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Size-exclusion chromatography [SEC, also termed gel permeation chromatography (GPC)] is used

to measure the time evolution of the distributions of molecular size and of branch length as starch is

subjected to in vitro digestion, including studying the development of enzyme-resistant starch. The

method is applied to maize starches with varying amylose contents; the starches were extruded so

as to provide an analogue for processed food. The initial rates of digestion of amylose and amylopectin

components were found to be the same for high-amylose starches. A small starch species, not present

in the original starting material, was formed during the digestion process; this new species has a slower

digestion rate and is probably formed by retrogradation of longer branches of amylose and amylopectin

as they are partially or wholly liberated from their parent starch molecule during the digestion process.

The data suggest that the well-known connection between high amylose content and resistant starch

arises from the greater number of longer branches, which can form the small retrograded species. The

method is useful for the purpose of comparisons between different starches undergoing the process of

digestion, by observing the changes in their molecular structures, as an adjunct to detailed studies of

the enzyme-resistant fraction.
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INTRODUCTION

Starch is a composite of two glucose homopolymers, amylose
and amylopectin (1). Amylose is of moderate molecular weight
(∼106) with a few long-chain branches, and amylopectin is a
hyperbranched polymer with extremely high molecular weights.
Approximately 20-50% of human food energy comes directly
from the consumption of starch (2). The risk factors for nutrition-
related diseases such as obesity, diabetes, and colorectal cancers
probably contain aspects of starch structure, and thus, improved
understanding of the process of starch digestion is of considerable
importance (3).

The rate of digestion of starch by amylases in the digestive tract
depends on the physical form and chemical structure of the
starches as eaten. Following initial hydrolysis by R-amylase
(initially in saliva and more extensively in the small intestine),
oligomeric fragments are rapidly converted to glucose by enzymes
such as maltase-glucoamylase and sucrase-isomaltase (for which
the fungal enzyme amyloglucosidase is an easily available ana-
logue) and taken up into circulation (4). A high digestion rate
leads to a rapid rise in plasma glucose, which the body attempts to
control with an insulin “spike”; repetition of this process is tho-
ught to be a major risk factor for maturity-onset diabetes and
other manifestations ofmetabolic syndrome. Resistant starch is a
species of particular interest due to its link to the prevention of
colorectal cancer (3), causing decreases in peak glucose and

insulin responses of importance for diabetes (5-7), as well as
potentially increasing levels of satiety (8).

The rate of starch digestion in vitro has been separated into
three arbitrary categories (9): rapidly digested starch (RDS,
digested in under 20 min), slowly digested starch (SDS, digested
between 20 min and 2 h), and resistant starch (RS, any starch
still being digested after 2 h). These categories have been adopted
for ease of comparison, although the physiological digestion of
starch is significantly more complex. Resistant starch itself can be
subdivided into several categories, RS1-4 (10). RS3 is starch that
has had its granular structure completely disrupted, typically via
gelatinization, but is resistant due to retrogradation effects and is
the most relevant type of resistant starch in human consumption
of cooked/processed foods. The digestion times assigned toRDS,
SDS, and RS should not be interpreted as having direct physio-
logical relevance, but this categorization is a convenient labora-
tory approach for comparing different starches (11).

