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ABSTRACT: High-amylose cereal starch has a great benefit on human health through its resistant starch content. In this paper,
starches were isolated from mature grains of high-amylose transgenic rice line (TRS) and its wild-type rice cultivar Te-qing (TQ)
and digested in vitro and in vivo. The structural changes of digestive starch residues were characterized using DSC, XRD, 3¢
CP/MAS NMR, and ATR-FTIR. TQ starch was very susceptible to digestion; its residues following in vitro and in vivo digestion
showed similar structural characteristics with TQ_control starch, which suggested that both amorphous and crystalline structures
were simultaneously digested. Both amorphous and the long-range order structures were also simultaneously hydrolyzed in TRS
starch, but the short-range order (double helix) structure in the external region of TRS starch granule increased with increasing
digestion time. The A-type polymorph of TRS C-type starch was hydrolyzed more rapidly than the B-type polymorph. These
results suggested that B-type crystallinity and short-range order structure in the external region of starch granule made TRS

starch resistant to digestion.
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B INTRODUCTION

Cereal storage starch is a major source of nourishment for
humans. For nutritional purposes, starch is classified into three
types: rapidly digestible starch, slowly digestible starch, and
resistant starch (RS)." RS is a portion of starch that cannot be
hydrolyzed in the upper gastrointestinal tract and functions as a
substrate for bacterial fermentation in the large intestine.' RS
has been reported to provide many health benefits for humans;
for example, RS-enriched food can lower the glycemic and
insulin responses and reduce the risk for developing type II
diabetes, obesity, and cardiovascular disease.” In general, RS
content of granular starch is positively correlated with the level
of amylose.” Therefore, high-amylose cereal crops are attracting
considerable attention because of their potential health benetfits,
along with their industrial uses.* Many high-amylose cereal crop
varieties have been developed via mutation or transgenic
breeding approaches.’™”

Starch branching enzymes (SBEs) are responsible for the
production of the a-1,6-glucosidic linkages in amylopectin.
Three classes of SBEs (SBE I, SBE IIa, and SBE IIb) are known
in cereal crops. In maize endosperm, lesion in the SBE IIb gene
results in the amylose extender (ae) phenotype with amylose
contents from 50 to 80%.° In wheat endosperm, it has been
demonstrated that suppression of the expression of SBE Ila is
required to yield a very high amylose content (>70%).° In
barley endosperm, the amylose content increase is very
dramatic when both SBE Ila and SBE IIb are reduced, with
amylose contents of 65.8 and 89.3% for SBE IIa~'/SBE IIb]
and SBE Ila™!/SBE IIb™! lines, respectively.7 In rice endo-
sperm, elimination of SBE I activity does not result in
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measurable differences in amylose content;® mutations
eliminating the expression of SBE IIb lead to increased amylose
content.” Many high-amylose cereal crops with suppression or
mutation of SBEs have been proven to contain a high level of
RS and show potential health benefits. For example, high-
amylose wheat and barley grains have significant potential to
improve health by reduction of plasma cholesterol and
production of increased large-bowel short-chain fat acids.>'’

Rice has the highest starch content among cereal crops and is
the staple food of over half the world’s population, but its RS
content is relatively low. Although high-amylose rices have been
developed,”'"'* their amylose contents are not very high
compared with high-amylose maize, wheat, and barley.>™" A
high-amylose transgenic rice line (TRS) has been developed by
antisense RNA inhibition of both SBE I and SBE IIb in our
laboratory, which yields a starch with an amylose content of
about 60%."*'* TRS starch is identified as having C-type
crystallinity, which has a high resistance to HCI hydrolysis,
Bacillus licheniformis a-amylase hydrolysis, and heating.'*"®
TRS grains are rich in RS,'* are as safe as the conventional
nontransgenic rice for rat consumption,'® and have shown
significant potential to improve the health of the large bowel in
rats."*

In most mammals, starch digestion and glucose absorption
occur mostly in the small intestine. In the intestinal lumen,
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starch is hydrolyzed by pancreatic a-amylase to maltose and
larger oligosaccharides, which are further hydrolyzed to glucose
by maltase-glucoamylase and sucrase-isomaltase on the brush-
border surface before being absorbed.'” Most human and
animal studies of starch in vivo digestion have been carried out
using the digesta collected from the terminal ileum or feces.'®"?
These digesta show the structure of RS that is not digested in
the small intestine. Many studies of starch in vitro digestion
have also been designed to simulate and investigate digestion in
the small intestine.”'”>' These in vitro digestion methods
provide practical and reproducible approaches to study starch
digestibility and its relationship with starch molecular structure.
McCleary et al.** developed a method for the measurement of
RS, in which samples are incubated in a shaking water bath with
pancreatic @-amylase (10 mg/mL) and amyloglucosidase (3 U/
mL) in sodium maleate buffer (100 mM, pH 6.0) at 37 °C. The
procedure reflects in vivo conditions and yields values that are
physiologically significant.

In this paper, starches were isolated from mature grains of
high-amylose rice TRS and its wild-type rice cultivar Te-qing
(TQ) and digested in vitro and in vivo. Structural changes of
starch residues at different digestion stages were characterized
using differential scanning calorimetry (DSC), X-ray powder
diffraction (XRD), solid state *C cross-polarization magic-
angle spinning nuclear magnetic resonance (*C CP/MAS
NMR) spectroscopy, and attenuated total reflectance—Fourier
transform infrared (ATR-FTIR) spectroscopy. The objective of
this study was to obtain a better understanding of the resistance
of high-amylose TRS starch to digestion.

