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Starch structures from an extrusion process were stored at different temperatures to allow for molecular
rearrangement (retrogradation); their thermal characteristics (DSC) and resistance to amylase digestion
were measured and compared. The structure of four native and processed starches containing different
amylose/amylopectin compositions (3.5, 30.8, 32, and 80% amylose content, respectively) before
and after digestion was studied with small-angle X-ray scattering (SAXS) and X-ray diffraction (XRD).
Rearrangement of the amylose molecules was observed for each storage condition as measured by
the DSC endotherm at around 145 °C. The crystalline organization of the starches after processing
and storage was qualitatively different to that of the native starches. However, there was no direct
correlation between the initial crystallinity and the amount of enzyme-resistant starch (ERS) measured
after in vitro digestion, and only in the case of high-amylose starch did the postprocess conditioning
used lead to a small increase in the amount of starch remaining after the enzymatic treatment. From
the results obtained, it can be concluded that retrograded amylose is not directly correlated with
ERS and alternative mechanisms must be responsible for ERS formation.
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INTRODUCTION

The importance of starch in the human diet arises from being
one of the main constituents of native and processed foods. The
wide variety of starch sources with different compositions and
characteristics provide this complex polysaccharide with great
versatility to match specific product requirements.

The existence of a starch fraction, known as “resistant starch”,
that is not readily digested in the small intestine is not a new
concept; however, in recent years, many studies have focused
on this “functional” ingredient because of the current changes
in consumption habits involving an increase in energy intake
with its associated influence on obesity and diet-associated
disorders, such as diabetes (1). The increasing consumer health
consciousness and the growing demand for healthy foods are
stimulating innovation and new product development in the food
industry internationally, as reflected in the expanding worldwide
interest in functional foods.

Within the range of functional compounds available, resistant
starch has been chosen to be a key ingredient in several food
products because, apart from being a prebiotic (as this fraction
escapes digestion in the small intestine and enters the colon,
where it may serve as a growth substrate for intestinal bacteria),
it has been demonstrated to have a protective mechanism against
colorectal cancer through its fermentation by intestinal bacteria
to butyrate (2).

Resistant starch (RS) has been classified into four different
groups (3), with type III corresponding to the resistant fractions
present in “starchy” foods that have been processed, cooled,
and stored. This RS fraction has been normally ascribed to
molecularly reorganized amylose (retrograded amylose), because
it has been observed that retrograded amylopectin is completely
degraded by R-amylase (4). The majority of the studies have
been carried out using in Vitro digestion experiments which,
despite differing in detail from digestion in the human gas-
trointestinal tract, have been designed to simulate in ViVo
conditions. However, information on the structure of starch that
escapes digestion remains limited. The fractions remaining after
in Vitro digestion will be termed “enzyme-resistant starch” (ERS)
to distinguish them from the products obtained in ViVo (“physi-
ologically resistant starch” or PRS).
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In contrast with the classical aim of processing, mainly
intended to increase the digestibility of food, nowadays, such
transformation processes are designed to develop tasty and
palatable foods with improved functional properties and reduced
energy intake. To understand and control the textural attributes
and digestibility of starch-based products, it is necessary to
determine the structure and physicochemical changes undergone
by this biopolymer during processing and storage. During
storage, starch is known to recrystallize (a process known as
retrogradation), which is a complex process and depends upon
many factors, such as the type of starch, starch concentration,
cooking and cooling regimes, pH, and the presence of solutes,
such as lipids, salts, sugars (5), and hydrocolloids (6). Current
interest in this process is linked with its correlation to increased
ERS levels. An increase in the ERS content in extruded starches
during storage has been observed to be linked to an increase of
the melting enthalpy measured by differential scanning calo-
rimetry (DSC) (7). In the case of wet starch systems, if the starch
is retrograded or partially gelatinized, a higher resistance to
enzyme digestion has been detected (8).

