Laboratory, Torrington, CT), and passed through an 80 mesh
sieve (180 μm). The yield of starch was 76.1, 74.7, 78.6, and 65.6% for 2, 5,
10, and 20 h of acid treatment, respectively, based on the mass of native
starch. The materials obtained were labeled 2h-AT, 5h-AT, 10h-AT, and
20h-AT for the starch materials subjected to acid treatment (acid treat-
ment abbreviated as AT) for 2, 5, 10, and 20 h, respectively.

Autoclaving.Themoisture contents ofNCS and 2h-AT, 5h-AT, 10h-AT,
and 20h-AT starch materials were adjusted to 35% using deionized water.
The starch was pressed by hand through a 20 mesh sieve to form a
collection of loosely compacted grains. The grains were then subjected to
three cycles of autoclaving that comprised 45 min at 121 �C, a 15 min
temperature ramp-up, and a 15 min ramp-down. After cooling at room
temperature, the material was air-dried and collected, ground using the
high-speed blender, and passed through an 80 mesh sieve. The starch
solids obtained were labeledNCS-AC (autoclaving abbreviated as AC)
for the non-acid-treated material and 2h-AT-AC, 5h-AT-AC, 10h-AT-AC,
and 20h-AT-AC, respectively, for the materials prepared from those
subjected to 2, 5, 10, and 20 h of acid treatment.

β-Amylolysis. For each autoclaved starch, a portion was subjected to
β-amylolysis. Starch particles were suspended in pH 5.5, 50 mM sodium
acetate buffer to form a 20% (w/w) suspension. To this was added
β-amylase at 0.50% (w/w) based on starch. The reaction was conducted
in a shaking water bath at 55 �C at 70 rpm for 20 h. Thereafter, the re-
actants were centrifuged at 3000g for 10 min to collect starch precipitates.
Each precipitate was washed five times, each time using 3 times by weight
of deionized water to remove enzyme and soluble substances. The non-
soluble materials were collected and dried in oven at 55 �C, and the solids
obtained were ground and passed through an 80 mesh sieve. The yield of
collected β-dextrin was 34.2% for non-acid-treated material and 46.7,
49.4, 39.4, and 32.3% formaterials that had undergone 2, 5, 10, and 20 h of
acid treatment, respectively, based on the mass of corresponding auto-
claved starches. The starchmaterials thus preparedwere labeledNCS-AC-
BA (β-amylolysis abbreviated as BA) for non-acid-treated material and
2h-AT-AC-BA, 5h-AT-AC-BA, 10h-AT-AC-BA, and 20h-AT-AC-BA,
respectively, for those prepared from starch subjected to 2, 5, 10, and 20 h
of acid treatment.

Analysis of Starch Chain Length Distribution. The chain length
distribution of starch was analyzed using high-performance size exclusion
chromatography (HPSEC) as described by Hickman et al. (16), with nor-
malization of the chromatogram by the total area from retention time
of 10-19 min. For each starch, the chain populations were determined
using the minima in the chromatograms. Amylose content of each starch
material (except for 20h-AT-AC-BA) was determined from the chroma-
togram by integrating the area from the 11 min point to the minimum at
the right side of the first peak (population 1 for amylose peak, Figure 1).
For 20h-AT-AC-BA, population 1 was determined using the same scale as
for 10h-AT-AC-BA. The total mass was determined by integrating the
area from the 11 min to the 17.5 min point. To determine the branch
density, the chromatogram (mass-based) was converted to that of amolar-
based using calibration curve (23). The number-average chain length
(average CL) was determined by the equation average CL=

P
(NM)/

P

N. The integration region was from 11 to 17.5 min to include the entire
area of debranched starch. The branch density was calculated as the
inverse of average CL.

DSCAnalysis. To evaluate the ordered structure of the prepared starch
materials, differential scanning calorimetry (DSC, TA DSC Q2000) was
used in a procedure described by Hickman et al. (16) with minor modi-
fications. In a standard TA hermetic aluminum pan, 5.0 mg of starch and
deionized water were added to make a 30% solid dispersion. The pan was
sealed and allowed to equilibrate for 2 h at room temperature before being
loaded. The scans were performed beginning with equilibration at 30 �C
and held isothermal for 3 min. The temperature within the DSC unit cell
was then raised at 5 �C/min to 120 �C.Data were collected and exported to
an Excel spreadsheet. Due to pressure limitations of aluminum pans, only
heat flow below 100 �C was reported.

