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The slow digestion property of native cereal starches, represented by normal maize starch, was investigated. The
in vitro Englyst test showed that 53.0% of the maize starch is slowly digestible starch (SDS), and scanning
electron microscopy (SEM) revealed that SDS starts from an increase of pore size until almost complete
fragmentation of starch granules. However, similar amounts of SEE®%) were shown for partially digested
fragmented starch residuals, which would normally be considered resistant to digestion based on the Englyst
assay. Molecularly, both amylopectin (AP) and amylose (AM) contributed to the amount of SDS as evidenced by
a similar ratio of AP to AM at different digestion times. Consistently, similar degrees of crystallinity, comparable
gelatinization behavior, and similar debranched profiles of starch residuals following different digestion times
indicated that the crystalline and amorphous regions of starch granules were evenly digested through a mechanism
of side-by-side digestion of concentric layers of semicrystalline shells of native starch granules.

Introduction as obesity, diabetes, and cardiovascular disease through lessen-
ing the stress on regulatory systems related to glucose homeo-

Public awareness of the effects of diet on human health hasstasis®
increased in the past decades with considerable emphasis on The digestion of starch is a process catalyzed by amylolytic
dietary carbohydrates. Recently, a great deal of focus has beerenzymes mainly comprised of pancreaticamylase and the
given to glycemic index (Gl},which describes the level of the intestinal brush border glucoamylases, maltase-glucoamylase,
postprandial glucose rise in blood as compared to a referenceand sucrase-isomalta3eBoth activities of the amylolytic
food or glucose. Long-term intake of foods with a high Gl has enzymes and starch substrate properties affect the rate of starch
been shown to be associated with obesity and related chronicdigestion, and as far as SDS is concerned, the main focus is on
diseases of diabetes and cardiovascular diseBased on the  the substrate property. Up to now, there are limited reports on
Dietary Guidelines for Americans 20G%lietary carbohydrates  SpS preparatiof®~12 and mechanisms of slow digestion and
should provide 4565% of the total caloric intake, indicating  structural properties of SDS are not well understood. To apply
that starchy foods derived from cereals, tubers, and roots arethis concept in food production processes and provide applicable
important for healthy diets, and that those less refined and lessways to utilize SDS, fundamental researches are needed to
processed (generally with low Gl value) should be increased in understand the mechanism and structural basis of a SDS to bring
the diet. Studies® have shown that GI's of food products are health benefits to consumers.
positively correlated with the amount of rapidly digestible starch  gome native cereal starches with semicrystalline A-type
(RDS) and that the content of RDS and slowly digestible starch gicture contain documented high levels of SDS; for example,
(SDS) can be used to predict the GI of cereal-based f00d i native normal maize starch, more than 50% of the starch is
products. SDS based on an in vitro measurem&nA recent report by

Starch is classified into RDS, SDS, and resistant starch®(RS) seal et al* showed that raw normal maize starch produced
according to the rate of glucose release and its absorption injower glycemic and insulinemic responses in both healthy
the gastrointestinal tract. SDS, which leads to a slower entry of sybjects and those with type Il diabetes. There have been
glucose into the blood stream and a lower glycemic response,extensive studies on raw cereal starches regarding their bio-
is digested completely in the small intestine at a lower rate as synthesig5 structurel6:17 physicochemical properties, and en-
compared to RDS, while RS is the starch portion that cannot zymatic hydrolysig81°However, the mechanism of their slow
be digest9d in the small intestine, but is fermented in the Iarge digestion property has not been reported_ The purpose of this
intestine. Experimentally, each starch fraction can be quantified study is to investigate this mechanism of native cereal starches
on the basis of the in vitro Englyst methédstarch digested  represented by normal maize starch to improve the knowledge

within 20 min belongs to RDS, whereas SDS represents the hase on the fundamentals of SDS, and provide a theoretical basis
digested starch between 20 and 120 min, and the remainingfor app“cations related to SDS preparation.