For a fixed processing technology, the main factors that
determine retrogradation and, therefore, could potentially influ-
ence the RS content are the composition of the starch, the
product matrix, and the moisture content. In general, high-
amylose starches deliver higher RS fractions than their low-
amylose starch counterparts (9). In terms of moisture content,
water acts as a starch plasticizer, decreasing the glass transition
temperature (Tg), thus allowing the chains to recrystallize at a
lower temperature. Storing the starch samples above their Tg,
where the starch chains have increased mobility, could also
potentially lead to higher levels of ERS.

The aim of this work was to produce different starch
structures through processing and storage using several starch
varieties and correlate their structural organization with the
enzyme digestibility of the end-products. In this approach,
several starch-based products were produced by extrusion
processing of starch containing different compositions (normal,
waxy, and high amylose) and subsequently stored at various
temperatures to favor the rearrangement of the amylose chains.
The final products have been analyzed to understand the impact
of the initial starch architecture and storage conditions on the
product’s structural properties and sensitivity to enzyme diges-
tion. Structures of in Vitro digested starch have also been
assessed and compared to the initial structure of the processed
products.

MATERIALS AND METHODS

Starch Samples. Four types of starches provided by Penford
Australia Ltd. (Australia) were used: normal maize (30.8% amylose),
waxy maize (3.5% amylose), high-amylose maize (80% amylose), and
normal wheat starch (32% amylose). The amylose content was
determined by the iodine-binding method according to Chrastil (10).
More detailed information on the composition of the different starches
is shown in Table 1.

Starch Processing. The different starches were processed using a
capillary rheometer (Rosand RH2000 Rheometers, Bohlin Instruments
Ltd., U.K.). Prior to processing, the moisture content of the raw starches

was adjusted to 28% (wet basis) and left in a sealed container at 4 °C
overnight. The processing temperature was 140 °C, corresponding to
a temperature higher than the melting temperature to fully gelatinize
the starch. After thermal equilibration for 1 min at 140 °C, the melt
was extruded through an 8 mm die (1 mm in diameter) at a shear rate
of 722 s-1.

Material Conditioning. For storage conditioning, the processed
samples were sealed in plastic bags and placed in different temperature
chambers: 4, 30, and 60 °C for 72 h. The moisture content during
conditioning was 17%. After storage, the samples were taken out of
the plastic bags and dried at 30 °C for 72 h. Processed control samples
were directly dried after processing (30 °C during 72 h) to avoid
structural transformations. A schematic diagram illustrating the process-
ing and storage conditions is presented in Figure 1.

DSC: Residual Gelatinization Enthalpy and Melting Enthalpy.
To check the extent of starch transformation after processing, samples were
ground into powder and ∼8 mg of starch was placed into the DSC pan
with excess water added (40 µL). The scan was carried out immediately
after adding the water, to minimize retrogradation, over the range from
20 to 180 at 10 °C/min to observe the presence of any residual gelatinization
peak. Two replicates were run for each sample.

X-ray Diffraction (XRD). XRD was carried out on a Panalytical
X’Pert Pro diffractometer. The instrument was equipped with a Cu long
fine focus tube, programmable incident beam divergence slit and
diffracted beam scatter slit (both fixed at 0.125°), and an X’celerator
high-speed detector. The samples were examined over the angular range
of 2–40° with a step size of 0.0332° and a count time of 800 s per
point. Crystallinity determination was carried out using the X’Pert
software. This program automatically fits the amorphous background
in the diffraction pattern, and the crystallinity is calculated from the
intensity ratio of the diffraction peaks (Inet) to the sum of all intensity
measured (Itotal).

crystallinity (%)) 100 × (Inet/Itotal)

Small-Angle X-ray Scattering (SAXS). SAXS measurements were
performed on a Bruker Nanostar SAXS camera, with pinhole collima-
tion for point focus geometry. The instrument source is a copper rotating
anode (0.1 mm filament) operating at 50 kV and 24 mA, fitted with
cross-coupled Göbel mirrors, resulting in a Cu KR radiation wavelength
of 1.54 Å. The SAXS camera is fitted with a Hi-star 2D detector
(effective pixel size of 100 µm). The sample–detector distance was
chosen to be 650 mm, which provided a q range from 0.02 to 0.3 Å-1,
where q is the magnitude of the scattering vector defined as

q) 4π
λ

sin θ

where λ is the wavelength and 2θ is the scattering angle. Starch slurries
(45%, w/w) were presented in 2 mm glass capillaries. The optics and
sample chamber were under vacuum to minimize air scatter. Scattering
files were normalized to sample transmission, background-subtracted,
and then radially averaged using macros written in the Igor software
package (Wavemetrics, Lake Oswego, OR).

