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ABSTRACT: To determine the rapidly digestible starch (RDS), slowly digestible starch (SDS), and resistant starch (RS)
contents in a starch sample, the addition of amyloglucosidase is often used to convert hydrolyzates from a-amylase digestion to
glucose. The objectives of this study were to investigate the exact role of amyloglucosidase in determining the digestibility of
starch and to understand the mechanism of enzymatic actions on starch granules. Four maize starches differing in amylose
content were examined: waxy maize (0.5% amylose), normal maize (%27% amylose), and two high-amylose starches (%57 and
~71% amylose). Notably, without amyloglucosidase addition, the RS content increased from 4.3 to 74.3% for waxy maize starch,
29.7 to 76.5% for normal maize starch, 65.8 to 88.0% for starch with 57% amylose, and 68.2 to 90.4% for the starch with 71%
amylose. In the method without a-amylase addition, less RS was produced than without added amyloglucosidase, except in maize
at 71% amylose content. Scanning electron microscopy (SEM) revealed the digestive patterns of pinholes with a-amylase and
burrowing with amyloglucosidase as well as the degree of digestion between samples. To understand the roles of
amyloglucosidase and a-amylase in the in vitro test, multiple analytical techniques including gel permeation chromatography,
SEM, synchrotron wide-angle X-ray diffraction, and small-angle X-ray scattering were used to determine the molecular and
crystalline structure before and after digestion. Amyloglucosidase has a significant impact on the SDS and RS contents of granular

maize starches.
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B INTRODUCTION

Starch is a major component in cereal grain foods and the most
important source of food energy. Understanding starch
digestibility is of great interest to the food industry and of
importance for diet-related disorders such as obesity, diabetes,
and cardiovascular disease. Not all starch can be digested in the
small intestine, where the portion of starch that is not digested
is termed resistant starch (RS).!

Granular starch is considered a form of type 2 RS.>”” The
mechanism of resistance to enzymatic digestion of starch
granules is complex, and factors such as dense packing and
restricted mobility of starch molecules, long amylopectin
branches, helix form, crystallinity, lamellar organization, and
structural features of granules are considered.® Physiological
benefits have been correlated to RS consumption,”® which
notably alters fecal bulk and short-chain fatty acid metabolism,
thus promoting colonic health.® In vitro measurement of
rapidly digestible starch (RDS), slowly digestible starch (SDS),
and RS in granular starches often employs both a-amylase
(pancreatin) and amyloglucosidase;”~'® however, the roles of
each enzyme in the in vitro tests are not well documented.
Amyloglucosidase converts oligomers produced from a-amylase
digestion to glucose and is not believed to affect the SDS or RS
content in normal maize starch.** In many cases, the level of
glucose produced in the digest is measured and used to
calculate the RDS, SDS, and RS contents; ™' "'#'5 ywhether
the addition of amyloglucosidase affects the SDS and RS
contents is not clear. Moreover, improved in vitro methods are
needed to truly reflect starch digestibility in vivo systems.*’

In this study, we selected four native maize starches ranging
from 0 to about 70% amylose content and examined the roles
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of a-amylase and amyloglucosidase on digestibility of the
starches. RS and SDS results have been published for normal
maize and waxy maize starches”™'"'*'¥*! and the two high-
amylose starches.">'*'*** The high-amylose starches are
generally more resistant to enzyme digestion. The maize
starches with different amylose contents are known to have
different morphology,23_25 molecular structure,4’13’26’27 molec-
ular order and crystallinity,'*® and gelatinization proper-
ties.””**73* The goals of this study were to determine if the
addition of amyloglucosidase affects the RDS, SDS, and RS
contents and if amyloglucosidase affects the digestibility of
starches with different amylose contents. Multiple analytical
techniques including gel permeation chromatography (GPC),
scanning electron microscopy (SEM), synchrotron wide-angle
X-ray diffraction (WAXD), and small-angle X-ray scattering
(SAXS) were used to probe the short- and long-range orders of
the structural changes of the starches after enzyme digestion
and understand the mechanism of enzymatic actions on starch
granules.

B MATERIALS AND METHODS
Waxy, normal, and two high-amylose (HYLON V and HYLON VII)