fraction is RS. A moderate postprandial glycemic and insuline-
mic response of SDS implies that SDS-rich foods may provide

wide health benefits in reducing common chronic diseases such Experimental Section
* Corresponding author. E-mail: hamakerb@purdue.edu. Materials. Normal maize, potato, and wheat starches were obtained
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respectively. Rice and waxy maize starches were purchased from SigmaTable 1. Englyst Test Results of Native Cereal Starches
Chemical Co. (St. Louis, MOp-Amylase (EC 3.2.1.1, type VI-B from

porcine pancreas, 19.6 U/mg), amyloglucosidase (EC 3.2.1.3, from
Rhizopus mold, 21 100 U/g), pepsin (EC 3.4.23.1 from porcine stomach

native
starch RDS (%)  SDS (%) RS (%) crystallinity (%)

mucosa, 1:2500, 51 U/mg), pancreatin from porcine pancreas, invertaseMaize 24.4+£03 530+49 226+49 31.0
(EC 3.2.1.26, grade VII from Bakers yeast, 355 U/mg), and guar gum Waxy maize 34.5+2.6 47.6£3.9 17.8+2.9 30.3
were purchased from Sigma Chemical Co. (St. Louis, MO). Glucose wheat 401+£04 500+14 096+18 31.0
assay reagents and isoamylase (EC 3.2.1.68, 250 U/mL) were from "ce 324+11 438+£25 23.8+36 29.5
Megazyme International Ireland Ltd. (Wicklow, Ireland). potato 87+02 152+18 76.0+2.1 29.8

Methods. Enzymatic Starch Hydrolysis§tarch fractions of RDS,

SDS, and RS were measured on the basis of the Englyst'tast] the flow cell (Wyatt Technology, Santa Barbara, CA), and an Optilab 903

values were expressed on a dry weight basis. interferometric refractometer (Waytt Technology) were used. The flow
Starch hydrolysis kinetics was measured using an in vitro enzymatic yate was set at 1.3 mL/min with a mobile phase of 0.02% Nahl).

hydrolysis method developed for this study. Specifically, 290 U/mL - A dr/dc value of 0.146 was used in molecular weight calculation, and

o-amylase and 6 U/mL amyloglucosidase were dissolved into 10 mL yata processing was performed using ASTRA software (Version 4.9,

of NaOAC buffer (0.1 M, 4 mM CagGJ pH 5.2, made with benzoic Wyatt Technology).

acid saturated distilled water) to hydrolyze 200 mg of starch (dwb) in pyre amylopectin from prehydrolyzed and control normal maize

a water bath held at 37C with a shaking speed of 160 rpm. Aliquot  gtarches was isolated using the above chromatography system based
samples (10@L) were taken at different time intervals, and the reaction o, R signals. The collected amylopectin eluent was then concentrated,
was stopped with 90@L of absolute ethanol in a 1.5 mL microcen-  yasalted. and freeze-dried for debranching analysis.

trifuge tube. After centrifugation (10000 rpm, 2 min), glucose Chromatographic Analysis: Isoamylase Debranched Profilesal
concentration of the supernatant was measured using a glucose OXidaSsttarch or isolated amylopectin (10 mg) was dissolved in 2.5 mL of
peroxidase (QOI?OD) kit. Percentage of hydrolyzed starch was calcu- NaOAc buffer (4 mM, pH 4.0) containing 0.02% NaNDebranching
lated by multiplying a factor of 0.9 to the glucose content. was carried out for 24 h at £ after addition of 2.%L of isoamylase.

The above procedure was also used to prepare prehydrolyzed native e gepranched samples, filtered through a QuASfilter, were
normal maize starch samples by stopping reaction at 20, 40, 60, andiniected into a high performance size exclusion chromatograph system
120 min using ethanol (to 80% concentration). After centrifugation at (4pSEC) consisting of a Varian 9012 pump (Varian Associates Inc.,
5000 rpm for 10 min and vacuum-drying, the precipitates were treated Sugar Land, TX), a model 7125 syringe sample loading injector
with pepsin (5% w/v, pH 2.0 water by adding HCI) for 30 min at 37 Rheodyne Inc.) with a 50L sample loop, two series HR 10/30 tandem
°Cin a water bath. Starch residues were centrifuged and washed withojymns with the first containing Superdex 200 prep grade gel and the
distilled water until pH was neutralized. The residues were then gocong containing Superdex 30 prep grade gel (Amersham Biosciences,

dehydrated with ethanol and dried in a hot air oven (8. These Piscataway, NJ), and a Varian Star 9040 refractive index detector