Table 1. Composition of the Raw Starches

starch moisture content (%) amylose (%) lipids (%)

normal maize starch 9.4 30.8 0.2
high-amylose maize starch 10.3 80.0 0.2
waxy maize starch 12.3 3.5 0.1
normal wheat starch 9.1 32.0 0.2

Figure 1. Schematic diagram showing the conditions used for processing
and storing the different starch samples.
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ERS Determination. ERS contents were determined by a procedure
derived from Muir’s method (11). In brief, to each 500 mg of powdered
extrudates, 500 mg of artificial saliva (composed of 250 units of porcine
pancreatic R-amylase in 1 mL of carbonate buffer at pH 7.0) was added.
After 15–20 s, the mixture was incubated with 5 mL of acidified (0.02
M HCl) pepsin (1 mg/mL; Sigma) at 37 °C for 30 min, leading to a
pH 2.0. The solution was then adjusted to pH 6.0 with 0.02 M NaOH,
and the neutralized samples were treated with 5 mL of pancreatin/
amyloglucosidase enzyme mixture for 16 h at 37 °C in 0.2 M acetate
buffer at pH 6.0 in a shaking water bath. Samples were inactivated by
adding an equal volume of 95% ethanol and centrifuged (2000g for 10
min). The supernatant was discarded, and the residue was washed twice,
first with 0.2 M acetate buffer (pH 6.0), followed by water, and then
freeze-dried. The resuspended pellet was homogenized, and its starch
content was then determined by digesting with thermostable R-amylase
and amyloglucosidase, from the method derived from the total starch
assay using a kit from Megazyme (Megazyme International Ireland
Ltd., Ireland). The glucose content was then determined by adding
enzymatic glucose reagent and measuring the absorbance. A portion
of the resuspended washed pellet was centrifuged and then freeze-dried
for further structural analysis.

RESULTS

Characterization of the Processed Products. Retrograded
Amylose and Amylopectin by DSC. The melting temperature
and enthalpy of retrograded amylose and amylopectin were
determined by DSC for the different starches just after process-
ing (control samples) and after storage at 4, 30, and 60 °C and
17% moisture content. As previously described in the literature
(9), melting of retrograded amylopectin takes place between
40 and 60 °C, while the melting peak of retrograded amylose
is located at higher temperatures between 120 and 170 °C. DSC
results for the different starches are presented in Table 2 and
show that normal maize starch, high-amylose maize starch, and
wheat starch exhibit an endothermic peak located between 145
and 160 °C for each sample, independent of their storage
conditions. However, the enthalpy of the peak was low and not
significantly different from one sample to another (between 1
and 2.5 J/g). This peak, which disappears on a second scan,
could be attributed to the melting of retrograded amylose. No
retrograded amylose peak was observed for waxy maize
materials, which was expected because the amylose content of
this starch is low (3.5%). Peaks between 40 and 55 °C, attributed
to retrograded amylopectin, were observed for normal maize,
waxy maize, and normal wheat starch materials but only in the

samples stored at 30 and 60 °C. Those peaks also disappeared
on a second scan by DSC. The retrogradation kinetics of
amylopectin is known to be quite different from those of
amylose, with the amylopectin fraction of starch being respon-
sible for long-term changes occurring during storage (12). It
has been suggested that amylopectin molecules associate by
crystallization of relatively short (DP ∼ 15) chain-length
branches (13). The increased thermal energy imparted to the
molecules at the higher storage temperatures could have
contributed to an increased mobility of the amylopectin-branched
chains, thus facilitating their reordering. Having said this, the
extent of amylopectin retrogradation was low, demonstrated by
the measured low enthalpies, which were not greater than 2.5
J/g, while in excess water, enthalpy values for amylopectin
retrogradation have been observed to vary from ca. 8–12 J/g
(12).