B MATERIALS AND METHODS

Plant Materials. An indica rice cultivar Te-qing (TQ) and its
transgenic line (TRS) with high amylose and RS contents were used in
this study. TRS was generated from TQ after transgenic inhibition of
both SBE I and SBE IIb through an antisense RNA technique and was
homozygous for the transgene. The expressions of SBE I and SBE IIb
were completely inhibited in TRS grains."* TQ and TRS were
cultivated in the transgenic close experiment field of Yangzhou
University, Yangzhou, China, in 2011, and mature grains were used to
isolate starches.

Isolation of Native Starches. Native starches were isolated from
mature grains as previously described."®

In Vitro Digestive Starch Residue Preparation. The prepara-
tion of in vitro digestive starch was carried out according to an AOAC
method,” using the Megazyme Resistant Starch Assay Kit with a slight
modification. One gram of starch sample was digested with 40 mL of
pancreatic a-amylase (10 mg/mL) containing amyloglucosidase (3 U/
mL) at 37 °C with continuous shaking (100 rpm) in a constant-
temperature shaking water bath for different times. Undigested starch
residues were obtained by centrifugation (3000g, 10 min),
subsequently washed three times with ddH,O and twice with
anhydrous ethanol and then dried at 40 °C for 2 days. Control starch
without enzyme but subjected to the above experimental conditions
was run concurrently. The dried starch residues were ground into
powders in a mortar with pestle and passed through a 100-mesh sieve
for structural analyses.

In Vivo Digestive Starch Residue Preparation. All animal
experiments (including rice diet preparation and Sprague—Dawley rat
feeding) were performed according to the method of Zhou et al.'® The
rats in TQ and TRS diet groups were respectively given a diet
containing 70% TQ and TRS flours. The nutritional compositions of
diets for rats in TQ and TRS diet groups were essentially the same.
The stomach, jejunum, and ileum were removed under anesthetia. The
digesta were collected from the stomach, jejunum, and ileum by
squeeze expulsion and then fixed in anhydrous ethanol at 4 °C prior to
analysis. Fresh feces were fixed in anhydrous ethanol. Starches were
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isolated from the diet, digesta, and feces. Briefly, the diet, digesta, and
feces were homogenized with anhydrous ethanol in a mortar with a
pestle. The homogenate was filtered with 100-, 200-, 300-, and 400-
mesh sieves and centrifuged at 3000g for 10 min. The gel-like layer on
top of the packed white starch pellet was carefully scraped off and
discarded. The precipitated starch was washed six times with SDS wash
buffer (62.5 mM Tris-HCl, pH 6.8; 10 mM DTT; 10 mM EDTA; 4%
SDS) to remove protein at room temperature. The samples were
subsequently washed with ddH,O, anhydrous ethanol, methanol, and
ether twice to remove lipid. Finally, the samples was again washed
twice with anhydrous ethanol and then dried at 40 °C for 2 days. The
dried starch residues were ground into powders and passed through a
100-mesh sieve for analyses.

Light Microscope Observation. Starch residues of in vivo digesta
were stained with iodine as previously described®® and were observed
under the Olympus BXS53 light microscope equipped with a CCD
camera.

Amylose Content Measurement. The amylose content of starch
was determined using the iodine adsorption method of Konik-Rose et
al>* with some modifications. Ten milligrams of starch was weighed
(accurate to 0.1 mg) into a 10 mL screw-capped tube. For defatting, S
mL of 85% (v/v) methanol was added and incubated at 65 °C for 1 h
with occasional vortexing. After centrifugation at 13000g for S min, the
supernatant was removed. The defatting step was then repeated. The
starch was dried at 37 °C overnight and then dissolved in S mL of urea
dimethyl sulfoxide (UDMSO) solution (9 parts DMSO and 1 part 6
M urea). Dissolution was obtained by incubating the mixture at 95 °C
for 1 h with intermittent vortexing. A 1 mL aliquot of the starch—
UDMSO solution was treated with 1 mL of iodine solution (0.2% 1,
and 2% KI, w/v) and made up to 50 mL with water. The solution was
immediately mixed and placed in darkness for 20 min. Apparent
amylose content was evaluated from absorbance at 620 nm. The
recorded values were converted to percent of amylose by reference to
a standard curve prepared with amylose from potato (Sigma-Aldrich
A-0512) and amylopectin from corn (Sigma-Aldrich 10120).

DSC Analysis. A DSC (200-F3, Netzsch, Germany) was used to
examine the thermal property of starch as described previously.'®

XRD Analysis. XRD analysis of starch was carried out on an XRD
(D8, Bruker, Germany), and the relative crystallini?r (%) was
measured following the method described by Wei et al.?

Solid-State '*C CP/MAS NMR Analysis and Peak-Fitting
Procedure. High-resolution solid-state 3C CP/MAS NMR analysis
of starch was carried out at By = 9.4T on a Bruker AVANCE III 400
WB spectrometer as described previously.”> Amorphous starch was
prepared by gelatinizing native starch following the method of Wei et
al> The 3C CP/MAS NMR spectra were peak fitted by using PeakFit
version 4.12. The relative crystallinity was calculated as the proportion
of the fitting peak areas of the triplet or doublet relative to the total
area of the spectrum at CI region according to the method described
by Paris et al.”® The quantitative analyses of double-helix, single-heli,
and amorphous conformational features within starch were carried out
according to the method described by Tan et al.>” The analysis of the
NMR spectra involved the decomposition of the spectra into
amorphous and ordered subspectra. The spectrum of amorphous
starch was matched to the intensity of control and digestive starches at
84 ppm and was subtracted to produce the ordered subspectrum. The
areas of the amorphous and ordered subspectra relative to the total
area of the spectrum at Cl region yielded the percentage of
amorphous and ordered components, respectively. The computer
peak fitting of ordered subspectrum at Cl region yielded four
individual peaks at about 99.6, 100.7, 101.4, and 102.6 ppm. The peak
at 102.6 ppm was coincident with the C1 chemical shifts of the single-
helical V-type conformation, and the peaks at 99.6, 100.7, and 101.4
ppm were double-helix components. By comparison of the areas of
single-helix and double-helix peaks at C1 region in the ordered
subspectrum, the relative proportions of single-helical and double-
helical features within the starches were obtained.””