There is a well-known correlation between an increase in amy-
lose content and an increase in RS3 resistant starch (12,13). RS3
is considered to include starch helices that are inaccessible to
digestive enzymes (14). The average length of chains (branches) in
the helices ranges from a degree of polymerization (DP) of 20 to
40 glucose monomers (14-16). The analyses used for these infer-
ences have, however, all been performed at the end point of the
digestion, when there is only the resistant starch residue species;
there is, as yet, no clear view of the progression of starch digestion
and the formation of resistant starch (17). Indeed, “resistant
starch” is further hydrolyzed with continued digestion (18).
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Bertoft et al. observed the effect of R-amylase on a variety of
granular starches such as potato (19), waxy maize (20), barley
(21), and waxy rice (22). The Englyst method (9), or variations on
it, is a common in vitromethod to simulatemammalian digestion;
Hernandez et al. used it to observe the digestion of starch films
(23); Kumari et al. used it to observe resistant starch formation
with lengthy storage times (24); Osorio-Diaz et al. observed the
differences in digestibility between canned and dried beans (25);
andLopez-Rubio et al. observed the changes caused to starchnano-
structure by digestion and extrusion (26). Zhang et al. showed that
the slowly digestible properties are due to amylopectin structure
containing either high proportions of short or long branching
chains (27 ); more specifically, the short chain branches, and
therefore a larger number of branches, are unfavorable for
R-amylolysis. In the case of a higher proportion of long chains
(particularly longer amylopectin chains), the starch is more likely
to undergo significant retrogradation, including the production
of starch helices, which cause slower digestion (28). Jiang et al.
observed the production of RS, including the production of a
small, 59-74DP, linear resistant starch species and a larger, 840-
951 DP, branched structure (29). The species that remains after
starch digestion in vitro, enzyme-resistant starch (11), has been
studied by Eerlingen et al., who found that regardless of amylose
source a similar end product, a linear starch chain of 19-26 DP,
was formed (16). Evans et al. (30) examined the digestion of high
amylose maize starch and found that the kinetic process of
enzyme-resistant starch production could be divided into two
different rates, which they hypothesizedwas due to different species
being present at different times of the digestion. There are extensive
data in the literature onR-limit (19) dextrins, which are formedby
the action of R-amylase on starch over an extended time period.
Zhu et al. (19) reported DPs for dextrins produced from potato
after 5 h ofR-amylase digestion ranging from1 to 1000; furtherR-
amylolysis reduced the R-limit dextrins to branched DP 30-70
clusters. Poutannen et al. (31) found that R-amylolysis produced
predominately branched molecules that reduce in size with time.
Bertoft et al. (32) foundR-amylolysis producedmaltohexaose and
branched R-dextrins, which also decreased in size with time. The
product from initial R-amylase attack was found to have a broad
distribution of DP from 2 to 500 and produced both linear and
branched products from both amylose and amylopectin (33).

These studies are complementary to the present one, which
examines the in vitro digestion of four maize starches of varying
amylose contents, to see what mechanistic information on the
digestive process can be gleaned from changes in the size distri-
butions of whole and debranched starches. The starches are
extruded, to mimic food processing, which includes gelatiniza-
tion. The size distributions of the starch digests at different times
are obtained using size exclusion chromatography [SEC, also
known as gel permeation chromatography (GPC)].

MATERIALS AND METHODS

Starches were provided by Penford Food Ingredients Co.: Gelose 80,
Gelose 50, regular maize starch (rms), and a waxy maize starch; Gelose 50
and Gelose 80 were convenient commercial sources of starch with greatly
elevated amylose content and thus suitable for examining effects resulting
from longer branches. The amylose contents were determined byTan et al.
using the iodine binding method (34); Gelose 80 and Gelose 50 were high-
amylose starches with 82.9 and 56.3% apparent amylose contents,
respectively; the rms used here had an apparent amylose content of
24.4%, while the waxy maize had 3.4% apparent amylose content.

Extrusion Process. The water content in each starch was measured
using AOAC method 925.09 six times for each starch variety, and the
results were averaged. Extrusion was performed on a Prism Eurolab
Digital from Thermo Scientific (Waltham, United States) twin-screw

extruder using a 3 mm circular die. All four starches were run at constant
moisture content, temperature profile, total flow rate, and screw speed.
The moisture content of the extrudate varied from 27.5 to 28% and had a
total flow rate of 1.526 kg h-1; the screw speed was set at 180 rpm, and
values for barrel temperature are given in Table 1. After the temperature
stabilized and a consistent product was observed, extrusion was continued
for a further 15-20 min to ensure that a steady state had been reached
before approximately 50 g of extrudate was collected. After extrusion, all
samples were left at room temperature for more than a week.

After extrusion and storage at room temperature, the starches were
freeze-dried using a Christ Alpha 1-4 LSC freeze dryer (Osterhode am
Harz, Germany) overnight in preparation for cryogrinding. Extruded
samples were then ground using a Spex Sampleprep 6850 Freezer/Mill
(Metuchen, United States). Cryogrinding consisted of a 10min precooling
period followed by two 5 min grinding periods separated by a 2 min
intercooling period. The grinding intensity was set to 10 Hz. The resulting
powder was passed through a Labtechnics (Kilkenny, Australia) 250 μm
sieve and then stored in a desiccator until it was used for digestion
experiments.