Nanostructure of the Products. In Figure 2, the diffracto-
grams of the raw and processed starch samples (control samples)
are displayed. In agreement with previous studies (14), only
the raw high-amylose maize starch shows a B-type crystallinity,
while the other cereal samples, with less than 35% amylose
content, have diffractograms typical of A-type crystal structures,
with main reflections at 2θ ∼ 15°, 23°, and a doublet with peaks
at 17° and 18°.

Processing of the starches leads to the complete gelatinization
of waxy maize and the additional formation of V-type crystal-
linity (reflections at 2θ ∼ 7°, 13°, and 20°) in the other three
starches (see Figure 2b corresponding to control samples).
V-type crystals have been observed to be formed by single
amylose helices complexed with different polar and nonpolar
compounds, such as fatty acids (15). Nuclear magnetic resonance
(NMR) analysis of native starches suggested that all intragranu-
lar lipids are present as complexes with glucan chains (16). It
seems that extrusion leads to the parallel arrangement of these

Table 2. Melting Temperature (Tm) and Melting Enthalpy (∆Hm) of
Retrograded Starch Fractions

retrograded amylose
endotherm peak

retrograded amylopectin
endotherm peak

samples Tm (°C) ∆Hm (J/g) Tm (°C) ∆Hm (J/g)

normal maize

control 145.5 (3.2) 2.0 (0.4)
4 °C 147.8 (0.9) 2.1 (2.0)
30 °C 148.7 (0.1) 0.9 (0.8) 46.5 (1.4) 2.4 (0.5)
60 °C 146.8 (1.7) 0.7 (0.1) 53.4 (0.0) 1.0 (0.3)

high-amylose
maize

control 145.3 (0.5) 2.5 (0.1)
4 °C 146.9 (2.4) 2.3 (0.2)
30 °C 146.9 (1.5) 1.0 (0.2)
60 °C 146.6 (2.2) 1.9 (0.1)

waxy maize

control
4 °C
30 °C 44.0 (0.8) 0.4 (0.3)
60 °C

normal wheat

control 152.1 (1.0) 1.4 (0.4)
4 °C 158.0 (4.9) 1.7 (0.2)
30 °C 153.0 (1.0) 2.3 (1.3) 41.4 (1.5) 0.7 (0.1)
60 °C nd nd 48.7 (3.5) 0.3 (0.1)

Figure 2. X-ray diffractograms of (a) raw and (b) processed starches.
From top to bottom: wheat, waxy maize, normal maize, and high-amylose
maize. Data have been offset for clarity.
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amylose–lipid complexes, giving rise to the V-type structures
observed in the diffractograms. Moreover, the higher the
amylose content of the starch, the higher the crystallinity
remaining following processing.

After 72 h of storage, the levels of crystallinity of the
processed starches varied as a function of the storage temper-
ature and starch type as shown in Figure 3.

After storage at 4 °C, the diffractograms of the different
materials do not show significant differences, except in the case
of the waxy maize, which, in contrast with the amorphous halo
displayed for the control sample, shows some crystalline
reflections. Amylopectin retrogradation requires high polysac-
charide concentrations, with crystallites being formed by the
relatively short branches of the molecule. The increase in
crystalline material as indicated by the XRD data for waxy

maize is in accordance with classical polymer crystallization
theories, where nucleation is favored at low temperatures, but
less perfect crystals are expected to be formed as the degree of
supercooling (relative to the melting temperature) increases (17).

After storage at 30 °C, the largest XRD changes relative to
the control samples are observed for the wheat sample and the
high-amylose maize starch (see Figure 3b), but in contrast with
the observations from DSC, all materials exhibit a slight increase
in crystallinity. However, in comparison to the raw starches
(Figure 2a), the crystals formed in the wheat sample and,
indeed, in all samples, at this storage temperature are less well-
defined.

An enhancement in the crystalline structure and content takes
place, as shown in Figure 3c, at the highest storage temperature
(60 °C) for all starch samples studied. From the diffraction
patterns, the type of crystals can be identified with an A-type
structure prevailing for the waxy maize, a mixture of A and V
forms for wheat and normal maize, and in the case of the high-
amylose maize, both B- and V-type crystal reflections are
observed.