ATR-FTIR Analysis. ATR-FTIR analysis of starch was carried out
on a Varian 7000 FTIR spectrometer with a DTGS detector equipped
with a ATR single-reflectance cell containing a germanium crystal (45°
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Table 1. Amylose Contents, Thermal Properties, and Relative Crystallinities of in Vitro Digestive Starch Residues”

DSc?
starch residue amylose content® (%) T, (°C) T, (°C) T. (°C) AH (J/g) relative crystallinityd (%)
TQ
0Oh 265 + 03 a 63.5 + 04 a 744 £ 0.1 a 812 + 0.6 ab 132 + 05 ab 27.3 + 04 ab
1h 291+ 05D 669 + 0.5b 74.6 + 0.0 a 803 +0.1b 13.0 +£ 0.2 ab 275 +02a
2h 287+ 08 Db 684 + 03D 752 +0.1Db 81.2 + 0.2 bc 147 + 0.5 ab 265+ 01D
4 h 290+ 12D 684 +0.1b 74.8 + 0.2 ab 80.7 £ 0.1b 134 + 0.1 a 292 +0S5¢
8h 29.6 £ 02 b 71.5 £ 0.1 c 77.0 +£ 0.0 ¢ 829 + 04 ac 141 +02b 304 + 08¢
TRS
0h 63.5+05a 67.0 + 03 a 769 £ 0.1 a 874 + 0.7 ab 78 £ 0.7 a 175 £ 04 a
1h 556 + 0.8 b 69.1 £ 0.0Db 76.3 + 0.4 ab 853 +00a 69 +03a 17.1 £ 0.3 ab
2h 539+ 09 ¢ 68.6 + 0.2 bc 762 + 0.3 acd 85.8 + 0.4 ab 72 +0S a 169 + 0.3 ab
4h 509 + 04 d 69.2 + 0.3 bd 764 + 0.1 be 85.5 + 0.1 ab 69 +02a 16.3 + 0.3 bc
8h 491+ 04 e 69.3 + 0.0 cd 77.0 + 0.1 ad 86.0 + 0.3 ab 61+0.1a 156 £+ 02 ¢
16 h 468 + 0.5 f 70.1 + 0.3 bd 77.6 £ 0.0 b 863 +02b 42 +03b 162 + 02 ¢

“Data (mean + SD) in the same column with different letters are significantly different (p < 0.05). bTO, onset temperature; T, peak temperature; T,
conclusion temperature; AH, enthalpy of gelatinization. “The amylose content was determined by the iodine adsorption method.** “The relative

crystallinity was obtained from XRD.*®

incidence angle) (PIKE Technologies, USA) as previously described.*®
Spectra were corrected by a baseline in the region from 1200 to 800
cm™' before deconvolution was applied using Resolutions Pro. The
assumed line shape was Lorentzian with a half-width of 19 cm™ and a
resolution enhancement factor of 1.9. Intensity measurements at 1047,
1022, and 995 cm™" were performed on the deconvoluted spectra by
recording the height of the absorbance bands from the baseline using
Adobe Photoshop 7.0 image software.

Statistical Analysis. The amylose content determination was
replicated three times, DSC analysis was replicated twice, and spectra
of XRD, *C CP/MAS NMR, and ATR-FTIR were quantitatively
analyzed with relative software at least twice. Mean values and
standard deviation values were reported. Analysis of variance
(ANOVA) by Tukey’s test (p < 0.05) was evaluated using the SPSS
16.0 Statistical Software Program.

B RESULTS AND DISCUSSION

In Vitro Digestibilities of Starches. Compared with TQ
starch, the amylose content of TRS starch is dramatically
increased from 22.5 to 55.4% in milled rice flour*® and from
272 to 64.8% in isolated starch.'"* A positive correlation is
evident between RS and amylose content. In grains of TRS, the
RS content is 14.6% measured according to the AOAC method,
whereas little or no RS is detected in TQ_ grain.14 When the
Englyst assay method is used, the RS content is significantly
increased from 18.3% in TQ flour to 33.4% in TRS flour and
from 33.3% in TQ starch to 55.3% in TRS starch.”® TRS starch
has a higher resistance to B. licheniformis a-amylase hydrolysis
than TQ starch.”® In this study, starches were simultaneously
digested in vitro by pancreatic a-amylase and amyloglucosidase,
and the residual quantities of digestive starches were
significantly lower in TQ_than in TRS, especially after 4 h of
digestion (data not shown). TQ starch was almost completely
hydrolyzed for 16 h of digestion, and no residue was obtained
for analyzing its structural property.