maize starches were obtained from National Starch LLC (Bridgewater,
NJ), and their amylose contents were 0.5, 27.0, 56.8, and 71.0%,
respectively, as determined by the potentiometric iodine method.””
The moisture content for all samples was determined by AACC
standard method 44-16.01.>* Porcine pancreatin (catalogue no.
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+ Table 2. RS as Determined by the a-Amylase and
o < o 2 g Amyloglucosidase Digestion Method and Modified Methods
‘; RN :l £ in Vitro Results Analyzed via HPAEC*
[
2 § 5 g = maize starch enzymes used in starch digestion RS %
% waxy amyloglucosidase and a-amylase 2.7 + 1.1
o 'Ji a-amylase 712 + 4.8 ab
8 on 3 § amyloglucosidase 567 £43a
g i 2382 < normal amyloglucosidase and a-amylase 321 £ 47
=18 HoH HH a-amylase 784 + 05 b
[s) Qo o o N
'E\ LR 8 amyloglucosidase 69.5+25b
E@ = ?\ “Data with like letters are not significantly different (p > 0.05).
2 g & *Values shown are means = standard deviations. **Starch portions are
g £ 2, reported in percentage of sample.
= 3
2 )
g 2 <9 =
§ L o« 2 : E P7545) and amyloglucosidase (catalogue no. A7255) were obtained
Lo » NS S o §° from Sigma-Aldrich, Inc. (St. Louis, MO). The enzyme activity was
A 2 :;l :I :’l :: ] calculated spectrometrically by measuring substrate decrease over time
32 an s 2 at 520 nm, using a procedure described previously.>>*® a-Aamylase
% g (EC 3.2.1.1; 1,4-a-p-glucan glucanohydrolase) had an activity of 300 U,
] o with 0.9 mg of glucose released from soluble starch in 3 min at 37 °C
= = and pH 5.8. One U is defined as the amount of the enzyme that
= 5 hydrolyzed the conversion of one micromole of starch per minute to
: I % glucose. Amyloglucosidase (EC 3.2.1.3; 1,4- a-p-glucosidase) had an
S o+ ~ — & activity of 234 U, with 0.7 mg of glucose released from soluble starch
§ gl — S © o é in 3 min at 37 °C and pH $.8. Amyloglucosidase (catalogue no.
5=y 4 :l :,I ;l :.I go A7255) has been recently discontinued from Sigma-Aldrich, Inc. The
~ T e gs & replacement is amyloglucosidase catalogue no. A9228, which is
% . g reported as 40000 units/g solid where 1 mg of §lucose is released
el 2 2 from soluble starch in 3 min at pH 4.5 at 55 °C.*® Other chemicals
§ g a8 % were reagent grade.
] O Methods. Digestion Method and Modifications. The control
¥ g3 (-I\-]I :I il :I g samples were analyzed via the Englyst method."® Modified
B E P o B digestion methods were as follows: digestion samples were
5 1S LEXYE prepared with only one enzyme, referred to throughout as
o 8 & “digestion with a-amylase”, and “digestion with amyloglucosi-
g s o dase”. Vials designated as digestion with amyloglucosidase were
2 Q4 Y —;’L prepared at the same volume as the control and were run
-'-4;\ R oo § according to the Englyst method of RS determination, only
5 é :I il il :I o without a-amylase added. At 20 and 120 min intervals, 250 uL
0 Nt .S of supernatant was added to 10.0 mL of 66.6% ethanol solution.
< sy RS -‘;‘i All 10.0 mL 66.6% ethanol vials were centrifuged at 1580g for
iy e g S min and analyzed by the same colorimetric method as the
< SN control digestion method samples. For the digestion with
g 3 S e e Q/: : a-amylase samples, the vials were also prepared at the same
g g ES oS S = 2 volume and run under the same method as the control,'® only
% A :I ;l :I g 5 without amyloglucosidase initially added. At 20 and 120 min,
A 5 382 g5 18 mg of amyloglucosidase was added to all 10.0 mL 66.6%
2 3z EE 2* ethanol vials containing a 250 pL sample from the digestion
< B g with a-amylase experiment and held at 37 °C for 30 min. We
= 3 T o 0w g2 found that the added amyloglucosidase was able to completely
3 2T i : : :I :I S 8, convert oligomers to glucose under the test conditions. All
~ §=§ 2 aa oo go < colorimetric determinations of glucose were performed by
g o0 & 2383 '2 = AACC Method 76-13.01,>* using a glucose assay kit
= g* g g (Megazyme, International Ireland Ltd. Wicklow, Ireland).
8 = g8 RDS and RS were collected and calculated at 20 and 120 min,
2 g Smo0 g :O; respectively, for all samples. The values for SDS and RS were produced
g R I 20z 8 from equations. Equations for the two calculated values are SDS =
FE = é HHHaH BE digestible starch (DS) — RDS and RS = 100 — DS, which are
® § SAIR _‘_23 ;‘5 explained in detail in the original publication.'®
8 a - g * High-Performance Anion-Exchange Chromatography (HPAEC).
2 g2 The results of the in vitro digestion methods were verified by HPAEC
% L5 '% with pulsed amperometric detection (Dionex ICS-3000, Dionex Corp.,
a f&; > 5 2 F Sunnyvate, CA). To ensure all digested material was converted to
= ‘:»‘: - (Z) % '3; 3 glucose, at 20 and 120 min, 0.5 mL of supernatant from all digestion
9 5B g o E z _g; experiments was introduced to 100 uL of amyloglucosidase (aqueous;
= E £ 2K é £ 10 pug/10 uL H,0), and the vials were held for 30 min at 70 °C.
B s B Amyloglucosidase is active on carbohydrates at 70 °C.>” The digest
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Figure 1. Scanning electron micrographs of maize starch at 1000X magnification with 10 ym scale bars: (A) waxy, (B) normal, (C) HYLON V, and
(D) HYLON VII maize starch are all represented with (1) native maize starch, (2) maize starch after digestion with a-amylase and amyloglucosidase
(control method), (3) maize starch digestion with a-amylase only, and (4) maize starch after digestion using only amyloglucosidase in the method.