Digestion. The method of digestion was a variation on the procedure
described by Htoon et al. (18), which simulates digestion in three steps:
salival digestion, stomach digestion, and intestinal digestion. While this
procedure is bynomeans aprecisemimicof the complex (andheterogeneous)
processes involved in humandigestion, there is acceptable evidence (35,36)
that it does mimic the ranking of the digestion rates of different
starches, even though the actual rates may be different from those in
humans. The following solutions were prepared prior to the digestion:
carbonate buffer at pH 7; sodium acetate buffer, pH 6.0; artificial saliva
solution using porcine pancreas R-amylase (Sigma Aldrich); artificial
stomach solution, pH 2.0, including gastric porcine mucosa pepsin (Sigma
Aldrich); small intestinal solution including porcine pancreas pancreatin
(Sigma Aldrich); and Aspergillus niger amyloglucosidase (Megazyme,
Bray, Ireland).

The samples comprised 500 mg of extruded starch. The salival solution
was added to the starch for 30 s, followed by the stomach solution, which
was then incubated for 30 min in an oscillating water bath at 37 �C at
85 rpm. After this, the solution was neutralized, and the intestinal solution
was added; at this point, the “0 h” samples were removed, and all other
solutions were incubated again for varying lengths of time: 0.5, 1, 2, 4, 8,
and 24 h. The differences between digestions can be seen in terms of RDS,
SDS, and RS as defined in the introduction: The undigested extruded
sample is the baseline, 0-0.5 h can be considered asRDS; 0.5-2 h as SDS;
and 2-24 h as RS. After samples were removed, they were rapidly frozen
using a dry ice/acetone mixture and stored; at a later time, samples were
thawed, and the starch solution was washed several times with ethanol to
remove protein and glucose. Samples were refrozen, freeze-dried, weighed
for yield, and stored in a desiccator.

Debranching of Starch. Debranching was done using a variation of
the technique described by O’Shea et al. (37); the fluorophore attachment
step of O’Shea et al. was not required because fluorescence detection was
not used. A 20 mg sample of each sample was used for debranching; this
included the seven sampling times plus the extrudate of each of the four
maize starches. The debranching was performed using iso-amylase from
Megazyme (Wicklow, Ireland). After they were debranched, the samples
were frozen, freeze-dried, and stored in a desiccator until ready for use.

SEC. SEC was performed on a PSS (Mainz, Germany) Agilent 1100
series using a Shimadzu RID-10A refractive index detector. For whole-
molecule distributions, samples were prepared using 2 mg mL-1 starch in
dimethylsulfoxide (DMSO) with 0.5% LiBr, a solvent combination that
completely dissolves even high-amylose starches with minimal degrada-
tion (38). Samples were injected into the following series of PSS columns:
precolumn,Gram10000, andGram1000. The injection volumewas 100μL,
the flow rate was 0.3 mL min-1, and the temperature was 80 �C.

While fluorophore-assisted capillary electrophoresis (FACE) (37,39) is
ideally suited to accurately analyze debranched amylopectin, it has an
insufficient size range to analyze the longer chains of debranched amylose;

Table 1. Extruder Barrel Temperatures

barrel chamber 1 2 3 4 5 6 7 8 9 10

temperature (�C) 50 75 100 120 120 110 105 100 95 -
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thus, SEC is used here for the debranched-molecule distributions.
Although amylopectin suffers shear degradation in SEC (40), the goals
of the present work are such that this does not pose a problem, due to the
comparative and semiquantitative nature of the study.

Debranched samples comprised 2mgmL-1 starch inDMSOwith 0.5%
LiBr and were injected into two PSS Gram100 columns following a
precolumn.The injection volumewas 100μL, the flow ratewas 0.9mL s-1,
and the temperature was 80 �C. All data were collected using WinGPC
software.

SEC separates by hydrodynamic volume, Vh, not by molecular weight.
For linear polymers (including debranched starch), there is a unqiue
relation between molecular weight M (or DP, X) and Vh. This is not the
case for a branched polymer such as starch, because two starch molecules
with the same size can have different branching structures and thus
different molecular weights. SEC data for whole (undebranched) starches
are presented here in terms of hydrodynamic radius Rh, related to Vh by
Vh = 4/3 π Rh

3. To implement this, the relation between the molecular
weights of the (linear) pullulan standards and Vh was obtained using the
assumption of universal calibration and pullulan standards, as described
elsewhere (40). The Mark-Houwink parameters for pullulan were those
quoted by Cave et al. (40). Because of shear scission in SEC and the limit-
ations of the available size of the pullulan standards, the size axis for the
amylopectin region, corresponding to Rh J 50 nm for the present condit-
ions, is only semiquantitative. These limitations do not present any dif-
ficulties for the purposes of this paper, whose goal is mechanistic inter-
pretation, for which purpose a semiquantitative examination of trends is
sufficient. For branched polymers, the size distribution is presented as the
weight SEC distribution, w(log Rh), which is the weight of chains in the
volume increment between logRh and logRhþ d(logRh). Thew(logRh) has
been normalized to the percentage of yield remaining for each sample. The
weight distribution in terms of hydrodynamic volume, w(log Vh), is
proportional to w(log Rh).