Amylose Contents of in Vitro Digestive Starch
Residues. Amylose contents of in vitro digestive starch
residues are presented in Table 1. The amylose content plays
an important role in the starch internal quality and its property.
In starch granule, some amylose forms the double helices, some
amylose and lipid form a amylose—lipid complex, and the other
amylose is located in the starch amorphous region. The double
helices associate to form crystallinity, which resist enzyme
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hydrolysis. The amylose—lipid complex has high resistance to
amylase hydrolysis.”> Amylose contents in TQ_starch residues
did not show significant change during in vitro digestion, but
that of TRS starch residues rapidly decreased at initial digestion
(1 h) and then gradually decreased with increasing digestion
time. Amylose is mainly distributed in the central hilum of TQ
starch.”® The similar amylose contents of digestive TQ_starch
residues suggested that amylose and amylopectin were
simultaneously hydrolyzed by pancreatic a-amylase and
amyloglucosidase. Amylose is mainly distributed in the central
hilum and surrounding region of the TRS starch granule.”® The
amylose content of TRS starch residues decreased during in
vitro digestion, which might result from the easy degradation of
amylose in the surrounding region of the TRS starch granule.

Thermal Properties of in Vitro Digestive Starch
Residues. The thermal properties of in vitro digestive starch
residues measured by DSC are listed in Table 1. The value of
onset temperature in TQ digestive starch residues was
significantly higher than that in TQ_ control starch, but the
values of peak temperature, conclusion temperature, and
gelatinization enthalpy in TQ_digestive starch residues were
similar to that in TQ_control starch. The values of gelatinization
temperature in TRS digestive starch residues were similar to
that in TRS control starch, but the value of gelatinization
enthalpy in TRS digestive starch residue was lower than that in
TRS control starch.

Gelatinization involves the uncoiling and melting of the
external chains of amylopectin that are packed together as a
double helix in clusters. Gelatinization temperature was
influenced by the molecular architecture of the crystalline
region, which corresponds to the distribution of amylopectin
short chains, and not by the proportions of crystalline regions,
which corresponds to the amylose/amylopectin ratio. The
difference in gelatinization temperature may be attributed to
the difference in amylose content, size, form, and distribution of
starch granules, as well as to the internal arrangement of starch
fractions within the granule.*® Gelatinization enthalpy is due
mainly to the disruption of the double helices rather than the
long-range disruption of crystallinity.’’ Compared with
undigested starch, waxy maize starch residues following in
vitro pancreatic a-amylase and amyloglucosidase hydrolysis
show an increase in onset temperature and similar enthalpy.
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The increase in the relative number of smaller granules after
enzyme hydrolysis causes an increase in the onset temperature.
Similar enthalpy shows simultaneous hydrolysis of both
crystalline and amorphous regions of waxy maize starch by in
vitro digestion.* In this study, the thermal properties of in vitro
digestive TQ_starch residues were in agreement with those of
waxy maize starch. TRS and TQ_ starches show different
morphologéical structure,”® crystallinity,'> and hydrolysis
properties, > which resulted in the different thermal properties
of in vitro digestive TQ and TRS starch residues.

XRD Spectra of in Vitro Digestive Starch Residues.
The XRD patterns of TQ and TRS starch residues from in vitro
digestion treatment are presented in Figure 1, and their relative

A
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Figure 1. XRD spectra of in vitro digestive starch residues: (A) TQ
starch residues; (B) TRS starch residues. TQ1, TQ2, TQ3, TQ4, and
TQS, TQ starch residues for 0, 1, 2, 4, and 8 h of digestion,
respectively; TRS1, TRS2, TRS3, TRS4, TRSS, and TRS6, TRS starch
residues for 0, 1, 2, 4, 8, and 16 h of digestion, respectively.

crystallinities are listed in Table 1. To exclude the effect of
enzyme solution on the structural properties, we used control
starch instead of native starch. Starches can be classified to A-,
B-, and C-type crystallinity by XRD spectra. A-type starch has
strong diffraction peaks at about 15° and 23° 26 and an
unresolved doublet at around 17° and 18° 26. B-type starch
gives the strongest diffraction peak at around 17° 26, a few
small peaks at around 15°, 20° 22° and 24° 26, and a
characteristic peak at about 5.6° 26. C-type starch is a mixture
of both A- and B-type polymorphs and can be further classified
in to C,-type (closer to A-type), C-type, and Cg-type (closer to
B-type) according to the proportion of A-type and B-type
polymorphs. The typical C-type starch shows strong diffraction
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peaks at about 17° and 23° 20 and a few small peaks at around
5.6° and 15° 26. The XRD patterns of C,- and Cy-type starches
show some slight differences from that of typical C-type. C,-
type starch shows a shoulder peak at about 18° 26 and strong
peaks at about 15° and 23° 26, which are indicative of the A-
type polymorph. Cy-type starch shows two shoulder peaks at
about 22° and 24° 26 and a weak peak at about 15° 20, which
are indicative of the B-type polymorph. The peak at 20° 26 is
the amylose—lipid complex diffraction peak. The peak at 15° 26
in A-type starch is stronger than that in B-type starch.*”