Figure 2. Scanning electron micrographs of maize starch at S000X magnification with 3 ym scale bars: (A) waxy, (B) normal, (C) HYLON V, and
(D) HYLON VII maize starch are all represented with (1) native maize starch, (2) maize starch after digestion with a-amylase and amyloglucosidase
(control method), (3) maize starch digestion with a-amylase only, and (4) maize starch after digestion using only amyloglucosidase in the method.

was diluted to 1:10000 with deionized water and analyzed by high-
performance anion-exchange chromatography with pulsed ampero-
metric detection (HPAEC-PAD). The eluent was prepared as
previously reported.” The eluent was 150 mM NaOH, and the separa-
tions were carried out at 25 °C with a flow rate of 1 mL/min. Glucose
(catalogue no. P3761, Sigma-Aldrich, Inc., St. Louis, MO) was used as
a standard.

SEM. At the conclusion of the in vitro digestions, the 120 min vials
were collected from the water bath and centrifuged at 1480g for
10 min. The supernatant was discarded, and the remaining starch in
the vials was washed three times with deionized water and centrifuged
at 1480g for 10 min. After the starch was cleaned and the supernatant
was removed, vials were stored at 4 °C for 24 h and freeze-dried for
16 h. The freeze-dried samples were mounted on carbon paper and
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gold—palladium sputter-coated with a Desk II Sputter/Etch Unit
(Denton Vacuum LCC, Moorestown, NJ). Images were collected at
1000X and 5000X resolution by an S-3500N SEM with an absorbed
electron detector (S-6542) (Hitachi Science Systems, Chiyoda, Tokyo,
Japan) operating at an accelerating voltage of 20 kV.

Molecular Size Distribution by GPC. All native and freeze-dried
digested samples from SEM preparation were used for GPC as pre-
viously described.*®

WAXD and SAXS. WAXD and SAXS experiments were carried out
at the Advanced Polymers Beamline (X27C) in the National
Synchrotron Light Source, Brookhaven National Laboratory, in
Upton, NY. Details of the experimental setup of the X27C beamline
were previously reported.**™* The wavelength used was 0.1371 nm,
and the sample-to-detector distances were 129.37 and 2392.70 mm for
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Figure 3. GPC plots of retention time vs response: (A) waxy, (B) normal, (C) HYLON V, and (D) HYLON VII maize starch. For all
chromatographs, the patterns are as follows: native (dot), maize starch after digestion with a-amylase and amyloglucosidase (dashed), maize starch
digestion with only a-amylase (gray), and maize starch after digestion using only amyloglucosidase (black).

WAXD and SAXS, respectively. A 2D MAR-X-ray detector CCD
(Rayonix, LLC, formerly Mar USA, Inc., Evanston, IL) was used for
data collection. To prepare the samples for WAXD and SAXS, the
native maize starches (ca. 11% moisture) and the digested, freeze-dried
maize starches (ca. 4% moisture) were mixed with water to form starch
pastes (45% moisture) prior to X-ray detection. The relative
crystallinity was calculated by the ratio of the peak areas to the total
diffractogram area.*

Statistics. Means and standard deviations were calculated for all
collected digestive data. All values are expressed as means + the
standard deviations. The significances of differences between groups
were compared using two-sample ¢ tests (Excel 2003). P values (two-
tailed) of less than 0.05 were considered to be a sign of statistical
significance.

B RESULTS AND DISCUSSION

RDS, SDS, and RS Content of Maize Starches. Because
the molecular structure of maize starch is determined by the
amylose and amylopectin fine structure,” starches with a full
range of amylose content percentages were studied. All diges-
tions with a-amylase and amyloglucosidase (Table 1) were
within the acceptable range of previously reported data.>*'*'"'?
Results from the modified digestion methods with amyloglu-
cosidase only or with a-amylase only are also presented in
Table 1. The RS content increased, whereas the SDS content
decreased, with the increasing percentage of amylose present in
the maize starch samples. The RS content of the waxy maize
and normal maize starches increased from 4.3 to 74.3%, and
29.7 to 76.5%, respectively, when amyloglucosidase was not
used. In contrast, when @-amylase was not used, the RS content
of the waxy maize and normal starches was 41.5 and 66.0%,
respectively, suggesting that amyloglucosidase plays a more
important role in digestion of starches with low amylose
content.
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Amyloglucosidase was thought not to affect the digestion
results. In the determination of RS content, a-amylase is
believed to be the most important enzyme to measure digestion
of the starch fractions, whereas amyloglucosidase is employed
to combat any potentially inhibitory factors on a-amylase;*'°
however, when amyloglucosidase or a-amylase was not used
during the digestion, results were dramatically different (Table 1).
When comparing digestion with a-amylase and amyloglucosi-
dase, the digestion without amyloglucosidase yielded an RS
content increase in all starches, but the increase in RS content
was not equal among the starches: A greater increase in RS was
observed in waxy maize and normal maize starches. Our results
are in agreement with the work by Kimura and Robyt, who
reported that waxy and normal maize starches were more
susceptible to amyloglucosidase hydrolysis than high amylose
maize starch.** Previously, in studying wheat starch, Shetty et al.
showed that pure amyloglucosidase can attack native starch.*’

Studying the effects of amyloglucosidase in conjunction with
the effects of a-amylase was essential to determine the synergy
of the enzymes as they work together. Amyloglucosidase and
a-amylase worked together in digestion of native starch
granules. The impact of amyloglucosidase was greater on
waxy maize and normal maize starches as compared with high-
amylose starches. No stepwise, linear correlation was seen in
the rapidly digestible or slowly DS content in methods of
digestion with a-amylase added.