For linear (e.g., debranched) polymers, there is a unique relation
between molecular weight M and Vh. Data for these samples are thus
presented in terms of both Rh and M. However, for the very smallest
molecular weights of the debranched chains, the Mark-Houwink rela-
tion, and hence the lower range ofM, may not be quantitatively accurate
(e.g., see ref 41).

RESULTS AND DISCUSSION

The yields produced during digestion are presented inFigure 1.
These data show the process of digestion occurring rapidly in the
first 4 h, after which the rate of digestion decreases and tends
toward complete digestion. A 10mg portion of the Gelose 80 and
Gelose 50 24 h samples was subjected to a week of digestion using
digestion enzymes from the intestinal digestion stage, at the end of
which there was no longer any visible starch residue. This was
used as a rough indicator that the starch had not become com-
pletely enzyme-resistant and still underwent digestion. The
amount of starch digested correlates with the amount of amylose:
that is, starcheswith higher amounts of amylosewere less digested
at a particular time than starches with higher amounts of amy-
lopectin. Specifically, Gelose 80, with the highest apparent amy-
lose content, underwent the least digestion, while the waxy starch,
with minimal amylose content, was almost completely digested
after 3 h, resulting in less than 1% of the starch remaining. Evans
et al. (30) conducted a similar experiment and obtained kinetic
information from the system; we use a similar method of plotting
log10(%starch remaining) vs time, as shown inFigure 1.While the
kinetics do not follow a simple first-order behavior [linear log-
(concentration) vs time], there is a trend of reaction rates dec-
reasing with an increase in amylose content, which is present in
both the initial rapid digestion and the later digestion rate; on the
other hand, the waxy maize shows a constant rate [linear log-
(concentration) vs time] for the duration of its digestion.

The size distributions for all of the starches are presented as
both three-dimensional plots (Figure 2 for the whole molecule
distribution and Figure 3 for the debranched distributions) and

overlaid two-dimensional plots (Figures 4-7) for the four types of
starches and for successive digestion times. The reason that the
same data are presented as both three- and two-dimensional plots
is that the former representation is better for perceiving overall
trends, while the latter enables semiquantitative features to be dis-
tinguished (particularly the appearance of a new size component
at small Rh). These figures show w(log Rh) as a function of both
Rh (on a log scale) and digestion time. The two-dimensional plots
of the debranched distributions have an additional axis showing
theDP (recall that size andDPare uniquely related only for linear
polymers such as debranched starch). In these figures, “extrudate”
refers to the starch sample after processing but before undergoing
any kindof digestion,while the time lengths refer to the time spent
in the intestinal digestion step.

Distributions of Extrudate Prior to Digestion. The focus of the
present paper is to see what can be learned from the change in size
distributions during digestion. The different starches have rather
different distributions prior to digestion, being from a range of
native sources. Extrusion has significant effects on the original
whole and debranched distributions, for example, see ref (42);
while the distributions of the extrudate (undigested) starch are not
the subject of the present paper, they need some discussion prior
to considering their changes with digestion.

All whole-molecule distributions (Figure 2) of the extrudates
display anamylopectinpeakwith ahydrodynamic radiusof∼75nm
with amylose and any intermediate or extrusion-degradedmolecules
stretching from 1 to 30 nm; the waxy starch whole-molecule distri-
bution shows only the 75 nm amylopectin peak with no discernible
amylose peak. The debranched distributions (Figure 3) show the
normal qualitative appearance of a bimodal component of small
amylopectin branches and a long-chain component corresponding
to the branches of amylose. The amylopectin structures of both the
regular and the waxy maize starches should be similar, and indeed,
they are, as neither is affected by the ae-extender mutation, which
affects high-amylose maize starches (43). The debranched distribu-
tion of the high-amylose, Gelose 80 andGelose 50, starches shows a
much less distinct distribution when compared with rms, as there is
significantlymore overlapbetween the amylopectin and the amylose
regions of the distribution. This is not because SEC band-broad-
ening (44) causes an artifactual merging of peaks: The two compo-
nents are better separated, showing more distinct regions, for rms.
Thus, as has been pointed out before (45, 46), “high-amylose”
starches can perhaps be thought of as starches wherein there are a