TQ control and in vitro digestive starch residues all displayed
typical A-type XRD patterns. The peak intensities of starch
residues for 1 and 2 h of digestion were similar to that of
control starch. Upon 4 and 8 h of digestion, the peak intensities
decreased in TQ_ starch (Figure 1A). TRS control starch
showed a C,-type XRD pattern with a shoulder peak at 18° 260
(Figure 1B), which was in agreement with native TRS starch."
Although TRS control and in vitro digestive starch residues all
showed similar XRD patterns, it was noteworthy that the
intensity of the shoulder peak at 18° 26 decreased, the peak at
23° 26 became broader, and the peak at 15° 26 became weaker
with increasing digestion time. Two inconspicuous shoulder
peaks at 22° and 24° 26 appeared in starch residues for 16 h of
digestion, which suggested that the starch residue was of Cp-
type crystallinity (Figure 1B). The diffraction intensity
variations of peaks at 15°, 18° and 23° 20 indicated that the
ratio of B/A polymorph progressively increased during TRS
starch in vitro digestion. That is to say, the A-type polymorph
of TRS C-type starch was digested more quickly than the B-
type polymorph. That the C-type starch became C,- or Cy-type
starch after enzyme hydrolysis has been reported.*® In this
study, in vitro digestion did not change the A-type crystallinity
of TQ starch, but changed C,-type crystallinity of TRS starch
to Cy-type via C-type, which indicated that A-type crystallinity
was susceptible to digestion and B-type crystallinity was
resistant to digestion.

The relative crystallinities of TQ and TRS digestive starch
residues were similar to those of TQ and TRS control starches,
which indicated that both amorphous and crystalline structures
of TQ and TRS starches were simultaneously hydrolyzed
during in vitro digestion. Zhou et al.** also reported that both
amorphous and semicrystalline regions of starch granules were
simultaneously hydrolyzed by a-amylase, which was based on
the observation that a-amylolysis did not produce a marked
increase in the crystallinity.

13C CP/MAS NMR Spectra of In Vitro Digestive Starch
Residues. Figure 2A compares the *C CP/MAS NMR spectra
of amorphous, control, and in vitro digestive TQ and TRS
starch residues. TQ starch was rapidly digested, and there were
not enough starch residues for *C CP/MAS NMR analysis
after 4 h of in vitro digestion. Assignments of the *C CP/MAS
NMR resonance are consistent with literature data.***¢ Signals
at 94—10S and 58—65 ppm are attributed to C1 and C6 in
hexapyranoses, respectively; the overlapping signal around 68—
78 ppm is associated with C2, C3, and C5,; and the broad
resonance at 82 ppm appears from the amorphous domains for
C4. The two broad shoulders that appear at 103 and 95 ppm
can arise from the amorphous domains for C1. *C CP/MAS
NMR has been employed in examining the structure of
different type starches. In the spectra, most of the resonances
cannot be distinguished or have not been assigned among the
A-, B-, and C-type starches, but the Cl resonance contains
information on the crystalline nature as well as the noncrystal-
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Figure 2. *C CP/MAS NMR spectra of in vitro digestive starch
residues: (A) original spectra; (B) ordered subspectra. TQO,
amorphous starch from TQ starch; TQ1, TQ2, and TQ3, TQ starch
residues for 0, 1, and 2 h of digestion, respectively; TRS1, TRS2,
TRS3, TRS4, TRSS, and TRS6, TRS starch residues for 0, 1, 2, 4, 8,
and 16 h of digestion, respectively.

line (but rigid) chains. The multiplicity of the C1 resonance
corresponds to the packing type of the starch granule. For A-
type starch, the C1 peak of spectrum is a triplet, whereas for B-
type starch, that is a doublet.>> Because C-type starch has the

characteristics of both A- and B-type crystalline structure, the
C1 spectrum of the C-type starch always shows a mixed pattern
of both A- and B-types. The resonances in the spectrum of C-
type starch mainly depend on the relative proportions of A- or
B-type crystallinity in the sample.*® In general, the C-type
starch shows a triplet C1 spectrum if the A-type crystalline
structure is predominant in the sample and a doublet C1
spectrum if the B-type crystalline structure is predominant.*®

The C1 resonances of TQ control starch occurred as triplets
at about 99.5, 100.5, and 101.5 ppm, which was a typical
characteristic of A-type starch.*® The peak at about 103 ppm
appeared only as a shoulder on the downfield C1 resonances in
TQ control starch. These results were in agreement with that of
native TQ_starch."> The triplet and amorphous peaks of C1
resonances and their intensities in in vitro digestive TQ_starch
residues were very similar to that of TQ control starch, which
suggested that digestion did not have an effect on molecular
packing of the double helices in the crystalline regions, and
both amorphous and crystalline components of starch were
simultaneously hydrolyzed during in vitro digestion, which was
in agreement with the results of XRD. The C1 resonances of
TRS control starch occurred as inconspicuous triplets at 100.0,
100.8, and 101.4 ppm, and the peak at 103 ppm appeared as a
strong peak, which was significantly different from that of TQ
control starch and suggested that TRS control starch was a C,-
type starch. The *C CP/MAS NMR spectrum of TRS control
starch was very similar to that of native TRS starch,"* which was
also in agreement with the results of XRD. The inconspicuous
triplet gradually became a doublet at 100 and 101 ppm, which
was the character of B-type starch, and the peak at 103 ppm
became a shoulder peak with gradually decreasing peak
intensity during in vitro digestion. The changes in the "*C
CP/MAS NMR patterns between TRS control and digestive
starch residues revealed two important facts about the
structural changes during in vitro digestion: (1) the amorphous
starch was digested more rapidly than the crystalline starch; and
(2) the A-type allomorph in the C-type starch was degraded
more rapidly than the B-type polymorph.