HPAEC was used as a secondary method to confirm the
results of the colorimetric in vitro test. Of the HPAEC RS
determinations (Table 2), only normal and waxy maize are
reported for comparison. HPAEC data were within range of
both our results reported from the colorimetric determination
and previously reported data.*'® To samples without
amyloglucosidase initially added, amyloglucosidase was later
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Figure 4. Synchrotron SAXS curves of native starch (1) and native starch digested by a-amylase and amyloglucosidase (2), by a-amylase only (3),
and by amyloglucosidase only (4) in descending order for (A) waxy, (B) normal, (C) HYLON V, and (D) HYLON VII maize starch.

added, remote to any remaining starch granules, to convert the
a-amylase digested material in solution to glucose for analysis
via the colorimetric method and HPAEC. Without full
conversion to glucose, digested material would be present but
would remain unrecognized by the colorimetric or identi-
fication of glucose by HPAEC.

Significant differences were found between enzyme addition
methods. Notably, amyloglucosidase could change the outcome
30—60% of the expected SDS fraction. No official AOAC
method exists for SDS measurement. Of the available methods,
the Englyst method of digestion'’ is often used to measure SDS
because it was designed to calculate this nutritional concept.
Only from in vivo studies has SDS been found to alter gastro-
intestinal response.*

Starch Granular Morphology before and after
Enzyme Digestion. SEM photomicrographs provide an
overall picture of digestion for multiple granules and are
grouped together for comparison (Figures 1 and 2). Maize
starches containing amylose are naturally irregularly shaped.*®
Classically, SEM starch digestion analysis focuses on comparing
the uniformity of sample, pore, and digestive residue
geometry.”**>*® The digestion of native starches by amylases
seems to be inversely related to the amylose content.">*® For
high-amylose starches, granules with pinholes were observed
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after 2 h of in vitro digestion, but the majority of digestive
residues still resembled the native starch granules (Figures 1D
and 2D), suggesting that digestion on high-amylose maize
starches was heterogeneous. Using transmission electron
microscopy (TEM), Evans and Thompson®” reported that
after digestion, most of the residual granules from high-amylose
maize starches showed little evidence of digestion,é’15 and
partially digested granules had a radial digestion pattern'**648
in the interior.

Figures 1 and 2, A1-D1, show the native starches and
provide objective views of the basic morphology in undigested
starches. In Figure 2, magnification is at 5000X to examine the
details of digestion within the same sample and across the
sample set. Degradation and digestive progression decreased as
the amylose content increased. Consistent with the level of RS
content (Table 1), waxy maize starch granules were extensively
digested by a-amylase and amyloglucosidase (Figures 1A2 and
2A2). Amyloglucosidase alone generated more and large
pinholes on waxy and normal maize starches (Figures 1A4
and 2A4) as compared with the granules digested by a-amylase
only (Figures 1A3 and 2A3). It has been suggested that during
digestion, enzymes migrate inside the granule.‘*’%’49 The
digestion of the starch material has been theorized to occur
from the inside, and enzymes return to the surface after all
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Figure S. Synchrotron WAXD curves of native starch (1), native starch digested by a-amylase and amyloglucosidase (2), by a-amylase only (3), and
by amyloglucosidase only (4) in descending order for (A) waxy, (B) normal, (C) HYLON V, and (D) HYLON VII maize starch.

Table 3. Crystallinity of Native Starch and Native Starch Digested by a-Amylase and Amyloglucosidase, by a-Amylase Only,
And by Amyloglucosidase Only in Descending order for (A) Waxy, (B) Normal, (C) HYLON V, and (D) HYLON VII Maize

Starch

crystallinity (%)

maize starch undigested a-amylase and amyloglucosidase digestion digestion with a-amylase digestion with amyloglucosidase
waxy 37.8 £ 0.3 292 + 04 269 + 0.1 56.0 £ 0.6
normal 347 £ 0.3 264 + 0.1 23.5 £ 04 326 £ 0.1
HYLON V 28.3 + 04 21.3 £ 03 17.7 £ 04 174 £ 0.1
HYLON VII 23.7 £ 0.3 17.5 £ 0.1 17.6 £ 0.3 172 £ 04

material is consumed.’® A side-by-side mechanism has been
proposed to explain the digestion of amylose and amylopectin
as well as crystalline and amorphous regions in normal maize
starch granules.* The digestion via pores route* is applicable
only in A type starches.*® Amyloglucosidase degrades maize
starch surfaces in a surface pattern resembling the native starch
pore distribution, ****°