Figure 1. Digestion yields of maize starches as a function of time, as
log10(% starch remaining); this would be linear if first-order kinetics were
obeyed. Dashed lines joining the points are only for visual guidance.
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significant number of longer branches in amylopectin and/or shorter
branches in amylose.

Change in Distributions with Digestion. Both amylose and
amylopectin components decrease with time, the whole molecule
distributions (Figures 2) showing a complete loss of both amylo-
pectin and amylose within 2 h, while the debranched distributions
(Figures 3) show a clear loss only in the longer branches. The
detailed whole-starch distributions of Figures 5-7 show an esp-
ecially interesting feature: the appearance of a separate small-size
remnant starch component, whose size,∼ 2 nm, is different from
that of both parent amylopectin and parent amylose. Both parent
glucans are either rapidly digested to form the new remnant starch
species or are digested completely to glucose. The shape of the
remnant starch species distribution is relatively symmetric after
longer periods of digestion, 4-24 h.

It is seen that the amylopectin component is rapidly digested
for regular maize and waxy starches (Figures 4 and 5). However,
the high-amylose starches, Gelose 50 and Gelose 80 (Figures 6
and 7), show slower overall digestion, with the rates of disap-
pearance of amylose and amylopectin being apparently similar.A
comparison between the relative rates of disappearance of the
whole amylopectin and amylose molecules was made for these

high-amylose starches to determine whether there was a prefer-
ential digestion of either of the initial molecular species, amylo-
pectin or amylose, by R-amylase or amyloglucosidase, during the
early part of the digestion process. The data used for this com-
prised the Gelose 50 and Gelose 80 whole-molecule distributions
(Figures 6 and 7), chosen because these show separation between
the amylose, the amylopectin, and the remnant starch species
peaks over 0-1 h (after which time there is little left of either
component for Gelose 50). The relative amounts of amylose and
amylopectin were obtained as the ratio of the change in peak
heights of each at 0, 0.5, and 1 h to the heights of these in the
extrudate, as presented in Figure 8. Linear regression (with the
line forced to pass through the origin) gives a slope of 0.95( 0.01,
which is sufficiently close to unity to suggest that the amounts of
amylose and amylopectin decrease at the same rate. This suggests
that the rate-determining step in the reaction with high-amylose
starches is the initial amylolytic attack, after which the products
are rapidly digested. There have been a few studies that have
shown either a lack of preferential digestion of amylose or amy-
lopectin (33, 47) or a slight preference for amylose digestion (48)
by bacterial R-amylase in granular starch. It is likely that the
increase in digestion rate accompanyingdecreasedamylose content

Figure 2. Three-dimensional plots of whole-starch size distributions of four types of starch over successive digestion times.
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in ordinary starches is due, not to a preferential digestion of amy-
lopectin, but to an increase in production of the more slowly
digested remnant starch species as seen in this and other studies
(14-16, 30).

The debranched distributions, Figures 4-7, show that a
gradual loss of structure as the new remnant species is formed.
The whole-molecule waxy starch extrudate, Figure 4, shows a
single large size peak, at ∼75 nm, as expected for a virtually amy-
lopectin-only starch; this is digested over time into a new peak at
∼2-4 nm, whose peak height gradually diminishes in time. The
debranched distribution shows a single peak with a shoulder that
diminishes in size without changing shape, indicating that the
amylopectin present was digested randomly with respect to its
branching structure. The debranched peak is at ∼1.5 nm, indicat-
ing that the larger structure of the new peak seen in the whole-
molecule distribution at 2-4 nm is significantly branched. This
indicates that thewhole amylopectinmolecule is rapidly reduced in
size by R-amylase to 2-4 nm fragments and that other fragments
are either not produced or that they are rapidly digested via R-
amylase and amyloglucosidase in conjunction. The species formed
in thewaxymaize digestionmaybe the origin of the slower digestion
profile caused by branching as observed by Zhang et al. (28).

