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a b s t r a c t

Advances in the structural understanding of the lamellar organization of starch obtained through small-
angle X-ray scattering (SAXS) technique are presented. An accurate starch sample preparation followed
by appropriate background subtraction and Lorentz correction were able to evidence the second har-
monic SAXS peak. Interface distribution functions (IDF) were generated from SAXS data to obtain dimen-
sions and distributions of starch lamellae without any constraints or predefined assumptions.
Dimensions and distributions of crystalline and amorphous lamellae were consistent with the molecular
architecture of amylopectin. IDF fit results clearly indicate that amorphous and crystalline lamellae pres-
ent different degrees of paracrystallinity, i.e. peak width/peak position ratios. The results of lamellar
domain boundary are interpreted as a consequence of enzymatic trimming required to generate order
in the amorphous lamellae for subsequent synthesis of the crystalline lattice. Amylose content seems
to affect amorphous and crystalline lamellar distributions while the allomorph-type content is only
reflected within the distribution of crystalline lamellae.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Starch is the main reserve carbohydrate in plant tubers and
endosperm seeds. Moreover, it has also been considered as a prom-
ising green hydrogen generator (Zhang, Evans, Mielenz, Hopkins, &
Adams, 2007). Structurally, starch occurs as granules formed by a
mixture of two distinct polysaccharide fractions, amylose and
amylopectin (Buleon, Colonna, Planchot, & Ball, 1998). The amylose
function on the starch micro-structure is still unclear while amylo-
pectin is responsible for the organization of the granules into an
onion-like structure of concentric soft amorphous and semi-crys-
talline growth rings (Gallant, Bouchet, Buleon, & Perez, 1992).
The semi-crystalline growth rings are formed by alternating stacks
of amorphous and crystalline lamellae (Fig. 1A), with a repetition
period of �9 nm suggesting a highly ordered biosynthetic pathway
(Jenkins, Cameron, & Donald, 1993).

The crystalline lamellae of native starch are attributed to the
short-chain fractions of amylopectin, the so called A and B1
branches (Fig. 1B) (Tester, Karkalas, & Qi, 2004). The A branches
corresponds to the shortest and most external amylopectin frac-
tion, which are bounded to the slightly larger B1 chains through
a(1 ? 6) glucosidic bonds. These A–B1 bonds enable the organiza-
tion of parallel double 6-fold helices into small clusters which form
either monoclinic or hexagonal unit cells (Imberty, Chanzy, Perez,
ll rights reserved.

fax: +55 19 3512 1004 (M.B.

doso), westfahl@lnls.br (H.
Buleon, & Tran, 1988; Imberty & Perez, 1988). The clusters are
packed into lamellae, separated by amorphous layers, composed
by the large-chain fractions of amylopectin and the a(1 ? 6) gluco-
sidic bond regions.

Small-angle X-ray scattering (SAXS) has been used to investi-
gate the starch organization through the peak which corresponds
to the lamellar periodicity of starch (Calvert, 1997). Two peak fit-
ting models have been proposed to extract lamellar information
from SAXS data of starch. The first is based on the paracrystalline
fitting model where randomly oriented stacks of infinite alternat-
ing crystalline and amorphous layers are embedded in an amor-
phous medium (amorphous growth rings) (Cameron & Donald,
1992). The second one, called side-chain liquid crystalline poly-
mers model, considers starch as a finite stack of alternating lamel-
lae that are allowed to thermally fluctuate both along the layer
repeat direction and the transverse layer direction (Daniels & Don-
ald, 2003). In both models, crystalline and amorphous lamellae are
assumed to follow Gaussian distributions with the same degree of
paracrystallinity, i.e. peak width/peak position ratio. In spite of the
success of these models to qualitatively describe several structural
and thermodynamic aspects of starch, the physical meaning of the
layer width distribution is hindered through this simplification.