SAXS was used to compare the initial crystalline order of
the raw starches. In Figure 4, the SAXS curves corresponding
to the four different starches studied are displayed. The
parameters of the SAXS curves (intensity, Imax; position, qmax;
and width of the peak at half-maximum, ∆q) were obtained by
fitting the data to the following equation:

I(q)) Imax[1+ (2(q- qmax)/∆q)2]-1 +Aq-δ (1)

The first term in eq 1 is the Lorentz function, which describes
the SAXS peak, while the second term is a power law function
to account for the underlying diffuse scattering, where A is a
prefactor and δ is the power law exponent. The fitting
parameters obtained for the raw starches are shown in Table 3,
and Figure 5 shows, as an example, the fit obtained for wheat.

Every raw material shows the characteristic peak at q ∼ 0.07
Å-1, which corresponds to the typical ∼9–10 nm lamellar repeat

Figure 3. X-ray diffractograms of the processed starches after 72 h of
storage at (a) 4, (b) 30, and (c) 60 °C. From top to bottom: wheat, waxy
maize, normal maize, and high-amylose maize. Data have been offset
for clarity.

Figure 4. SAXS patterns of raw starches. From top to bottom: waxy
maize (—), normal maize (- · -), wheat ( · · · ), and high-amylose maize
(- - -). Data have been offset for clarity.

Table 3. Intensity (Imax), Position (qmax), Bragg Spacing (d ) 2π/q), and
Full Width at Half-Maximum (∆q) of the SAXS Peak for the Wet Starches
and Value of the Power Law Exponent (δ) Obtained from Fitting the
Curves to eq 1

Imax (a.u.) qmax (Å-1) d (nm) ∆q (Å-1) δ

normal maize 391.3 0.063 9.9 0.038 3.5
high-amylose maize 271.6 0.059 10.6 0.049 3.1
waxy maize 425.7 0.061 10.3 0.027 2.7
normal wheat 417.2 0.060 10.5 0.037 2.4
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of starch architecture within the granule (thickness of crystalline
plus amorphous regions of the lamella). From the values in
Table 3 and in agreement with previous studies (18), it seems
that an increase in amylose content leads to a decrease in the
intensity of the scattering maximum (Imax). According to the
XRD theory (18), Imax depends upon the amount of the ordered
semicrystalline structures and/or the differences in electron
density between crystalline and amorphous lamellae within the
starch granules. It has been suggested that the amylose chains
could act as defects in the crystalline lamellae (19); this would
also explain the increase in the width at half-maximum of the
SAXS peak with an increasing amylose content (see Table 3).

Surprisingly, despite the original crystallinity of the samples
being mostly eliminated during processing (cf. parts a and b of
Figure 2), the 9–10 nm repeat typical of raw starches is still
present in the SAXS patterns of the control samples (cf. Figures
4 and 6), although the intensity of the peaks is obviously much
lower. Even the waxy maize starch, which after extrusion shows
an amorphous diffractogram, displays the characteristic reflec-
tion as shown in Figure 6. Waigh et al. (20) found that, when
heating starch in excess water, the SAXS peak disappeared
essentially at the same temperature as the WAXS peak.
However, the relatively low water content used during process-
ing in this work may have prevented the expansion of chains
that accompany the smectic–gel transformation in excess water.

During storage, the formation of crystals is reflected by the
appearance of a shoulder in the SAXS patterns. In contrast with
the peak observed in the raw starches, the peak in the stored
starches reflects molecular reorganization and extends over a
broad q range, indicating the formation of a heterogeneous
semicrystalline structure. An example of the SAXS pattern
obtained after storage will be shown below, together with the
SAXS patterns for the ERS fractions.