The whole and debranched distributions of rms are presented
inFigure 5. At the 0, 0.5, and 1 h time periods, the debranched dis-
tributions show a peak at∼1.5 nm; after this time, they are diges-
ted, similar to the behavior of amylopectin shown in the deb-
ranched waxy maize distribution, Figure 4, which by 1 h has been
digested to less than 10% of the original starch present. The rem-
nant species of both the whole and the debranched regular maize
distributions are both approximately symmetric with a peak at
∼2 nm, the whole-molecule distribution covering 1-7 nm while
the debranched distribution covers from1 to 8 nm. This similarity
of distribution both before and after debranching suggests that,
unlike waxy maize, the remnant starch species of rms are predo-
minantly linear.

The whole-molecule distributions of Gelose 80 and Gelose 50
similarly show the production of a remnant starch species at late
digestion times, 4-24 h, with a hydrodynamic radius of ∼2 nm,
while the debranched distributions produced a similar distribu-
tion by 24 h (Figures 6 and 7). These 24 h distributions all contain
a ∼2 nm peak in both debranched and whole-molecule distribu-
tions, which indicates a predominantly linear starch species, while
the amylose-free waxy maize has no such distribution. The
debranched distribution of Gelose 80 becomes approximately

Figure 3. Three-dimensional plots of debranched size distributions of four types of starch over successive digestion times.
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symmetric more rapidly, after 4 h, than does that of Gelose 50,
which becomes approximately symmetric only in the 24 h
distribution. This indicates that the Gelose 80 more rapidly

produces the remnant starch species, while more rapidly losing
an additional molecular structure that is not involved in the final
remnant starch species. Comparing the Gelose 50 to the rms

Figure 5. Data of Figures 2 and 3 for rms, plotted as two-dimensional distributions. For the debranched distributions, the DP is also shown as the upper axis.
The 24 h sample of the whole molecule distribution and the 4 h debranched distribution, shown in Figures 2 and 3, have been removed in this figure for clarity.

Figure 6. Data ofFigures 2 and 3 for Gelose 50, plotted as two-dimensional distributions. For the debranched distributions, theDP is also shown as the upper
axis. The whole-molecule 8 h distribution is omitted for clarity.

Figure 4. Data of Figures 2 and 3 for waxy starch, plotted as two-dimensional distributions. For the debranched distributions, the degree of polymerization is
also shown as the upper axis.



8450 J. Agric. Food Chem., Vol. 58, No. 14, 2010 Witt et al.

shows that both achieve symmetry at about the same time, between
8 and 24 h of digestion. However, the rms remnant debranched
distribution contains more peaks, probably from amylopectin, as
seen in the waxy maize.

The first point to considerwhen interpreting these trends is that
the ordering of (apparent) amylose content isGelose 80>Gelose
50> rms>waxymaize. The other consideration is that the amy-
lopectin structures of the parent amylopectin molecules in this
study vary, with waxy maize showing the first debranched
amylopectin peak of DP ∼ 17, regular maize at DP ∼17, Gelose
50 at DP ∼ 20, and Gelose 80 at DP ∼ 26 (Figures 4-7) . This
shows the expected increase in amylopectin branch length, which
accompanies the waxy mutation in high-amylose starch. The
appearance of a predominantly linear remnant starch species that
is common to all of the starches containing amylose and that was
not present in the whole-molecule distributions (Figure 2), in-
dicates that it is a product of the digestion process, while the
varying amounts of the remnant starch species and its rate of
production are determined by the molecular structure of the
starting starch species. All of the remnant starch species display
similar distributions even though they are produced from very
different parent molecules. The comparison between the remnant
species in Gelose 80, Gelose 50, regular and waxy maize starch,

Figure 9, shows the similarity of the debranched remnant starch
species in the three starches with significant amounts of amylose
(i.e., all except waxy). The only requirement for the production of
the remnant starch species seems to be that there is a population of
linear starch chains that can be converted into the∼2 nm species.
Figure 5 shows the debranched rms remnant species overlapping
mainlywith the amylose portion (there is someminor overlapping
with the amylopectin chains) of the extrudate sample. Gelose 80
and Gelose 50 debranched distributions display a significant
overlap with the amylopectin portion of the extrudate sample.
The differences in yield produced are probably due to an increas-
ing population of starch chains long enough to form the remnant
species. The correlation of apparent amylose with an increase in
enzyme-resistant starch is explained by the increase in long chains
that accompanies an increase in apparent amylose content.