prehydrolyzed samples were named D20, D40, D60, and D120, (varian Associates). The flow rate was set at 0.4 mL/min with a mobile

respectively. phase of 6.5 mM (NHB.SO;, adjusted to pH 3.0 using acetic acid to
Differential Scanning CalorimetnyA differential scanning calorim-  ayoid the interference of salt signals. The mobile phase was deaerated

eter (DSC 2920, TA Instruments, New Cartle, DE) was used to examine and filtered through a 0,4m membrane filter. Experimental data were
the thermal properties of starch samples. Native starch samples (normabrocessed using Varian's Star Chromatography Workstation (Version
maize, rice, wheat, potato, waxy maize starch) and prehydrolyzed 4.51, Varian Associates), and the degree of polymerization (DP) of
normal maize starch (33.5 mg) were mixed with distilled water (1:3  debranched samples was calculated on the basis of pullulan standards.
w/w) and hermetically sealed in aluminum pans. After equilibrating Amylose Content and lodine Binding Reactidmylose contents

for 1 h atroom temperature, samples were scanned at a heating rate ofof native and prehydrolyzed starches were determined by the Megazyme
10 °C/min from 25 to 130°C. amylose kit using con-A (Megazyme, Wicklow, Ireland).

X-ray Powder DiffractionA Kristalloflex diffractometer (Siemens lodine solution (0.2%2 and 2% Kl) was prepared with 100 mM
Corp., Munich, Germany) was used to examine the crystalline property phosphate buffer (pH 7.0) and stored in a brown bottle at room
of starch samples (native starches, prehydrolyzed starches).oCu K temperature. Chromatography eluent (2.6 mL/tube) was collected, and
radiation ofZ = 1.5406 A was generated at 40 kV and 20 mA. Starch 50 ulL of iodine solution was added to each tube. Blue valdgd
samples were mounted on a sample carrier with amorphous backgroundwas measured using a Bechman Du530 UV/vis spectrophotometer
and then scanned at a rate dfin from 20 5° to 35 at room (Bechman Coulter Inc., Fullerton, CA) at a wavelength of 620 nm.
temperature. Scanning Electronic Microscopy (SEMBtarch samples with dif-

Chromatographic Analysis: Molecular Weight Distribution Profiles.  ferent degrees of hydrolysis were dehydrated and dried in a hot air
Starch samples were dissolved in 90% dimethyl sulfoxide (DMSO) in oven (50°C, overnight), and then were mounted on aluminum stubs
a boiling water bath with continuous stirring for 1 h, and the dissolved using double-sided tape and sputter coated with gold to a thickness of
samples were stirred overnight at room temperature to completely 10 nm. Digital images of starch granules were obtained using an SEM
disrupt the starch granules. Starch molecules were then precipitated(JSM-840, JEOL, Tokyo) at an accelerating voltage of 10 kV.
with 80% ethanol. After centrifugation to remove the supernatant, the
precipitates were vacuum-dried and dissolved in distilled hot water at
a concentration of 2 mg/mL and subjected to continuous heating for Results

30 min in a boiling water bath to completely dissolve the samples. ) . ) )
The dissolved samples, filtered through ars filter, were injected Starch Fractionation and Enzymatic Hydrolysis. Based on

into a high-performance intermediate-pressure size exclusion chro- € Englyst test, percent%ges of ?DS’ SDs, a[r:d RS in normal
matograph system with multi-laser scattering and refractive index Maize starch were 22.4%, 53.0%, and 22.6%, respectively.

detectors (HPSEC-MALLS-RI), a pump (model LC-10AT vp, Shi- Although there were noticeable differences between normal
madzu Corp., Columbia, MD), and a model 7125 syringe sample Maize, waxy maize, rice, and wheat starches regarding their
loading injector (Rheodyne Inc., Catati, CA) with a 200 sample contents of RDS and RS, Comparable SDS amounts were found
loop. A HR 16/50 column containing Sephacryl S-500 HR gel (Table 1). X-ray powder diffraction (Figure 1) showed that