ERS Content. The amount of ERS was determined for the
various raw, processed, and stored samples (Table 4). The ERS
content of the native starches varied as a function of the
composition and origin, i.e., for maize starches, the higher the
amylose content, the higher the ERS content, but for similar
amylose/amylopectin composition, normal maize contained a
larger fraction of ERS than wheat. Similar results were obtained
by Ring et al. (4), who quantified the rate and extent of
R-amylase hydrolyzis of starches from different botanical
sources. They observed a higher degree of hydrolyzis for wheat,
which seemed to be correlated with the granule size, i.e., smaller
granules have greater surface area per unit volume for enzyme
attack. Other factors, such as the granule architecture, also
influence the resistance to amylolysis of granular starch (21, 22).

After processing, a slight increase in ERS content was
observed for wheat and normal maize, up to 3.2% for the
samples stored at 60 °C. The ERS content of waxy maize, on
the other hand, was reduced to zero when processed. Greater
amounts of ERS after processing were obtained for the high-
amylose maize starch, although the amount of ERS was reduced
in comparison to the raw material.

In general, the ERS content of the different starches did not
significantly increase upon storage. The only sample that showed
an increase in parallel with the crystallinity increase was high-
amylose maize starch, which showed a ERS content of ∼27%
after conditioning at 60 °C, compared to the 20% obtained for
the control.

For every starch type studied, there was no correlation
between the endothermic enthalpies measured at 145 °C by DSC
(which have been associated with amylose that has undergone
a retrogradation process) and the ERS content. It is also clear
from the XRD data that there appears to be no correlation
between the crystallinity content of the starch samples before
enzymatic digestion and the ERS content measured. This
suggests that the digestion process itself is very important when
considering the mechanisms of ERS formation and, therefore,
warrants further research attention.

Residual Structure of the ERS. The ERS structure was studied
for the high-amylose maize starch, because the low percentages
of ERS obtained for the other starches made an accurate
structure determination unreliable.

Figure 5. SAXS curve for raw wheat. Experimental data (O) and
associated fit to eq 1 (—).

Figure 6. SAXS pattern of extruded waxy maize (control sample).

Table 4. Crystallinity Content (Xc), Amount of V-Type Crystallinity, and
ERS Content of the Different Starches before and after Processing and
Storage at Different Temperatures (17% MC)

Xc (%) V type (%) ERS (%)a

wheat

raw 26.1 2.1 0.8
control 2.9 2.9 2.8
4 °C 3.2 2.6 2.7
30 °C 6.3 1.8 3.2
60 °C 5.8 2.6 3.2

waxy maize

raw 43.5 1.0 0.7
control 0.1
4 °C 3.5 0.1
30 °C 5.1 0.0
60 °C 6.6 0.0

normal maize

raw 32.2 3.1 1.5
control 4.0 4.0 2.1
4 °C 6.5 2.7 2.6
30 °C 6.7 2.7 3.4
60 °C 11.7 3.2 3.2

high-amylose maize

raw 23.4 3.6 69.6
control 7.8 2.8 20.0
4 °C 8.8 2.8 23.0
30 °C 11.2 2.5 25.2
60 °C 13.8 3.1 27.3

a Standard deviation of 0.3.
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The diffractogram of the ERS fraction left after digestion of
granular high-amylose starch shows less intense and defined
peaks (see Figure 7), indicating a reduction in both crystallinity
and crystal perfection. This observation confirms that crystal-
linity alone cannot explain the resistance to digestion. The
crystalline polymorph of the ERS fraction is the same as in
native starch, in agreement with previous studies dealing with
the digestion of native starches (23).

SAXS was used to analyze the ERS fractions of the native
and processed high-amylose starch. In Figure 8, the SAXS
curves before and after digestion of high-amylose starch raw,
processed, and stored at 60 °C are displayed. Digestion of the
raw starch does not substantially alter lamellar order, because
the ∼9–10 nm lamellar scattering peak is still observed in the
ERS fraction. However, the intensity of this peak is even lower,
which agrees with the XRD results and means that this fraction
has a lower crystalline order than the native material. After
processing, the structure of the starch is substantially changed
and the lamellar peak is replaced by a broad reflection. In
comparison to the control (- - -) with the sample stored at 60
°C, it is seen that, in the former, the broad reflection extends
over a larger q range, which means that storing the sample at a
higher temperature causes annealing and reorganization of the
crystals present, therefore suggesting a more homogeneous
crystalline structure.