Figure 2B is the ordered subspectra of control and in vitro
digestive TQ and TRS starch residues, which involves the
subtraction of a standard amorphous starch spectrum from the
test spectrum until there is no residual intensity at 84 ppm (a
region of the spectrum with intensity due solely to amorphous

Table 2. Relative Crystallinities and Proportions of Single-Helix, Double-Helix, and Amorphous Conformations Obtained from
13 C CP/MAS NMR Spectra of in Vitro Digestive Starch Residues”

relative proportion” (%)

starch residue relative crystallinity (%)

TQ
0h 543 +2S5ab
1h S56+12a
2h 472+ 10b
TRS
0Oh 384 +£19a
1h 460 + 2.8 b
2h 484 £19b
4h S32+13c¢
8h 549 x 1.7 ¢
16 h S41+07c¢

single helix double helix amorphous
4.3 £ 1.0a 49.0 + 1.0a 467 + 1.1 a
20+ 1.1Db S19+ 1.1b 461 + 14 a
1.7+ 02b 498 £ 02a 485 +09a
5.5+08a 399 + 08 a 546 £ 09 a
26+ 15D 474+ 15b 50.0 + 1.5 ab
27+ 11Db 473+ 1.1b 50.0 + 1.3 ab
20+ 05b 482+ 05b 49.8 + 0.7 ab
22+01b 480 +00b 498 + 06 b
26 +06b 498 + 0.6 b 476 + 08 b

“Data (mean = SD) in the same column with different letters are significantly different (p < 0.05). The relative proportion was calculated following
the method of Tan et al.”” “The relative crystallinity was calculated according to the method of Paris et al.”®
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conformations).”” The ordered subspectra were similar to the
origin spectra, but they had clearer crystalline peaks of CI
resonances than the origin spectra. The ordered subspectra
with clear CI triplets in TQ digestive starch residues were
essentially similar to that in TQ control starch. The ordered
subspectra in TRS digestive starch residues were different with
that in TRS control starch. The C1 resonances gradually
changed from inconspicuous triplets to a doublet, and its
intensity gradually increased during in vitro digestion.

The C CP/MAS NMR original spectra of in vitro digestive
TQ and TRS starches were peak fitted by using peakfit; a
combination (50/50) of Lorentzian and Gaussian profiles gave
acceptable fitting (r* > 0.99) (data not shown). The percentage
of relative crystallinity, which is quantitatively calculated as the
proportion of the fitting peak areas of the triplet or doublet
relative to the total area of the spectrum at C1 region according
to the method described by Paris et al.* is listed in Table 2.
The crystallinity obtained from *C CP/MAS NMR was found
to be higher than that from XRD for control and digestive
starch residues. Molecular order in starch granule is composed
of two types of helices from amylopectin side chains. Helices
that are packed in regular arrays (in the long-range distance)
forming crystallinity can be measured by both XRD and "*C
CP/MAS NMR. Helices that are not packed in regular form or
packed in the short-range distance cannot be detected bZ XRD
but can still be detected by '3C CP/MAS NMR.> It is
therefore not surprisingly that estimates of the relative
crystallinities by '*C CP/MAS NMR are considerably higher
than those by XRD. The relative crystallinities obtained from
XRD and “C CP/MAS NMR of TQ digestive starch residues
were all similar to that of TQ control starch, which suggested
that the long-range and short-range order structures and the
amorphous structure were simultaneously hydrolyzed during
TQ in vitro digestion. The relative crystallinities obtained from
3C CP/MAS NMR of TRS digestive starch residues gradually
increased with the digestion time elongation, but those
obtained from XRD of TRS digestive starch residues were
similar to those of TRS control, which suggested that the long-
range order structure and amorphous structure were simulta-
neously hydrolyzed, and the short-range order structure was
hydrolyzed more slowly than the amorphous structure during
TRS in vitro digestion.

Additional information on the conformation of the starch
polymers can be obtained by fitting of the ordered subspectra
to individual peaks.”” The ordered subspectra of control and in
vitro digestive starch residues at the C1 region were peak fitted
by using peakfit (data not shown). The results from
quantitative analysis of the proportion of single helix, double
helix, and amorphous components according to the method
described by Tan et al”’ are summarized in Table 2. The
double helix and amorphous components of TQ digestive
starch residues for 1 and 2 h of digestion were similar to those
of TQ_ control starch, which was in agreement with the relative
crystallinity obtained from XRD and *C CP/MAS NMR. The
single helix was rapidly hydrolyzed in TQ in vitro digestion.
This result further confirmed that the amorphous and
crystalline components of TQ_ starch were simultaneously
hydrolyzed by in vitro digestive enzymes. The amorphous and
single helix was rapidly hydrolyzed, and the double helix
proportion significantly increased in TRS starch as in vitro
digestion took place. This result showed that the long-range
and amorphous structures in TRS starch were hydrolyzed more
quickly than the short-range order structure at the beginning of
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digestion. The double-helix proportion gradually increased in
TRS digestive starch residues with digestion time elongation,
which was in agreement with the relative crystallinity obtained
from C CP/MAS NMR and suggested that the short-range
order structure was resistant to digestion.