In general, SAXS curves of semi-crystalline polymers can be
either directly fitted through a mathematical model or Fourier
transformed into the interface distribution function (IDF) (Stribeck,
2007). Though the former method is a direct fit approach, it is more
susceptible to numerical instabilities of the least-square proce-
dures while the latter has shown to be more stable and with faster
numerical convergence. IDFs are obtained through the Fourier
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Fig. 1. Schematic drawing of the lamellar organization of starch. (A) Representation of the lamellar stacks of starch. (B) Amorphous and crystalline lamellar representation
evidencing different parts of the amylopectine architecture.
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transform of the data after the extraction of background density
fluctuations and the application of Porod-law (Hsiao & Verma,
1998; Stribeck & Ruland, 1978). Through IDF fits a full character-
ization of the polymer lamellae is achieved and the width distribu-
tions for crystalline and amorphous lamellar phases are obtained.

In this work, we focused our efforts on the structural under-
standing of starch lamellar organization through the analysis of
SAXS data. Starch SAXS data were obtained and contributions from
background density fluctuations and finite interface between the
phases were subtracted following a procedure similar to the one
proposed by Hsiao and Verma (1998). Lorentz corrected SAXS data
were then Fourier transformed to obtain IDF functions of starch
samples. Gaussian distributions were computed to fit IDF patterns
to represent the variation of interface distances of starch lamellae
using the approach proposed by Stribeck and Ruland (1978).
Although both procedures are well know and widely applied into
the semi-crystalline polymers characterization, they have never
been explored within the context of starch ultrastructure.

2. Materials and methods

2.1. Materials

Normal maize starch was purchased from Aldrich and waxy
maize starch was a kind gift of Prof. Antônio Aprigio da Silva Curv-
elo. Both maize starches were used as received. Pinhão starch was
obtained from seeds of Araucaria angustifolia and isolated through
successive washes with water (Thys et al., 2008). The efficiency of
starch isolation was verified using fluorescence spectroscopy
(Cardoso, Putaux, Samios, & da Silveira, 2007; Cardoso, Samios, &
Silveira, 2006). The amylose content was determined by means
of enzymatic method (kit K-AMYL 04/06, Megazyme International
Ireland Ltd., Ireland). Milli-Q water was used in all experimental
procedures.

2.2. Scanning electron microscopy (SEM)

Micrographs were recorded using a JEOL JSM 6060 microscope
(JEOL, Tokyo, Japan) at the Brazilian Synchrotron Light Laboratory
(LNLS). Drops of granule suspensions were allowed to dry onto
copper stubs and the specimens were coated with gold. SEM obser-
vations were performed in secondary electron mode operating at
8.0 kV.
2.3. Wide-angle X-ray diffraction (WAXD)

WAXD diagrams were recorded on the D03B beamline using a
fixed radiation wavelength (k = 1.425 Å) at the Brazilian Synchro-
tron Light Laboratory (LNLS). Diffraction patterns were recorded
during 1 min exposures on a marCCD 165 detector (4 � 4 binning)
placed 100.0 mm away from the sample. Calibration was achieved
using an alumina pattern. Measurements were made on samples
after water content adjustment by sorption at 90% relative
humidity (RH) for 9 days in the presence of a saturated sodium
chloride solution under partial vacuum. The samples were pre-
pared in thin-walled (0.01 mm) glass capillary tubes (1.0 mm in
diameter). The capillaries were centrifuged to pack the granules
at the bottom and sealed in order to prevent any significant
change in water content during the measurements. WAXD pro-
files were obtained by radial averaging and normalized to the
integrated area covering a scattering vector q (q = (4p/k) sinh;
2h = scattering angle) ranging from 2.4 to 28.0 nm�1. The WAXD
patterns were used to determine the crystallinity and respective
amount of A- and B-type allomorphs as described in the literature
(Thys et al., 2008).

2.4. Small-angle X-ray scattering (SAXS)

SAXS measurements were performed on the D2A beamline at
the Brazilian Synchrotron Light Laboratory (LNLS). The incident
X-ray monochromatic beam (k = 1.488 Å) was monitored with a
photomultiplier and detected on a marCCD 165 detector (8 � 8
binning). The sample-to-detector distance was 1088 mm long, cov-
ering a scattering vector q ranging from 0.1 to 2.7 nm�1.