In the SAXS curves of the ERS fractions, the broad reflection
is shifted toward higher q, i.e., shorter distances, which indicates
that the distance between two consecutive crystalline regions
is smaller, although the semicrystalline structure is still quite
heterogeneous as indicated by the peak width. The increase in

low-angle scattering for the sample stored at 60 °C may also
indicate the formation of a larger scale structure.

DISCUSSION

DSC is an extremely useful tool for the analysis of thermal
transitions in polymeric materials, but in the case of starch, this
technique is insufficient to monitor all of the structural changes
taking place during the processing and storage of this biopoly-
mer. Jenkins and Donald (24) determined that more than 20%
of total crystallinity, as revealed by XRD, remained after wheat,
potato, corn, tapioca, and pea starches were heated past the
endotherm conclusion temperature observed by DSC. Apart
from the inaccuracy in the determination of the gelatinization
range, apparent from the high standard deviation values, in this
work, it is demonstrated that starch retrogradation is better
followed by X-ray diffraction. DSC, on the other hand, has been
useful to distinguish between amylose and amylopectin
retrogradation.

In Table 4, the crystallinity values for the different samples
are displayed. It can be observed that the higher the amylose
content of the granules, the lower the crystallinity of the raw
materials. This is easily understood taking into account that the
amylopectin fraction is predominantly responsible for the
crystalline arrangement in native starches (25). In this table,
the percentage of V-type crystallinity is also displayed. The peak
at 2θ ∼ 20° has been typically attributed to amylose–lipid
complexes in raw starches. From the values shown in the table,
it is seen that the higher the amylose content of the sample, the
higher the contribution of this peak to the crystallinity. The
contribution of this reflection in native waxy maize starch is
very low, as expected.

From XRD, it has also been observed that cereal starches
with high-amylose content are more resistant to gelatinization
during processing than normal or high amylopectin ones (see
Figure 2b for control samples), as well as having higher levels
of enzyme resistance. This can partly be explained by the type
of crystalline polymorph, i.e., B- (and C-) type crystalline
structures being more resistant to R-amylase hydrolyzis than
A-type crystalline structures (21, 23). Further confirmation of
the higher resistance of the B-type crystal structure to enzymatic
degradation was gained using lintner residues of starches (26)
and preparing A- and B-type polymorphs from amylose (27).
Moreover, it has been observed (28) that native cereal starches
during digestion have a high “slow digestible” fraction (∼50%),
meaning that, if some granules remain ungelatinized during
processing, they will increase the amount of slowly digestible
starch with the health-related benefits associated with this
fraction (29). Recently, it has been suggested that amylose
located in the amorphous regions of the granule could rearrange,
forming new intermolecular bonds during the first stages of
gelatinization (30), which could also explain the higher resis-
tance to gelatinization with increasing amylose content. This
process has been ascribed to the entrance of water into the
granule, causing swelling and favoring polymer mobility.

Furthermore, processing under limited water conditions (28%
MC) leads to the formation of amylose single helices, as can
also be observed in Figure 2b. It has been suggested that
processing (31) and, more specifically, extrusion (32) may
increase the formation of amylose–lipid complexes and thus
reduce starch digestibility. The complex resulting from the
interaction between starch and lipids is particularly important
because it modifies the texture and structural stability of starch-
based products (33). In this work, an increase in the percentage
of amylose single helices has been observed after extrusion of

Figure 7. X-ray diffractograms for raw high-amylose maize before (upper
curve) and after in vitro digestion (lower curve). Data have been offset
for clarity.

Figure 8. SAXS patterns of high-amylose maize. From top to bottom:
raw starch, ERS fraction of raw starch, control sample (- - -) overlapping
with the sample stored at 60 °C, and ERS fractions of the control sample
(- - -) and starch stored at 60 °C. Data have been offset for clarity.
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wheat and normal maize, both with medium amylose contents
(see the percentage of V-type values in Table 4). In the case of
the high-amylose starch, the amount of V-type crystallinity is
reduced in comparison to the fraction present in the native
material, while waxy maize starch processing leads to a complete
gelatinization of the samples, as observed from the amorphous
XRD pattern (see Figure 2b).