Experiments by Eerlingen et al. (16) on a variety of amylose
chain lengths found that a remnant starch species was produced
with an average DP of 19-26 as determined via number-average
end-group analysis. The starch species producedwere independent

Figure 7. Data ofFigures 2 and 3 for Gelose 80, plotted as two-dimensional distributions. For the debranched distributions, theDP is also shown as the upper
axis. The 8 h data, given in Figures 2 and 3, are omitted for clarity.

Figure 8. Ratios of the amounts of amylose and amylopectin forGelose 50
andGelose 80 at 0, 0.5, and 1 h to the amounts in the extrudate, measured
by relative peak heights. The line is the least-squares fit, forced to pass
through the origin.

Figure 9. Comparison of 24 h debranched distributions for Gelose 80,
Gelose 50, and rms.
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of the size of amylose chain fromwhich itwas produced, although
an increase in remnant starch yield was observed with increasing
amylose chain length. The current data show that the peak of the
remnant starch species is at ∼2 nm, equivalent to a DP of ∼30
(calculated from the Mark-Houwink relation), and that with
increasing apparent amylose content there is an increase in the
yield of the remnant starch species. This shows a similarity bet-
ween the results.

It is noted that residues produced by extensive acid hydrolysis
have some similarity to those produced in the current experiment.
Those residues frequently, although not always, show bimodal
peaks, which when debranched become a single distribution of
smaller chains, showing that acid hydrolysis produces branched
remnants (49, 50). This behavior bears some similarity to the
digestion of extruded waxy maize, which produces a distribution
of branched chains smaller than the parent molecules. There is
not, however, a strong analogy between the acid-resistant fraction
and the enzyme-resistant fragments produced in this study, as
acid hydrolysis leaves significantly larger amounts of branching
than observed in the present in vitro digestion.

These results can be used to produce a molecularly relevant
definition of enzyme-resistant starch. The remnant starch species
has a slower digestion rate than that of the whole starch mole-
cules, and this decrease in digestion rate could potentially produce
a significant increase in the amount of starch that passes through
the small intestine to the large intestine. Thus, this remnant starch
species is suggested to be responsible for the enzyme-resistant
starch RS3.

The nature of the increase in apparent amylose may be decep-
tive, as in the case of high amylose maize an increase in apparent
amylose content has been in part attributed to the increasing
amylopectin chain lengths arising from a stronger expression of
the amylose extender gene. The ability of the amylopectin fraction
to produce a helical remnant starch population is likely to be
lower than that of the amylose fraction, regardless of chain
length, as the amylopectin has significantly more branching and
thus is significantlymore likely, if randomly attacked byR-amylase,
to produce starch chains with branching points near the middle,
which would cause an increase in helical imperfection. This is
relevant when talking about the digestion and production of
enzyme-resistant starch, as this production is strongly related to
the kinetics of both digestion and the formation of starch helices
as a process of retrogradation (51). Any branching points within
the starchmolecule will make producing a starch helix impossible
unless the branching point can be excluded from the helical
regions, that is, if the branch point is at the end of a starch helix,
and thus not hindering helix formation (52). These caveats aside,
it is possible, and perhaps likely, that the longer amylopectin
chains are being made into linear starch chains and then forming
helical enzyme-resistant starch.

In summary, this study focused on the digestion of a series of
maize starches with differing levels of apparent amylose content.
During the course of the digestion, a new starch species was pro-
duced, with a hydrodynamic radius of∼2 nm. This newly formed
remnant starch species has a reduced digestion rate when com-
pared to its parent molecules. The production of the remnant
starch is due to the cleaving of long, mostly linear, chains into
shorter, essentially linear, chains, which becomemore resistant to
enzymatic digestion, presumably through the formation of he-
lices. These largely linear chains come from both the amylose and
the longer chains in amylopectin, particularly as present in the so-
called high-amylose starches (Gelose 50 and Gelose 80).

This sheds light on the well-known correlation between higher
levels of amylose and higher levels of resistant starch production.
The amylose molecule is much more likely to have linear chains

large enough to be cleaved into the lengths of unbranched starch
that can form helices. In this study, it was observed that the high
amylose starches Gelose 80 and Gelose 50 also had amylopectin
branch lengths sufficient to form the remnant starch. It remains
undetermined but likely that the long amylopectin chains char-
acteristic of high amylose starches also contributed to enzyme-
resistant starch formation.
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