Molecular Size Distribution. The GPC chromatograms
visually portray the molecular size distribution for each starch
and enzyme combination before and after digestion (Figure
3A—D). Dextrans with different molecular weights (MW) were
used to calibrate the columns in this study. An equivalent
molecular size to dextran standards was used. However, the
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absolute MW was not obtained.”" For native starches, the peak
around the retention time (RT) of 18 min represented
amylopectin, whereas the peak around the RT of 23 min
(about 1.6 X 10° g/mol) was amylose. Although SEM micro-
photographs provide a visual of the degradation, GPC analysis
displays the relative MW distribution of products digested by
the enzymes.”'**® The molecular size distribution of waxy
maize with amyloglucosidase appeared to follow the same trend
as the native starch, reflecting the localized attack of the
granules by amyloglucosidase. The waxy maize digested by
a-amylase had more low MW fraction and was detected around
the same retention time (RT) as the samples digested with
amyloglucosidase and a-amylase (Figure 3A). Chromatograms

dx.doi.org/10.1021/jf300393m | J. Agric. Food Chem. 2012, 60, 4379—4387
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for normal maize with amyloglucosidase and with a-amylase
had a large peak at 23 min RT (about 1.6 X 10° g/mol),
whereas the normal maize starch digested by both a-amylase
and amyloglucosidase had more low MW molecules appearing
at 31 min RT (about 1.5 X 10° g/mol) (Figure 3B), suggesting
a synergistic attack by the two enzymes. For the moderately
high-amylose (57%) maize starch, the area under the peak start-
ing at 18 min RT for the combined digestion with amylo-
glucosidase and a-amylase was notably smaller than that of the
native and two modified digestions (Figure 3C). For the starch
with 71% amylose, a shoulder was noted at 29 min RT for the
residues digested by a-amylase and amyloglucosidase, and a
smaller shoulder was observed for the residues digested by
a-amylase only (Figure 3D). The relative small changes in
molecular size distribution between native high amylose
starches and digestive residues suggest that digestion on high-
amylose starches was heterogeneous and limited.

Starch Structure by SAXS and WAXD. Figure 4 shows
the synchrotron SAXS curves of four native starches and their
digestion residues. For native waxy maize and normal maize
starches, the 9 nm lamellar peak was clearly observed at q 0.65
1/nm (Figure 4A,B). This peak was thought to be attributable
to the alternative repeating stacks of amorphous and crystalline
lamella in starch granules.*”>* Because of the lower
amylopectin content, fewer crystalline lamella were formed
for high-amylose starch granules, resulting in a broader and less
clear lamellar peak (Figure 4C,D).

For waxy maize starch (Figure 4A), the 9 nm lamellar peak
remained intact when digested by amyloglucosidase only,
decreased by a-amylase only, and disappeared with the
combination of a-amylase and amyloglucosidase. These results
indicated that a-amylase had more profound effects on the
lamellae structure of waxy maize starch than amyloglucosidase.
For normal maize starch (Figure 4B), the 9 nm lamellar peak
remained the same as that of native starch when treated by
amyloglucosidase only, a-amylase only, and a combination of
a-amylase and amyloglucosidase, signifying that these two
enzymes had similar digestion effects on normal maize starch.
After digestion by amyloglucosidase only, a-amylase only, and
combined a-amylase and amyloglucosidase, the 9 nm lamellar
peak of the high-amylose maize starches was still evident but
decreased (Figure 4C,D), suggesting that bulk amorphous
starch within the amorphous growth rings was hydrolyzed.>
However, this hydrolysis was relatively small because little change
in molecular size was observed (Figure 3), and the degree of
crystallinity of the starch was not increased (Figure SD).

Synchrotron WAXD curves of four native starches and their
digestion residues are shown in Figure S. Native waxy maize
starch and normal maize starch showed a typical A type X-ray
diffraction pattern (Figure SA,B), whereas two native high-
amylose maize starches displayed a B type starch structure
(Figure SC,D). As compared with native starch, the relative
crystallinity of waxy maize starch decreased from 37.8 to 29.2
and 26.9%, respectively, after digestion by both a-amylase and
amyloglucosidase and a-amylase only but increased to 56%
when digested by amyloglucosidase only (Table 3 and Figure SA).
The degree of crystallinity of normal maize starch undigested,
digested by both a-amylase and amyloglucosidase, @-amylase only,
and amyloglucosidase only, was 34.7, 264, 23.5, and 32.6%,
respectively (Table 3 and Figure SB). Similar trends were observed
for high-amylose maize starches (Table 3 and Figure SC,D). Our
results suggested that a-amylase was able to hydrolyze both
crystalline and amorphous regions for all maize starches and were
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consistent with the side-by-side mechanism.* Previous studies also
show that a-amylase hydrolgfzes both amorphous and crystalline
domains of wheat starch®® and maize mutant starches.’’ In
addition, a new a-amylase from Anoxybacillus flavothermus™ and
a fungal @-amylase from Rhizomucor sp.>’ were reported to be very
efficient in hydrolyze the crystalline fraction of maize starch.

Our experiments noted significant differences between
enzyme addition methods. Amyloglucosidase had a significant
impact on SDS and RS contents of granular maize starches.
Amyloglucosidase digestion was greater for waxy maize and
normal maize starches than for high-amylose maize starches.
The extent of enzyme digestion is largely controlled by the
granule architecture and diffusion of the enzymes within densely
packed starch granules. Future project aspirations involve applying
knowledge of enzyme digestion and synergy to starch morpho-
logical impacts on digestion to diagram the influence of RSs in the
human digestive system as functional foods.