X-ray Powder Diffraction. The X-ray powder diffraction analysis was
conducted using the procedure described by Hickman et al. (16) with
minor modifications. About 500 mg of sample was back-pressed into an
aluminum holder and mounted on a Philips PW3710 diffractometer inter-
faced to a personal computer. The X-ray tube was operated at 40 kV and
25 mA, and Ni-filtered Cu KR radiation (λ = 1.5418 Å) was used.
The intensity data were collected at room temperature in the 2θ range
8-38� with a step width of 0.01�, and the time spent at each step was 5 s.

Figure 1. Chain length distribution of NCS and starch materials that had
undergone acid treatment (A), autoclaving after acid treatment (B), and
additional β-amylolysis after autoclaving (C). Populations 1-4 (P-1-P-4)
are indicated using dotted lines.
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The patterns were smoothed for further analysis by the PC-APD (version
3.6) software. Starch crystallinity was determined using the proce-
dure described by Hickman et al. (16). Specifically, the amount of V-type
crystallites was evaluated using the area of the 12.9� peak (12.0�-
13.8�).

In Vitro Digestibility. The in vitro digestibility of starch materials was
measured according to the protocol described by Englyst et al. (1) with
modifications. All starch suspensions containing added guar gum were
heated in a boiling water bath for 10 min. After the suspension had cooled
and stabilized in a 37 �C water bath, the enzyme preparation was added.
The enzyme preparation contained pancreatin and amyloglucosidase
following the Englyst assay protocol (1). After 120 min of reaction, the
reactant was aliquoted andmixedwith 2 volumes of ethanol. Themixtures
were used as the stock solutions for glucose assay using the GOPOD
procedurewith an assay kit (Megazyme). The amount of glucose produced
was used to calculate the portion of glucan converted. Statistical analysis
of data was conducted using PROC ANOVA in SAS (version 9.2). The
Tukey test was utilized with a significant F test (P < 0.05).

RESULTS AND DISCUSSION

Chain Length Distribution of Starch Materials. Chain length
distributions of NCS and starch materials subjected to acid
treatment, additional autoclaving, and additional β-amylolysis
after autoclaving are shown in Figure 1. The chain length
distribution of NCS is consistent with our previous studies,
showing a polymodal pattern (16). Four populations are labeled
in Figure 1A: population 1 for amylose or its residues after acid
treatment, population 2 for amylopectin long chains, population
3 for most short B chains, and population 4 for most A chains.
After acid treatment, the most pronounced changes were in the
molecular weight and amount of population 1, suggesting the
impact of acid-catalyzed hydrolysis on amylose molecules. The
change caused by 2 h of acid treatment was negligible, whereas 5,
10, and 20 h of treatment led to stepwise reduction of amylose
molecular weight. After 10 and 20 h, the amount of population 1
was reduced to 25.8 and 21.9%, respectively, from 28.7% of
nontreated NCS (Table 1). It is believed that the reduction was
related to the release of short linear segments from amylose. In
chromatograms, the released short linear segments can be em-
bedded within the chain populations of debranched amylopectin.
In addition, somematerials released after acid treatment could be
removed during the extraction of residual starches, which could
also contribute to a reduction of population 1.

Chain length distributions of starch materials subjected to
autoclaving are shown in Figure 1B. Autoclaving did not change
the general pattern that higher levels of acid treatment correlated
with lower amounts of population 1. However, a comparison of
panels A and B of Figure 1 shows that autoclaving reduced the
amount of population 1 for both native NCS and acid-treated
starch materials. For example, after autoclaving, population 1
was reduced from 28.7 to 23.4% forNCS, from 27.9 to 20.0% for
5h-AT, and from 21.9 to 18.6% for 20h-AT (Table 1). Such a re-
duction indicates that autoclaving can lead to substantial degra-
dation of amylose molecules. A similar outcome was observed in
our previous study (16).