(Amersham Biosciences, Piscataway, NJ), a DAWN DSP-F laser maize (normal and waxy), rice, and wheat starches were A-type
photometer fitted with argon lasef & 488.0 nm) with a K-5-129 starches with similar degrees of crystallinity, while potato staég\/
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Table 2. Englyst Test of Enzyme-Pretreated Native Maize
Starches?
starch RDS (%) SDS (%) RS (%)
control 244 +£0.3 53.0+ 4.9 226 +4.9
D20 35.6 £0.9 506+ 1.8 13.7+15
Wheat D40 378+ 15 495+29 127+ 25
D60 41.7 £ 0.3 46.9 £ 0.3 11.4+0.1
D120 395+ 0.9 50.4 + 2.6 101+ 25
Rice
2 D20, D40, D60, and D120 represent prehydrolysis for 20, 40, 50, and
120 min, respectively.
Waxy-maize
100 |
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Figure 1. X-ray power diffraction patterns of different cereal starches. @ 20 —%— D120
100
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__ 8o Time (min)
s 70} Figure 3. Enzymatic hydrolysis profiles of normal maize starch
3 60 L residuals after prehydrolysis for different time periods. D20 and D120
%‘ represent prehydrolysis for 20 and 120 min; control is native maize
s 50| starch.
>
T at . . . o
S 4 o— Normal maize residuals after different times of digestion shqwed an almost
g Wheat constant amount of SDS (Table 2), although an increase of RDS
20 ) accompanied a reduction of RS with increasing time of
10 4—Rice prehydrolysis treatment. This observation further demonstrates
0 . .+.Waxyl maize that there is negligible RS in native maize starch. Hydrolysis
o 20 40 60 80 100 120 140 160 profiles of residuals showed similar and typical SDS kinetics
. ] (Figure 3). Therefore, native cereal starch can be considered as
Time (min) an ideal SDS material with little RDS and RS from the point
Figure 2. Kinetics of enzymatic hydrolysis of native cereal starches. of view of digestion rate. The slow digestion property of native

. ) A-type cereal starches is likely controlled by their inherent
was a typical B-type staréhwith only ~15% SDS. These  structure and not granular size and morphology as the latter
results support previous findings by Englyst ef al. did not affect the amount of SDS; longer time of prehydrolysis

Regarding the progression of enzymatic digestion, the hy- yequced the particle size and morphology without affecting the
drolysis kinetics of cereal starches (Figure 2) showed similar sps content (Figure 4, Table 2).

and typical SDS hydrolysis patterns in which the percentage of
digested starch increased gradually. Although there was a
statistical difference among different cereal starches, the trend
of slow digestion was the same. Additionally, hydrolysis almost

Both the Englyst test and the enzymatic hydrolysis kinetics
showed that native cereal starches with an A-type semicrystalline
structure belong to the category of slowly digestible starches

reached 100% after a longer time of digestion (Figure 2). and that the slow digestion property was sustained throughout

indicating that there is a negligible portion of RS in native cereal the entire digestion process.
starches, which is not consistent with the result&0% RS Digestion Process- Chromatographic Analysis and SEM
from the Englyst assay. This inconsistency suggests that theExamination. Size-exclusion chromatographic analysis of native
RS measured by the Englyst assay, in this case, is not trulynormal maize starch hydrolyzed by amylolytic enzymes (
resistant to digestion. Therefore, the two time points to measure@mylase and amyloglucosidase) showed that amylopectin (AP,
SDS (20 and 120 min digestion) based on the Englyst method €luted from 35 to 45 min) was likely the major component
might not be suitable to accurately quantify SDS content of digested (Figure 5, same amount of prehydrolyzed starch
native cereal starches. Digestion rates obtained from hydrolysisresiduals was analyzed). As hydrolysis progressed, the content
kinetics may be more appropriate to characterize their slow of the AP fraction decreased while an intermediate AP-like
digestion property. material (non-iodine binding fraction eluted from 45 to 65 min)
Sustainable Slow Digestion Property of Native Cereal produced from hydrolysis of AP increased. AP was the major
Starches.Normally, the digestion properties of RDS, SDS, and component of SDS as shown by the difference in chromato-
RS are maintained as consecutive fractions that are rapidly graphic profiles between D40 and D120 that represents the major
digestible, slowly digestible, and resistant to digestion. However, portion of SDS based on hydrolysis kinetics. Molecular weight
further Englyst testing on the prehydrolyzed maize starch distribution analysis (Table 3) of the prehydrolyzed sam%ﬁ/
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regions of native starch granules were digested at nearly the
same rate, as shown by similar degrees of crystallinity after
hydrolysis at different time intervals (Figure 6). The even
digestion of crystalline and amorphous regions is supported by
DSC data of the starch residuals after different digestion periods
that showed similar values for enthalpy and gelatinization
temperature (Table 4), although there was a slight increase in
Tp with increasing digestion times. Debranching analysis of
hydrolyzed starch residuals at different times showed similar
chromatographic profiles as compared to the control (Figure
7). Because there are crystalline and amorphous lamellae in the
semicrystalline amylopectin structure, the unchanged debranch-
ing profiles imply a similar digestion progression through the
crystalline and amorphous lamellae.