B AUTHOR INFORMATION

Corresponding Author
*Tel: 785-532-6771. Fax: 785-532-7010. E-mail: ycshi@ksu.edu.

Funding

Support for this student (L.B.) training project is provided by
USDA National Needs Graduate Fellowship Competitive
Grant No. 2008-38420-04773 from the National Institute of
Food and Agriculture. This is contribution number 12-073-]
from the Kansas Agricultural Experiment Station. Use of the
National Synchrotron Light Source, Brookhaven National
Laboratory, was supported by the U.S. Department of Energy,
Office of Science, Office of Basic Energy Sciences, under
Contract No. DE-AC02-98CH10886. We thank Dr. Jun Wang
for the beam time and Dr. Lixia Rong for her assistance in the
WAXD and SAXS experiments.

Notes
The authors declare no competing financial interest.

B ABBREVIATIONS USED

DS, digestible starch; RDS, rapidly digestible starch; SDS,
slowly digestible starch; RS, resistant starch; SAXS, synchrotron
small-angle X-ray scattering; WAXD, wide-angle X-ray
diffraction; HPAEC, high-performance anion-exchange chro-
matography; HPAEC-PAD, high-performance anion-exchange
chromatography with pulsed amperometric detection; SEM,
scanning electron microscopy; TEM, transmission electron
microscopy; MW, molecular weight; GPC, gel permeation
chromatography

B REFERENCES

(1) Asp, N.-G.; Bjorck, L. Resistant starch. Trends Food Sci. Technol.
1992, 3, 111-114.

(2) Englyst, H. N.; Hudson, G. ]. The classification and measurement
of dietary carbohydrates. Food Chem. 1996, 57, 15—21.

(3) Cummings, J. H.; Englyst, H. N. Gastrointestinal effects of food
carbohydrate. Am. J. Clin. Nutr. 1995, 61, 9385—945S.

(4) Zhang, G.; Ao, Z.; Hamaker, B. R. Slow digestion property of
native cereal starches. Biomacromolecules 2006, 7, 3252—3258.

(5) Ao, Z.; Quezada-Calvillo, R.; Sim, L.; Nichols, B. L.; Rose, D. R;
Sterchi, E. E.; Hamaker, B. R. Evidence of native starch degradation
with human small intestinal maltase-glucoamylase (recombinant).
FEBS Lett. 2007, 581, 2381—2388.

(6) Jenkins, D. J. A,; Vuksan, V.; Kendall, C. W. C.; Wiirsch, P.;
Jeffcoat, R,; Waring, S.; Mehling, C. C.; Vidgen, E.; Augustin, L. S. A,;
Wong, E. Physiological effects of resistant starches on fecal bulk, short

dx.doi.org/10.1021/jf300393m | J. Agric. Food Chem. 2012, 60, 4379—4387



Journal of Agricultural and Food Chemistry

chain fatty acids, blood lipids and glycemic index. J. Am. Coll. Nutr.
1998, 17, 609—616.

(7) Cai, L.; Shi, Y.-C. Structure and digestibility of crystalline short-
chain amylose from debranched waxy wheat, waxy maize, and waxy
potato starches. Carbohydr. Polym. 2010, 79, 1117—1123.

(8) Bird, A. R; Lopez-Rubio, A; Shrestha, A. K; Gidley, M. J.
Resistant starch in vitro and in vivo: Factors determining yield,
structure, and physiological relevance. In Modern Biopolymer Sciences;
Kasapis, S., Norton, I. T., Ubbink, J. B., Eds.; Academic Press: London,
2009; pp 449—512.

(9) Official Methods of Analysis. Resistant starch in starch and plant
materials, method 2002.02. 18th ed.; AOAC International: Gaithers-
burg, MD, 2005.

(10) Englyst, H. N.; Kingman, S. M.; Cummings, J. H. Classification
and measurement of nutritionally important starch fractions. Eur. J.
Clin. Nutr, 1992, 46, S33—S50.

(11) Godi, L; Garcia-Alonso, A.; Manas, E.; Saura-Calixto, F. Analysis
of resistant starch: A method for foods and food products. Food Chem.
1996, 56, 445—449.

(12) Muir, J. G.; O'Dea, K. Measurement of resistant starch: factors
affecting the amount of starch escaping digestion in vitro. Am. J. Clin.
Nutr, 1992, 56, 123—127.

(13) Htoon, A; Shrestha, A. K; Flanagan, B. M.; Lopez-Rubio, A;
Bird, A. R; Gilbert, E. P.; Gidley, M. J. Effects of processing high
amylose maize starches under controlled conditions on structural
organisation and amylase digestibility. Carbohydr. Polym. 2009, 75,
236—24S.

(14) Zhang, G.; Ao, Z; Hamaker, B. R. Nutritional property of
endosperm starches from maize mutants: A parabolic relationship
between slowly digestible starch and amylopectin fine structure. J.
Agric. Food Chem. 2008, 56, 4686—4694.

(15) Zhang, G.; Hamaker, B. R. Slowly digestible starch: concept,
mechanism, and proposed extended glycemic index. Crit. Rev. Food Sci.
Nutr. 2009, 49, 852—867.