Dried starch samples were weighted (15.0 ± 0.3 mg) and placed
between two mica sheets. Water was carefully added (15 lL) to
starch and the sample holder was sealed to prevent any change
in water amount during experiments. The collimated X-ray beam
was passed horizontally through a chamber containing the sample.
The measurements were performed at room temperature and each
SAXS pattern was cumulated for 1 min. No evidence of starch deg-
radation was observed for exposures up to 1.5 min. Silver behenate
powder was used as standard to calibrate the sample-to-detector
distance, the detector tilt and the direct beam position. Transmis-
sion, dark current and mica sheet corrections were performed on
the 2D image before further data processing. The isotropic scatter-
ing patterns were radially averaged.
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In order to analyze the SAXS data, contributions from back-
ground density fluctuations and finite interface between the
phases were first removed (Hsiao & Verma, 1998; Stribeck, 2007)
and the remaining scattered intensities were Lorentz corrected
(Glatter & Kratky, 1982; Stribeck, 2007). Interface distribution
functions (IDF) were obtained from the second derivative of the
Fourier transformed scattering intensity (Ruland, 1977; Stribeck
& Ruland, 1978). IDF fits were computed by modeling Gaussian dis-
tributions to represent the variation of interface distances (Stribeck
& Ruland, 1978). The quality of the fit to the data was evaluated
using the Levenberg–Marquardt minimization of the v2 parameter
merit function (least-squares). This method is implemented in the
NonlinearRegress procedure of Mathematica 6.0 from Wolfram
Research (Henkelman, 2008). Further information about data eval-
uation and IDF processing are given in Appendix A.
3. Results

3.1. Preliminary starch characterization

Fig. 2 presents SEM images and granule size distributions for
normal maize, pinhão and waxy maize starches.

As observed previously, normal maize starches coexist into a
variety of granule shapes such as spherical and polyhedral
(Fig. 2A) (Glaring, Koch, & Blennow, 2006; Kuakpetoon & Wang,
2008; Kuo & Lai, 2007; Zhang, Ao, & Hamaker, 2006). In general,
it is observed that spherical maize granules tend to be smaller in
size when compared to the polyhedral ones (Bello-Perez et al.,
2006; Kuo & Lai, 2007; Zhang et al., 2006). It is reflected in a bimo-
dal distribution which clearly shows the difference in size between
the shapes (Fig. 2B). The first starch population, which is mainly
attributed to spherical maize granules, is centered at 4.8 lm pre-
senting a polydispersity index of 77.8% (Table 1). The second pop-
ulation is basically formed by polyhedral starch granules. This
Fig. 2. Scanning electron microscopy images and their respective granule size distributi
starch.
larger distribution presents the mean granule size of 11.7 lm
and a polydispersity index of 56.2%.

Fig. 2C shows a representative SEM image of pinhão starches
where a variety of shapes is also seen. Although pinhão starch
granules present a coexistence of oval and truncated ellipsoid
granules, a monomodal size distribution is observed. The granules
size typically ranges from 6 to 21 lm while exhibits a distribution
centered at 12.5 lm (Fig. 2D) (Bello-Perez et al., 2006; Thys et al.,
2008). The polydispersity index of pinhão starch distribution
(20.8%) is significantly smaller than those obtained for normal
maize starch indicating a regulated granule size synthesis. Waxy
maize granules are also observed through a mixture of different
shapes. Similarly to normal maize starch, polyhedral and spherical
granules are observed (Fig. 2E). However, a monomodal distribu-
tion was obtained with sizes ranging from 3 to 19 lm (Franco,
Ciacco, & Tavares, 1998). The waxy starch distribution is centered
at 10.1 lm presenting a polydispersity index of 62.9% (Fig. 2F).

Complementary to SEM images and granule size distributions,
total amylose contents for normal maize, pinhão and waxy maize
starches are also presented in Table 1.