By trimming the external chains of amylopectin and amylose
molecules, β-amylolysis substantially changed the chain length
distribution (Figure 1C). One important outcome was that
population 1 increased drastically. For example, for NCS-
based material, β-amylolysis improved the amount of popula-
tion 1 from 23.4 to 36.5%. For 10h-AT-based material,
population 1 increased from 18.3 to 39.6% (Table 1). Parti-
cularly, after β-amylolysis, the increase of population 1 was
much higher for starch materials that had undergone higher
levels of acid treatment. For example, for the 2 h acid-treated
starch, β-amylolysis increased population 1 from 22.0 to
32.1%. In contrast, for 20 h acid-treated starch, β-amylolysis
increased population 1 from 18.6 to 45.7%.

The large increase of population 1 can be attributed to two
factors. The first factor is related to a preferential β-amylolysis of
amylopectin over amylose. β-Amylase removes maltosyl units
from the nonreducing ends of glucan chains, and the hydrolysis
rate should bemuchhigher for branchedmolecules (amylopectin)
than for linear molecules (amylose). For acid-treated starch, the
hydrolysis at the amorphous regions of amylopectin may create
additional nonreducing ends, thus increasing the extent of
β-amylolysis of branched materials. The second factor is related
to the water-washing procedure for extracting β-dextrin. The
washing procedure removed a large portion of branched materi-
als, and the quantity of removed material could be increased by
elevated levels of acid treatment. Overall, both factors led to
substantially increased population 1 after β-amylolysis.

Table 1 shows the branch density (reverse of number-average
CL) of starch materials that have undergone acid treatment,
autoclaving, and β-amylolysis. In general, acid treatment slightly

Table 1. Percentages of Population 1 (P-1), Branch Density, and Crystallinity and Area of 12.9� Peak of Starch Materials
starch material P-1 (%)a branch density (%)a crystallinity (%)b 12.9� peak area (arbitrary units)b

native starch-based NCS 28.7 4.7 15.1 0.0

NCS-AC 23.4 5.0 4.1 5.8

NCS-AC-BA 36.5 4.4 5.6 13.8

2 h acid treatment 2h-AT 28.6 4.7 14.0 0.0

2h-AT-AC 22.0 5.1 4.6 7.2

2h-AT-AC-BA 32.1 4.7 4.9 9.1

5 h acid treatment 5h-AT 27.9 4.9 14.7 0.0

5h-AT-AC 20.0 5.3 9.2 8.6

5h-AT-AC-BA 32.2 4.7 8.6 12.3

10 h acid treatment 10h-AT 25.8 5.2 16.1 0.0

10h-AT-AC 18.3 5.6 12.0 10.2

10h-AT-AC-BA 39.6 4.4 12.2 13.8

20 h acid treatment 20h-AT 21.9 5.6 15.7 0.0

20h-AT-AC 18.6 5.8 14.0 10.4

20h-AT-AC-BA 45.7 3.9 12.6 16.5

aCalculated from the chromatograms in Figure 1. bCalculated from the data in Figure 3.
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increased the calculated branch density due to the reduced chain
length. Autoclaving had a similar effect, which was also asso-
ciated with molecular degradation. In contrast, β-amylolysis led
to a minor reduction of branch density at a low level of acid
treatment (e.g., for 2 h of treatment) and a large reduction at a
high level of acid treatment (e.g., for 20 h of treatment). In
general, the reduction of branch density was associated with the
increase of population 1.

Thermal Behavior of Starch Materials. Figure 2 shows the DSC
heat flow profiles of starch materials in the temperature range of
35-100 �C. Due to pressure limitations of DSC pans, higher
temperatures led to leaking. Nevertheless, some important in-
formation was obtained, especially by comparing the results of
DSC and X-ray powder diffraction (discussed later). Figure 2A

shows the impact of acid treatment on starch gelatinization. An
evident phenomenon was that acid treatment substantially in-
creased the gelatinization temperature. For NCS, the peak
gelatinization temperature was 71 �C. Two hours of acid treat-
ment had negligible influence on the peak temperature, corre-
sponding to its negligible impact on starch chain length dis-
tribution (Figure 1A). In contrast, 5 h of acid treatment increased
the peak temperature to about 76 �C with a widened peak. The
effect of 10 h of acid treatment was more pronounced, generating
a much flattened peak in the range of 66-95 �C with the peak at
about 82 �C. For the starch subjected to 20 h of acid treatment,
the enthalpy change was undetectable below 100 �C.