(16) McCleary, B. V.; Monaghan, D. A. Measurement of resistant
starch. J. AOAC Int. 2002, 85, 665—675.

(17) McCleary, B. V. An integrated procedure for the measurement
of total dietary fibre (including resistant starch), non-digestible
oligosaccharides and available carbohydrates. Anal. Bioanal. Chem.
2007, 389, 291—-308.

(18) Penera, A; Meda, V.; Tyler, R. T. Resistant starch: A review of
analytical protocols for determining resistant starch and of factors
affecting the resistant starch content of foods. Food Res. Int. 2010, 43,
1959-1974.

(19) Evans, A; Thompson, D. B. Resistance to alpha-amylase
digestion in four native high-amylose maize starches. Cereal Chem.
1994, 81, 31-37.

(20) Hasjim, J.; Lavau, G. C.; Gidley, M. J.; Gilbert, R. G. In vivo and
in vitro starch digestion: Are current in vitro techniques adequate?
Biomacromolecules 2010, 11, 3600—3608.

(21) Sang, Y.; Bean, B.; Seib, P. A,; Pedersen, J.; Shi, Y.-C. Structure
and functional properties of sorghum starches differing in amylose
content. J. Agric. Food Chem. 2008, 56, 6680—668S.

(22) Chung, H.J; Liu, Q; Hoover, R; Warkentin, T. D,
Vandenberg, B. In vitro starch digestibility, expected glycemic index,
and thermal and pasting properties of flours from pea, lentil and
chickpea cultivars. Food Chem. 2008, 111, 316—321.

(23) Jane, J. L.; Kasemsuwan, T.; Leas, S.; Zobel, H,; Robyt, J. F.
Anthology of starch granule morphology by scanning electron
microscopy. Starch/Starke 1994, 46, 121—129.

(24) Planchot, V.; Colonna, P.; Gallant, D. J.; Bouchet, B. Extensive
degradation of native starch granules by alpha-amylase from Aspergillus
fumigatus. Cereal Sci. 1995, 21, 163—171.

(25) Dhital, S.; Shrestha, A. K; Gidley, M. J. Relationship between
granule size and in vitro digestibility of maize and potato starches.
Carbohydr. Polym. 2010, 82, 480—488.

(26) Srichuwong, S.; Isono, N.; Mishima, T.; Hisamatsu, M. Structure
of lintnerized starch is related to x-ray diffraction pattern and

4386

susceptibility to acid and enzyme hydrolysis of starch granules. Int. J.
Biol. Macromol. 2008, 37, 115—121.

(27) Shi, Y.-C.; Capitani, T.; Trzasko, P.; Jeffcoat, R. Molecular
structure of a low-amylopectin starch and other high-amylose maize
starches. J. Cereal Sci. 1998, 27, 289—299.

(28) Lopez-Rubio, A.; Flanagan, B. M.; Shrestha, A. K; Gidley, M. J;
Gilbert, E. P. Molecular rearrangement of starch during in-vitro
digestion: Towards a better understanding of enzyme resistant starch
formation. Biomacromolecules 2008, 9, 1951—1958.

(29) Russell, P. L. Gelatinisation of starches of different amylose/
amylopectin content. A study by differential scanning calorimetry. J.
Cereal Sci. 1987, 6, 133—145.

(30) Russell, P. L.; Berry, C. S.; Greenwell, P. J. Characterization of
resistant starch from wheat and maize. Cereal Sci. 1989, 9, 1-5.

(31) Cooke, D.; Gidley, M. J. Loss of crystalline and molecular order
during starch gelatinization-Origin of the enthalpic transition.
Carbohydr. Res. 1992, 227, 103—112.

(32) Jane, J. L.; Chen, Y. Y,; Lee, L. F.; McPherson, A. E; Wong, K.
S.; Radosavljevic, M.; Kasemsuwan, T. Effects of amylopectin branch
chain length and amylose content on the gelatinization and pasting
properties of starch. Cereal Chem. 1999, 76, 629—637.

(33) Liu, H,; Yu, L,; Xie, F.; Chen, L. Gelatinization of corn starch
with different amylose/amylopectin content. Carbohydr. Polym. 2006,
65, 357—363.

(34) AACC International. Approved Methods of the American
Association of Cereal Chemists, 11th ed; AACC International: St.
Paul, MN, 2000.

(35) Yoo, Y. J; Hong, J; Hatch, R. T. Comparison of a-amylase
activities from different assay methods. Biotechnol. Bioeng. 1987, 30,
147—-151.

(36) Bergmeyer, H. U.; Gawehn, K.; Grassl, M. Methods of Enzymatic
Analysis, 2nd ed.; Bergmeyer, H. U., Ed.; Verlag Chemie International:
Deerfield Beach, FL, 1974; Vol. I, pp 434—435.

(37) Zanin, G. M; de Moraes, F. F. Stability of immobilized
amyloglucosidase in the process of cassava starch saccharification.
Appl. Biochem. Biotechnol. 1995, 51—52, 253—262.

(38) Cai, L; Shi, Y.-C; Rong, L; Hsiao, B. Debranching and
crystallization of waxy maize starch in relation to enzyme digestibility.
Carbohydr. Polym. 2010, 81, 385—393.