ATR-FTIR Spectra of in Vitro Digestive Starch
Residues. The development of sampling devices such as
ATR-FTIR combined with procedures for spectrum deconvo-
lution provides opportunities for the study of starch structure.>”
According to the theory of ATR, the penetration depth is
related to the wavelength. Polysaccharides, such as starch,
absorb in the region 1200—800 cm™), that is, at wavelengths
between ~8 and 12 pm. In this region, the average penetration
depth is ~2 um. Therefore, ATR-FTIR is used to study the
external region of the starch granule. According to van Soest et
al,*® the infrared spectrum of starch has been shown to be
sensitive to the short-range order structure, defined as the
double-helical order, as opposed to the long-range order
structure related to the packing of double helices. Although it
has been proposed that FTIR is not related to XRD and is
unable to differentiate starch long-range order characteristics
and polymorphism, the spectrum variation of starch is
interpreted in terms of the level of short-range order structure
present on the edge of starch granules.’” The absorbance band
intensities at 1045, 1022, and 995 cm™! are sensitive to changes
in starch conformation. The bands at 1047 (or 104S) and 1022
cm ™" have been linked with order/crystallinity and amorphous
regions in starch, respectively.’” The ratio of absorbance 1045/
1022 cm™' is used to quantify the degree of order in starch
samples. The intensity ratios of 1045/1022 and 1022/995 cm™
are useful as a convenient index of FTIR data in comparisons
with other measures of starch conformation.>”

The deconvoluted ATR-FTIR spectra in the region 1200—
900 cm™! of control and in vitro digestive TQ and TRS starch
residues are presented in Figure 3, panels A and B, respectively.
The relative intensities of FTIR bands at 1045, 1022, and 995
cm™! were recorded from the baseline to peak height, and the
ratios for 1045/1022 and 1022/995 cm™" were calculated as
shown in Figure 3C. On the basis of both the spectra and
calculated data, the short-range order in the external region of
TQ in vitro digestive starch residues was similar to that of TQ_
control starch, which was in agreement with the relative
crystallinity and double-helix proportion obtained from '*C
CP/MAS NMR. The short-range order in the external region of
TRS in vitro digestive starch residues dramatically increased at
the beginning of digestion and then gradually increased with
digestion time elongation, which was also in agreement with the
relative crystallinity and double-helix proportion obtained from
C CP/MAS NMR.

In Vivo Digestibilities of Starches. The enzymatic
reactions in the in vitro digestion are carried out only in
homogeneous solution/suspension, whereas the in vivo
digestion takes place in the intestinal lumen and at the surface
of the intestinal wall, both of which are likely to provide a
heterogeneous environment. Furthermore, there are more
enzymes involved in the intestinal digestion than in the in
vitro digestion, for example, maltase-glucoamylase and sucrase-
isomaltase versus fungal glucoamylase (also called amylogluco-
sidase), respectively. Therefore, the in vitro digestion might
oversimplify the in vivo digestion mechanism. The results from
in vitro starch digestion might not reflect that of in vivo starch
digestion.*® In this study, we used the diet containing 70% TQ
or TRS flour to feed rat."® The in vivo digesta were collected
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Figure 3. ATR-FTIR spectra of in vitro digestive starch residues: (A)
TQ starch residues; (B) TRS starch residues; (C) IR ratio of
absorbances 1045/1022 and 1022/995 cm™.. TQI, TQ2, TQ3, TQ4,
and TQS, TQ starch residues for 0, 1, 2, 4, and 8 h of digestion,
respectively; TRS1, TRS2, TRS3, TRS4, TRSS, and TRS6, TRS starch
residues for 0, 1, 2, 4, 8, and 16 h of digestion, respectively.

from the stomach, jejunum, and ileum of rats and observed
using the light microscope. TRS starch residual granules could
clearly be detected in the digesta of stomach, jejunum, and
ileum of rat in TRS diet group. However, TQ_starch residual
granule was seldom detected in the digesta of ileum of rat in
TQ diet group (data not shown). In the feces of rat in TRS diet
group, TRS starch residual granule could randomly be
observed; however, TQ_starch residual granule could not be
detected in the feces of rat in the TQ diet group (data not
shown). The in vivo digestion indicated that TQ starch could
be completely digested in the small intestine, but TRS starch
could not be completely digested in the small intestine and
could be degraded in the large intestine.

The in vivo digestive starch residues were isolated from the
diet, digesta of stomach, jejunum, and ileum, and feces, and
their structural changes were investigated using XRD, *C CP/
MAS NMR, and ATR-FTIR. The quantity of starch residue
from jejunum digesta of rats in the TQ diet group was too small
to be investigated. The starch residues from feces did not show
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the spectrum patterns of XRD, '*C CP/MAS NMR, and ATR-
FTIR, so the data are not shown. Because the nonstarch
material content was high in isolated starch residues, the
amylose content and DSC thermal property were not analyzed,
and the spectra of XRD, *C CP/MAS NMR, and ATR-FTIR
were not quantitatively calculated for in vivo digestive starch
residues.

XRD Spectra of in Vivo Digestive Starch Residues. The
XRD spectra of in vivo digestive starch residues are shown in
Figure 4. To exclude the effect of diet preparation on the

TRS1
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Figure 4. XRD spectra of in vivo digestive starch residues. TQl, TQ2,
and TQ3, TQ starch residues from diet and digesta of stomach and
ileum of rat in TQ_ diet group, respectively; TRS1, TRS2, TRS3, and
TRS4, TRS starch residues from diet and digesta of stomach, jejunum,
and ileum of rat in TRS diet group, respectively.

structural properties of starch, the starches isolated from in vivo
digesta were compared with those from diet. The starch
isolated from the TQ diet showed the typical A-type XRD
spectrum, which was similar to that of TQ_ in vitro control
starch and suggested that the preparation process of the diet
did not affect the crystallinity. The starch residues from
stomach digesta of rats in the TQ_diet group also showed A-
type XRD spectra, although the peak intensity was significantly
decreased. The starch residues from ileum digesta of rats in the
TQ diet group did not show the starch XRD spectrum pattern,
which might result from the low starch content in residues, and
suggested that TQ_ starch was completely hydrolyzed in the
small intestine.