Discussion

Slow Digestion Property of Native Cereal Starched\Native
cereal starches with A-type crystalline structure have been
_ shown to be more susceptible to enzymatic hydrolysis as
Figure 4. SEM images of normal maize starch hydrolyzed for O compqred to B-type StarChé]s_Fl_Mher studies a!so classified
(control, A), 40 min (B), and 120 min (C). Different pyramid shape them into the category containing a large portion of SBS.
residuals after digestion are shown in panel D. Our results are consistent with these studies and additionally
additionally showed gradual decreases in molecular weights of Show that the slow digestion property of native A-type cereal
both AP and intermediate AP-like materials as hydro|ysis starches is sustainable beyond the 2-h limit used in the Englyst
proceeded. test, implying that there is negligible real RS in these starches.

Amylose (eluted from 65 to 90 min) was also digested during Therefore, native A-type cereal starches are ideal SDS materials.
the SDS period shown by the iodine binding profile (Figure 5, There have been two patents for use of raw starch as a medical
right panel) in which the molecular weight of amylose (with a food for diabetic patients:*?

Amax Of 650 nm) decreased (right shift in the chromatographic ~ Side-by-Side Digestion Mechanism and Layer-by-Layer
profiles) and the amylose peak narrowed. The relatively similar Digestion Pattern. In the Englyst assay, bott-amylase and
amylose contents between prehydrolyzed samples and the nativé@myloglucosidase are used to simulate the in vivo starch
maize starch control sample (range of-Z2%) indicate that  digestion proces3! The rate of starch hydrolysis is mainly
both AP and amylose were digested at a similar rate. Thus, determined by porcine pancreaticamylase’, while the function
amylose also contributed quantitatively to SDS, although in of amyloglucosidase in the assay is mainly to convert amylase
lesser amount than AP. Amylose might have little impact on degradation products to glucose and to prevent inhibition of
the inherent slow digestion property of native cereal starches, c-amylase activity. Thus, the digestion pattern of raw starch
because waxy maize starch with negligible amylose content granules is principally controlled by porcine pancreatiamy-
(1.2%) showed a slow digestion property similar to that of lase, and the direct hydrolysis of raw starch granules of
normal maize starch. amyloglucosidasgé is considerably limited.

Considering that SDS remains in undigested starch residues, Enzymatic hydrolysis requires the binding of amylolytic
the SDS portion of native maize starch is found in the layered enzymes to starch molecules. Porcine pancreatiylase has
materials formed by crystalline (the bright layers) and amor- five subsites to bind substrate (each subsite binds a glucose
phous (the dark layers) shells in starch granules as shown inunit)2> and from its hydrolysis product profile (maltose,
Figure 4. Although there were a few undigested small granules maltotriose, and other dextrins with DP-2), it requires binding
in D40 and even D120 digested residuals, most SDS appeardo at least three glucose units before cleaving cafil,4)-
to start from an enlargement of the pore sizes of starch granulesglycosidic linkage. Therefore,-amylase needs to bind substrate
(D40) and hydrolyzed interior regions (Figure 4), until almost from the side of starch molecules (versus a head-on orientation).
complete digestion and fragmentation of starch granules occursFor native starch granules, the alignment of double helices
(D120). The remaining outer shell residuals at D120 with a formed by AP in the crystalline regions is perpendicular to the
pyramidal shape (Figure 4D) had a limited number of layers of starch granule surface (Figure 8A), and side-binding means
crystalline and amorphous shells, yet they still held the slow a-amylase needs to bind starch molecules in a direction parallel
digestion property as shown from the above Englyst test andto double helices. The enlargement of the pores and resulting
hydrolysis kinetic results (Table 2, Figure 3). pyramidal-shaped residuals (Figures 4) supports this view, as