(39) Chu, B; Hsiao, B. S. Small-angle X-ray scattering of polymers.
Chem. Rev. 2001, 101, 1727—1762.

(40) Chen, X. M,; Burge, C.; Fang, D. F.; Ruan, D.; Zhang, L.; Hsiao,
B. S.; Chu, B. X-ray studies of regenerated cellulose fibers wet spun
from cotton linter pulp in NaOH/thiourea aqueous solutions. Polymer
2006, 47, 2839—2848.

(41) Chen, X. M.; Burge, C.; Wan, F.; Zhang, J.; Rong, L. X; Hsiao,
B. S.; Chu, B; Cai, J.; Zhang, L. Structure study of cellulose fibers wet-
spun from environmentally friendly NaOH/urea aqueous solutions.
Biomacromolecules 2007, 8, 1918—1926.

(42) He, J; Liu, J.; Zhang, G. Slowly-digestible waxy maize starch
prepared by octenyl succinic anhydride esterification and heat-
moisture treatment: glycemic response and mechanism. Biomacromo-
lecules 2008, 9, 175—184.

(43) Komiya, T.; Nara, S. Changes in crystallinity and gelatinization
phenomena of potato starch by acid treatment. Starch/Stirke 1986, 38,
9—-13.

(44) Kimura, A; Robyt, J. F. Reaction of enzymes with starch
granules: kinetics and products of the reaction with glucoamylase.
Carbohydr. Res. 1995, 277, 87—107.

(45) Shetty, R. M.; Lineback, D. R; Seib, P. A. Determining the
degree of starch gelatinization. Cereal Chem. 1974, 51, 364—374.

(46) Gallant, D. J; Bouchet, B.; Buléon, A.; Pérez, S. Physical
characteristics of starch granules and susceptibility to enzymatic
degradation. Eur. J. Clin. Nutr. 1992, 46, S3—S16.

(47) Evans, A; Thompson, D. B. Resistance to alpha-amylase
digestion in four native high-amylose maize starches. Cereal Chem.
2004, 81, 31-37.

(48) Fannon, J. E.,; Hauber, R. J.; BeMiller, J. N. Surface pores of
starch granules. Cereal Chem. 1992, 69, 284—288.

dx.doi.org/10.1021/jf300393m | J. Agric. Food Chem. 2012, 60, 4379—4387



Journal of Agricultural and Food Chemistry

(49) Tester, R. F. Hydrolysis of native starches with amylases. Anim.
Feed Sci. Technol. 2006, 130, 39—54.

(50) Benmoussa, M.; Sahendra, B.; Aboubacar, A.; Hamaker, B. R.
Distinctive sorghum starch granule morphologies appear to improve
raw starch digestibility. Starch/Stirke 2006, S8, 92—99.

(51) Gidley, M. J.; Hanashiro, L; Hani, N. M.; Hill, S. E.; Huber, A;
Jane, J; Liu, Q; Morris, G. A; Rolland-Sabaté, A; Striegel, A. M,;
Gilbert, R. G. Reliable measurements of the size distributions of starch
molecules in solution: Current dilemmas and recommendations.
Carbohydr. Polym. 2010, 79, 255—261.

(52) Donald, A. M; Kato, K. L.; Perry, P. A.; Waigh, T. A. Scattering
studies of the internal structure of starch granules. Starch/Stirke 2001,
53, 504—512.

(53) Donald, A. M; Perry, P. A.; Waigh, T. A. The impact of internal
granule structure on processing and properties. In Starch: Advances in
Structure and Functionality; Barsby, T. L., Donald, A. M., Frazier, P. J,,
Eds.; The Royal Society of Chemistry: Cambridge, United Kingdom,
2001; pp 45—52.

(54) Blazek, J.; Gilbert, E. P. Application of small-angle X-ray and
neutron scattering techniques to the characterisation of starch
structure: A review. Carbohydr. Polym. 2011, 85, 281-293.

(55) Blazek, J; Gilbert, E. P. Effect of Enzymatic Hydrolysis on
Native Starch Granule Structure. Biomacromolecules 2010, 11, 3275—
3289.

(56) Colonna, P.; Buleon, A.; Lemarie, F. Action of Bacillus subtilis
alpha-amylase on native wheat starch. Biotechnol. Bioeng. 1988, 31,
895—-904.

(57) Gerard, C.; Colonna, P.; Buleon, A.; Planchot, V. Amylolysis of
maize mutant starches. J. Agric. Food Chem. 2001, 81, 1281—1287.

(58) Tawil, G.; Vikso-Nielsen, A.; Rolland-Sabaté, A.; Colonna, P.;
Buléon, A. Hydrolysis of concentrated raw starch: A new very efficient
a-amylase from Anoxybacillus flavothermus. Carbohydr. Polym. 2012,
87, 46—52.

(59) Tawil, G.; Vikso-Nielsen, A.; Rolland-Sabaté, A.; Colonna, P.;
Buléon, A. In Depth Study of a New Highly Efficient Raw Starch
Hydrolyzing a-Amylase from Rhizomucor sp. Biomacromolecules 2011,
12, 34—42.

4387

dx.doi.org/10.1021/jf300393m | J. Agric. Food Chem. 2012, 60, 4379—4387