Upon storage, retrogradation takes place in every starch
studied and is favored at the highest storage temperature.
However, the amount of recrystallization is quite limited, which
can be explained from a glass transition temperature (Tg)
viewpoint. At 17% water content, extruded starch would have
a Tg around 39 °C, as predicted by Bindzus et al. (34) and,
therefore, at the temperatures used for conditioning starch, chain
mobility will be quite restricted. In Figure 9, the crystallinity
content of the different processed and stored starches is shown
versus their ERS content. From this figure, it can be inferred
that the increase in crystallinity as a consequence of storage is
not directly correlated with an increase in ERS. In fact, the only
sample that shows a significant increase in ERS content upon
storage is high-amylose starch. The fact that retrograded
amylopectin is completely degraded by R-amylase (4) would
explain the null values of ERS for the waxy maize, but as with
native starches, crystallinity alone cannot explain resistance to
digestion. This novel result contrasts with the previous under-
standing of the origin of ERS from processed starches, which
considered this fraction to result from amylose recrystallization,
subsequent to gelatinization, into enzyme-resistant double helices
stabilized by hydrogen bonds and characterized by a high
thermal stability (35–37). It should be remembered that these
findings are, up to now, limited to in Vitro generated ERS.

With regard to the ERS fractions, from Figure 8, it is
observed that the structures left after in situ digestion are quite
different if the starch has been processed. The conditions of
digestion (water and temperature) are expected to allow for the
retrogradation and annealing of the existing crystals. In previous
work (38), an increased crystallinity in the ERS fractions from
processed starches suggested that some retrogradation took place
during digestion, with the resistance to digestion being deter-
mined by the competition between the kinetics of enzymatic
hydrolyzis and the kinetics of amylose reorganization. In Figure
8, a shift of the SAXS broad reflection after digestion is observed
from q ∼ 0.04 Å-1 to 0.07 Å-1, i.e., from ∼16 to ∼9 nm. This
characteristic length is often referred to as the long period (L)
and corresponds to the average thickness of the amorphous plus
the crystalline lamellae. Jane and Robyt (39), on the basis of
chromatography studies on retrograded amylose using various
amylases and sulfuric acid to hydrolyze the amorphous regions,
proposed a structural model consisting of double-helical regions

of ∼10 nm long interspersed with amorphous regions. Cagiao
and co-workers (40) studied the retrogradation of injection-
molded potato starch during annealing and determined that the
first crystals appearing from the gelatinized structure are the
largest ones and, with an increasing temperature, a decrease in
crystal size takes place until a value of L ∼ 6 nm is reached.
This decrease in the long period has been ascribed to the growth
of thin crystals inside or outside the lamellar stacks. This same
process seems to be taking place during digestion of the high-
amylose starch, and the only noticeable difference between the
SAXS patterns of the control sample and that stored at 60 °C
is that the latter one shows a more defined peak and, therefore,
a less heterogeneous structure.

The in Vitro method used for the quantification of the ERS
fractions left after digestion of the various starches is a
modification of Muir’s method aimed at providing satisfactory
and reproducible predictions of the fractions obtained in ViVo.
The values obtained (see Table 4) are an average of two
digestion experiments, and they showed a standard deviation
of 0.3, confirming the reliability of the method. From Table 4,
it is apparent that except for high-amylose starch, storage of
the samples and subsequent increase in the crystallinity does
not increase the amount of ERS.

Therefore, retrogradation prior to digestion could increase the
resistance to digestion of high-amylose starches but, as dem-
onstrated in this work, does not have a significant impact on
normal or waxy starches. Furthermore, in the case of high-
amylose starch, the crystallinity values before digestion cannot
be directly correlated with the percentage of ERS obtained,
suggesting that there are additional mechanisms involved in the
formation of these resistant fractions. Therefore, a closer
investigation of the structural changes ocurring during digestion
would be of significant interest to enable a much deeper
understanding of ERS formation.
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