There were some small granules with smooth surfaces have other investigations. Atomic force microsc#pgnalysis
(without noticeable surface pores) that remained even after 120revealed that digestion starts at the surface of pores and then
min digestion. Although only a few of these undigested starch goes deep into the granule where a pyramidal tip is reflected
granules were observed, their presence supports a view that thérom the square-sided appearance of the hole. Pohi?éaksio
surface pores leading to interior channels are important for showed that hydrolysis of resistant A-type crystallites occurs
enzymatic hydrolysis of native A-type starch granules. The on the sides of crystalline lamellae. These experimental results
Englyst test results of channel-free potato starch (with 76% RS) indicate that, initially, the internal sides of the pores and channels
also support this view. of native maize starch granules are the binding and digestion

Evenly Digested Crystalline and Amorphous Regions of  sites fora-amylase. Such hydrolysis from the sides of crystalline
Starch Granules. Both the crystalline and the amorphous lamellae would produce an enlargement of channels, fragm&rB{ili
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Figure 5. HPSEC profiles of native and prehydrolyzed normal maize starch. The left graph represents starch concentration (RI intensity); the
right graph represents absorption at 620 nm after iodine reaction. D40 and D120 represent digestion for 40 and 120 min; control is native maize
starch.

Table 3. Molecular Weight Distribution of Prehydrolyzed Normal Maize Starches for Different Time Intervals?

amylopectin amylose intermediate AP
sample My Ry My Ry My Ry
control 1.08 x 108 220.7 5.62 x 108 129.3 none none
(1.9%) (0.6%) (0.6%) (0.27%)
D20 6.18 x 107 146.4 1.69 x 10% 59.2 1.21 x 107 81.0
(1.0%) (0.27%) (0.4%) (0.17%) (0.3%) (0.17%)
D40 4.78 x 107 128.4 9.70 x 10° 78.8 6.76 x 106 63.7
(0.6%) (0.20%) (0.5%) (0.5%) (0.22%) (0.18%)
D60 3.86 x 107 101.7 9.29 x 10° 56.4 7.28 x 106 51.7
(0.4%) (0.13%) (0.4%) (0.27%) (0.25%) (0.12%)
D120 2.92 x 107 93.6 5.94 x 105 80.8 5.06 x 108 48.4
(0.3%) (0.17%) (0.8%) (1.0%) (0.23%) (0.2%)

2 The percentage value is the standard error in percent (SE%).
Table 4. DSC Parameters of Starch Residuals Prehydrolyzed for
Different Times
sample To (°C) T, (°C) T: (°C) AH (J/9)

control 61.1+0.14 66.8+0.36 77.4+0.13 10.3+0.28
D20 60.7+0.03 66.0+0.20 76.2+0.03 10.5+0.64

D120 D40 615+0.02 67.0+010 754+0.11 10.440.06
D60 D60 62.6+0.29 67.8+009 76.8+0.06 974007
D120 62.6+0.04 68.2+007 77.6+0.16 10.9+0.60
D40
D20 hydrolysis of native maize starch observed by SEM. However,
Control this “simple” concept implies that the hydrolysis pattern would

requirea-amylase to bind starch molecules from the head or
end points of double helices, which is contradictory to principles
of a-amylase-catalyzed reaction. Actually, this “inside-out”

4 9 14 19 24 29 34 pattern (Figure 8B) is the observed static result of a side-by-
side digestion mechanism under an uneven distribution of

20 (°) X
_ diffraction of nat _ h residual substrates from the less dense center to denser periphery of
Figure 6. X-ray power diffraction of native maize starch residuals starch granules (the less amount substrate in the center of starch
after pretreatment with enzymes (o-amylase and amyloglucosidase) | . | . be di d. while th inh
for 20 (D20), 40 (D40), 60 (D60), and 120 (D120) min; control is native granule requires less time to be digested, while the periphery
maize starch. requires a longer time to be digested).