Panels B and C of Figure 2 illustrate the thermal behaviors of
starchmaterials that had undergone autoclaving and β-amylolysis.
The heat flow curves were all straight, showing undetectable
enthalpy change below 100 �C. Therefore, it is concluded that
for each starch material there is no ordered structure that can be
melted below 100 �C.

Crystalline Structure of Starch Materials. The effect of acid
treatment on the structural arrangement of NCS is shown in
Figure 3A. All of the X-ray powder diffraction patterns display
peaks around 10.0�, 11.2�, 15.2�, 17.1�, 18.0�, 19.9�, 23.0�, 26.5�,
28.9�, and 30.3� of 2θ. These profiles are characteristic of A-type
starch diffraction (24). The crystallinity of NCS was 15.1% and
had beenmaintained in the range of 14.0-16.1% (Table 1) for all
of the treated samples. Considering the starch yield of 65.6-
78.6% after acid treatment, most of the A-type crystallites were
retained through acid treatment. This observation is in congru-
ence with the fact that acid-catalyzed hydrolysis preferentially
occurs in the amorphous regions, that is, amylose and amorphous
lamellae of amylopectin. As shown in DSC heat flow profiles
(Figure 2A), the 2 h acid treatment led to negligible change of
endothermic behavior compared to non-acid treatment. The
endothermic heat flow occurred at higher temperature range with
5 and 10 h acid treatments and was even undetectable below
100 �C with 20 h of treatment. This clearly indicates that higher
levels of acid treatment (at 55 �C) led to increased thermal
resistance of A-type crystallites, possibly by an annealing-like
process occurring at 55 �C.

Figure 3B shows the effect of autoclaving (121 �C, 35%
moisture) on the crystalline pattern of NCS and acid-treated
starch materials. For NCS-AC, all A-type crystallites were de-
stroyed. However, concomitant development of 12.9� and 19.7�
reflections for V-type crystallites resulted in 4.1% crystallinity
(Table 1). For 2h-AT-AC, most A-type crystallites were removed,
but the amount ofV-type crystallites was higher than that ofNCS-
AC, demonstratedby an increase of 12.9� peak area from5.8 to 7.2
(Table 1). Retention of A-type crystallites was evidenced with 5h-
AT-AC (crystallinity of 9.2%) with elevated levels of V-type
crystallites (12.9� peak area of 8.6). Larger amounts of A-type
crystallites were preserved for 10h-AT-AC and 20h-AT-AC with
higher amounts of V-type (12.9� peak areas of 10.2 and 10.4,
respectively), resulting in crystallinities of 12.0 and 14.0%, respec-
tively. The appearance of V-type crystallites clearly indicates the
molecular mobility of amylose chains during autoclaving. Higher
levels of acid treatment substantially reduced amylose molecular
weight (Figure 1A), which in turn facilitated themigration of linear
segments and formation of V-type crystallites. Overall, it can be
concluded that the acid treatment has two seminal effects on starch
materials undergoing the autoclaving procedure : (1) increased
mobility of amylose leading toV-type crystallites and (2) enhanced
thermal resistance of A-type crystalline structure.

Comparison of panels B and C of Figure 3 shows that the
general crystalline pattern (containing both A- and V-type
crystallites) was not changed by β-amylolysis. Table 1 also shows
that β-amylolysis did not substantially change the crystallinity
values. However, the amount of V-type crystallites was increased
due to β-amylolysis. For example, for NCS-based starch materi-
als and thematerials subjected to 20 h of acid treatment, the 12.9�
peak areas increased from 5.8 to 13.8 and from 10.4 to 16.5,
respectively. Considering the yield of β-dextrin (32-50%), it is
possible that A-type crystallites were more easily removed than
V-type crystallites during the extraction process, leading to an
enrichment of V-type crystallites in the β-dextrins collected.
Conceivably, V-type crystallites, which mostly contain amylose
and its residues, weremuch less soluble or dispersible thanA-type
crystallites that mostly contain amylopectin.

Figure 2. DSC heat flow of NCS and starch materials that had undergone
acid treatment (A), autoclaving after acid treatment (B), and additional
β-amylolysis after autoclaving (C).
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In Vitro Digestibility. Figure 4 shows the digestibility of starch
materials denoted by the portion of glucan converted to glucose.
The Englyst assay was used due to its correlation with a human
study (1) for the reference to actual digestion behaviors. In our
study, HACS was used as a reference to compare the digestibility
of all NCS-originated starch materials.