The starch isolated from the TRS diet showed a C,-type
XRD spectrum with a shoulder peak of 18° 26, which was
similar to that of TRS in vitro control starch. The starch
residues from stomach, jejunum, and ileum digesta of rat in
TRS diet group showed that the peak intensities gradually
decreased, the shoulder peak at 18° 20 disappeared, the peak at
23° 20 became broader, and two inconspicuous shoulder peaks
at 22° and 24° 20 appeared during in vivo digestion. The
spectrum changes of TRS in vivo digestive starch residues were
in agreement with that of TRS in vitro digestive starch residues
and indicated that the A-type polymorph of TRS C-type starch
was digested more rapidly than the B-type polymorph.
Although the peak intensity of starch residues from ileum
digesta of rats in the TRS diet group was very low, the spectrum
still showed the starch XRD pattern, which suggested that TRS
starch was highly resistant to in vivo digestion.

13C CP/MAS NMR Spectra of in Vivo Digestive Starch
Residues. Figure 5 shows the original spectra and ordered
subspectra of 13C CP/MAS NMR of in vivo digestive starch.

dx.doi.org/10.1021/jf302966f | J. Agric. Food Chem. 2012, 60, 9332—9341
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Figure S. 3C CP/MAS NMR spectra of in vivo digestive starch
residues: (A) original spectra; (B) ordered subspectra. TQO,
amorphous starch from TQ starch; TQ1, TQ2, and TQ3, TQ starch
residues from diet and digesta of stomach and ileum of rat in TQ diet
group, respectively; TRS1, TRS2, TRS3, and TRS4, TRS starch
residues from diet and digesta of stomach, jejunum, and ileum of rat in
TRS diet group, respectively.

Compared with starch from the diet, the starch residues from
stomach digesta of rats in the TQ diet group had higher
crystallinity with triplets at C1 resonance, which was in
agreement with that of TQ in vitro digestive starch. TQ_starch
residues from ileum digesta did not show the *C CP/MAS
NMR spectrum pattern, which suggested that starch was
essentially digested in the small intestine.

The ¥C CP/MAS NMR patterns between TRS diet and in
vivo digestive starch residues revealed two important facts
about the structural changes during in vivo digestion: (1) the
amorphous starch was digested more rapidly than the
crystalline starch; and (2) the A-type polymorph of TRS C-
type starch was degraded more quickly than the B-type
polymorph. The spectrum changes of TRS in vivo digestive
starch residues were in agreement with those of TRS in vitro
digestive starch residues. The TRS starch residues from ileum
digesta still showed the typical *C CP/MAS NMR spectrum
pattern; however, the TRS starch residues from feces did not
show the C CP/MAS NMR spectrum pattern (data not
shown), which suggested that TRS starch was highly resistant
to digestion in the small intestine and was degraded in the large
intestine.

ATR-FTIR Spectra of in Vivo Digestion Starch
Residues. The deconvoluted ATR-FTIR spectra in the region
1200—900 cm™" of in vivo digestive starches are presented in
Figure 6. The starch residues from the diet and stomach digesta
of rats in the TQ diet group showed ATR-FTIR patterns
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Figure 6. ATR-FTIR spectra of in vivo digestive starch residues. TQl,
TQ2, and TQ3, TQ starch residues from diet and digesta of stomach
and ileum of rat in TQ_ diet group, respectively; TRS1, TRS2, TRS3,
and TRS4, TRS starch residues from diet and digesta of stomach,
jejunum, and ileum of rat in TRS diet group, respectively.

similar to that of TQ_ in vitro control and digestive starch
residues. The starch residues from ileum digesta of rats in the
TQ_ diet group did not show the starch ATR-FTIR spectrum
pattern, which might result from the low starch content in
residues, and suggested that TQ_starch was susceptible to in
vivo digestion. The starch residues from diet and digesta of
stomach, jejunum, and ileum of rat in TRS diet group also
showed similar ATR-FTIR patterns with TRS in vitro control
and digestive starch residues. Starch residues from ileum digesta
of rats in the TRS diet group showed the typical starch ATR-
FTIR pattern, which suggested that TRS starch was highly
resistant to in vivo digestion.

Although the ratios for 1045/1022 and 1022/995 cm™" were
not calculated, the spectra of starch residues clearly showed that
the degree of the short-range order in the external region of TQ_
starch granule did not significantly change during in vivo
digestion, but that of TRS starch significantly increased with in
vivo digestion from stomach to jejunum and ileum. The ATR-
FTIR spectrum changes of starch residues of in vivo digestion
showed that the short-range order structure in the external
region of TRS starch granule was highly resistant to digestion,
which was in agreement with that of in vitro digestion.

In conclusion, starches were isolated from mature grains of
high-amylose TRS and its wild-type rice TQ. The structural
changes of starch residues following in vitro digestion were
characterized with DSC, XRD, *C CP/MAS NMR, and ATR-
FTIR. TQ control and digestive starch residues did not show
significant structural changes, which suggested that both
amorphous and crystalline structures were simultaneously
hydrolyzed during in vitro digestion. The A-type polymorph
of TRS C-type starch was hydrolyzed more quickly than the B-
type polymorph. Although both amorphous and crystalline
(long-range order) structures were simultaneously digested in
TRS starch, the short-range order (double-helix) structure,
especially in the external region of starch granule, was highly
resistant to digestion. Furthermore, the structural changes of
starch residues following in vivo digestion were in agreement
with those of in vitro digestion. These data added to our
understanding of the resistance of high-amylose rice starch to
digestion and would be very helpful in the application of high-

amylose rice TRS in food and nonfood industries.
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