This observed “inside-out” digestion pattern only fits A-type
tion of granules, and pyramidal residuals (Figures 4D and 8C). cereal starches with pores and channels. For B-type starches
This digestion mechanism could be called side-by-side digestion.without pores, the side-by-side digestion mechanism produces

It is well known that native cereal starch hydrolysis begins a different hydrolysis pattern observed as “exo-pittiAg”,
with enlargement of the surface pores and channels with because the enzyme begins digestion from the resistant surface.
concurrent hydrolysis from the hilum region toward the outside This is one reason B-type starches and some of the small starch
of the granuleg? This is the so-called “inside-out” digestion  granules with smooth surfaces in maize starch (Figure 4) are
pattern, and it is consistent with the outcome of enzymatic more resistant to digestion. CDV
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Figure 7. Debranched profiles of normal maize starch (A), residual after prehydrolysis for 120 min (B), and isolated amylopectin (C). D40 and
D120 represent prehydrolysis for 40 and 120 min, respectively, followed by isolation and debranching of amylopectin.
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Figure 8. Schematic diagram to show the structure of cereal starch
granule and the process of enzymatic digestion. (A) Crystalline and
amorphous layer structure, (B) the inside-out layer-by-layer digestion
starts at the channel and always ends at the crystalline layer (black),
(C) side-by-side digestion to enlarge the internal channel (top) and

the resulting pyramidal shape residuals with less and less layers after
fragmentation of starch granules (bottom).

. Crystalline
Lamellae

(A)

(B)

Even Digestion of Crystalline and Amorphous Regions.

macrostructure and molecular structure, and extrinsic factors
such as food matrixes and food processfhiy:®In the current
study, only the intrinsic property of native cereal starch granules
was considered as the first step to reveal the mechanism for its
slow digestion property.

The inside-out enzymatic hydrolysis pattern of native maize
starch is due to the presence of surface pores (diameter 0.1
0.3um) and interior channels (diameter 0-60.1 «m), which
are large enough for enzymes to enter into the starch granules
and start their action in a side-by-side digestion manner. The
inside-out digestion pattern is consistent with the resistant
surface where amylopectin and higher concentration of amylose
molecules are tightly packed and are impenetrable to amylolytic
enzymes?® Therefore, the pores and channels allow enzymes
to digest starch granules in a side-by-side mechanism because
enzymes can bind the sides of double helices of starch molecules
within the internal channels. However, pores and channels are
not maintained after longer time amylase treatment, while the
SDS property is retained. Therefore, the slow digestion property
cannot be solely explained on the basis of changes in granular
structures including surface pores and channels, or granule size

Native starch granules have a semicrystalline structure composednd morphology. Other subgranule structural features are
of ordered crystalline regions formed by AP and less ordered associated with the slow digestion property of cereal starches.
amorphous regions (Figure 8A). It had been assumed that For native cereal starch granules, the layered structure of
amorphous regions are digested easier than the crystallinecrystalline and amorphous regions is likely the fundamental
regions?®29However, our results show that the crystalline and structural basis for their slow digestion property. This property
amorphous regions are evenly digested. This is supported byis realized by a layer-by-layer inside-out digestion process
Gerard et al3° who showed the same crystallinity before and resulted from an even digestion of crystalline and amorphous
after digestion of native maize mutant starches. regions using the side-by-side digestion mechanism. SEM
Amylopectin and amylose are packed in alternating concentric observation did not reveal any enzyme-treated starch residuals
regions of dense crystalline layers (formed by AP) and with amorphous layers on the surface (Figure 4). Therefore, the
amorphous background (major location for amylose) in starch amorphous region would be more susceptible to digestion than
granules’’* Based on the above-described side-by-side diges- crystalline regions, if these two regions were separate from each
tion mechanism, there is no selectivity between crystalline and pther. Yet, because they are contiguous, digestion proceeds
amorphous regions. Thus, both crystalline and amorphousevenly leading to a constant slow digestion profile. This study
regions in native cereal starches are digested evenly. This evenndicates that a SDS material can be made by encapsulating
digestion of amorphous and crystalline regions suggests thateasijly digestible material, for example, gelatinized starch,
the amorphous regions of the starch granule may not be so “freepetween layers of films that are resistant to enzyme digestion,

and mobile” to be digested, as suggested by Planchot?t al. and food products with multiple layers of this structure would
The fact that the relative ratio of amylose and amylopectin |ikely have a slow digestion property.

remained constant as hydrolysis proceeded supports the concept
of even digestion of crystalline and amorphous regions. References and Notes
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