An overview of Figure 4 indicates that acid treatment, auto-
claving, and β-amylolysis were factors contributing to reduced
digestibility. Among them, β-amylolysis appears to be the most
effective one, particularly with starch materials subjected to high
levels of acid treatment. For example, the portions of converted
glucan for 10h-AT-AC-BA and 20h-AT-AC-BA were 0.643 and
0.587, respectively, less than that of HACS (0.690). For those
with non-acid treatment or low levels of treatment (2 or 5 h), the
effect of β-amylolysis was not as drastic as those with high levels
of acid treatment (10 or 20 h), suggesting a synergistic effect bet-
ween acid treatment and β-amylolysis on the reduction of starch
digestibility.

In our previous paper (16), the “fringed micelle” model was
used to describe the microstructure of starch materials that have
undergone autoclaving and β-amylolysis. Thesematerials contain
organized regions with ordered linear segments of amylose and
amylopectin as well as amorphous regions with nonassociated
amylose segments and amylopectin branch areas and short

chains. The digestibility of starch is governed by the amount of
resistant crystallites in organized regions and the amount ofR-1,6
glucosidic linkages in the amorphous regions.

In the current study, the application of acid treatment had
substantial effects on the outcome of autoclaving and β-amylolysis
and, therefore, the digestibility of the final preparations. Two
structure-ordering events associated with acid treatment should
be considered to address starch digestibility: (1) generation of
thermally resistant A-type crystallites right after acid treatment
and (2) drastic enrichment of amylose-based linear molecules
after β-amylolysis.

In general, high levels of acid treatment at 55 �C substantially
increased the thermal stability of A-type crystallites against
autoclaving and β-amylolysis (Figure 3B,C). However, the re-
tained A-type crystallites had limited roles in reducing digest-
ibility. After autoclaving, starch materials subjected to 5, 10, and
20 h of acid treatment all retained significant amounts of A-type
crystallites (Figure 3B). However, none of them showed appreci-
able digestibility reduction compared with starch materials re-
taining negligible amounts of A-type crystallites (NCS-AT and
2h-AT-AC).

In contrast, an enrichment of linear molecules after β-amylo-
lysis seems to be a major factor for reduced digestibility. This was
particularly the case for starch materials subjected to longer
durations of acid treatment. For 10h-AT-AC-BA and 20h-AT-
AC-BA, population 1 increased from 18.3 to 39.6% and from
18.6 to 45.7% due to β-amylolysis (Table 1), which correlated to
reductions of converted glucan from 0.788 to 0.643 and from
0.751 to 0.587, respectively (Figure 4).

In summary, the present study shows that acid treatment
substantially increased the thermal resistance of A-type crystal-
lites ofNCS and promoted the development of V-type crystallites
after autoclaving.After β-amylolysis, bothA- andV-type crystal-
lites were preserved. Particularly, release of maltose and partial
removal of branched glucans during the extraction of β-dextrins
enriched linear glucans, leading to reduced digestibility. From
the perspective of industrial application, one may consider that
the strategy proposed in this work is to reduce starch digestibil-
ity by “enriching amylose”, which is more cost-effective than

Figure 4. Starch digestibility evaluated using the portion of glucan con-
verted to glucose after 120 min of enzyme reaction. The X-axis indicates
individual groups originated from non-acid-treated NCS and from starches
subjected to 2, 5, 10, or 20 h of acid treatment. There are three samples for
each group: (1) native NCS or starch subjected to acid treatment (indicated
as “Native or acid-treated”); (2) the one with additional autoclaving
(indicated as “Autoclaved”); and (3) the one with additional autoclaving
followed by β-amylolysis (indicated as “β-amylolysis-treated”). Native
HACS is used as a reference. For each sample, the mean value
(column height) and standard deviation (error bar) (n g 4) are shown.
Significant differences are denoted by different letters (p < 0.05).

Figure 3. X-ray powder diffraction patterns of NCS and starch materials
that had undergone acid treatment (A), autoclaving after acid treatment
(B), and additional β-amylolysis after autoclaving (C).
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conventional amylose fractionation strategies such as amylose
leaching and solvent extraction.
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