Normal maize and pinhão starches present 27.2% and 25.7% of
amylose in their composition, respectively. On the other hand,
waxy maize granules had around 1.0% of total amylose content.
As expected, a significant difference is observed in the total amy-
lose content due to the reduced amount of amylose present in
waxy starch granules (Liu, Yu, Simon, Dean, & Chen, 2009; Putaux,
Molina-Boisseau, Momaur, & Dufresne, 2003).

Fig. 3 shows the WAXD patterns and their respective diffraction
peak fittings for normal maize, pinhão and waxy maize starches.

Normal and waxy maize starches present the typical A-type
allomorph profile mainly characterized through the peaks at
around 10.8, 12.8 and 16.4 nm�1 (Fig. 3A and C). The crystallinity
index (CI) obtained by means of the peaks fitting indicates 30.9%
and 31.5% of crystalline material into normal and waxy maize
starches, respectively (Table 1). The typical C-type profile, with
peaks characteristic of A- and B-type allomorphs (main B-type allo-
ons. (A and B) Normal maize starch; (C and D) pinhão starch; (E and F) waxy maize



Table 1
Average granule size, polydispersity, amylose content, allomorph profile, crystallinity index and structural parameters obtained from the evaluation of interface distribution
functions and Porod-law for normal maize, pinhão, and waxy maize starches.

Sample Average
granule
size (lm)

Polydispersity
(%)

Amylose
content (%)

Allomorph
profile

Crystallinity
index (%)

dc

(nm)
rc

(nm)
da

(nm)
ra

(nm)
L
(nm)

t
(nm)

dz

(nm)

Normal
maize

1st
population

4.8 77.8 27.2 A-type 30.0 6.4 ± 0.1 2.3 ± 0.1 2.2 ± 0.2 1.0 ± 0.2 8.6 – 0.19

2nd
population

11.7 56.2

Pinhão 12.5 20.8 25.7 C-type 32.2 6.8 ± 0.1 2.1 ± 0.2 1.9 ± 0.1 0.9 ± 0.2 8.7 470 0.20
Waxy

maize
10.1 62.9 �1.0 A-type 31.5 5.9 ± 0.2 1.8 ± 0.2 2.4 ± 0.1 1.5 ± 0.1 8.3 – 0.19

Fig. 3. Wide-angle X-ray diffraction starch diagrams (solid lines) and their
respective crystalline peak fits (dashed lines) for (A) normal maize; (B) pinhão;
and (C) waxy maize starches.
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morph peaks are located at 4.1, 15.8 and 17.0 nm�1), can be seen in
the WAXD diagram of pinhão starch (Fig. 3B). This WAXD profile
suggests that pinhão starch is composed by a mixture of A- and
B-type crystallites. Pinhão starch presented CI = 32.2% while the
relative proportions of A- and B-type allomorphs were 46% and
54%, respectively.

3.2. SAXS analysis

Fig. 4 presents experimental SAXS data (open circles) for (A)
normal maize, (B) pinhão and (C) waxy maize starches after back-
ground subtraction and Lorentz correction. Solid red line starting
at q � 2.3 nm�1 represents the Porod-law applied to extrapolate
the experimental SAXS data to q ?1.

Although all starch samples have an almost identical main SAXS
peak, subtle differences are observed when the maximum peak
positions are compared. Normal maize, pinhão and waxy maize
starches present the main peak position located at q = 0.64, 0.65
and 0.67 nm�1, respectively. These values are in agreement with
those published earlier (Calvert, 1997; Cameron & Donald, 1992;
Jenkins et al., 1993; Vermeylen, Goderis, Reynaers, & Delcour,
2004). Surprisingly, the second starch reflection peak, indicated
by the arrows in Fig. 4, is for the first time observed (q � 1.3 nm�1).
The appearing of this unexpected second reflection order is attrib-
uted to an accurate background subtraction as well as a good sig-
nal-to-noise ratio obtained during SAXS experiments. Although the
patterns of the second reflection peaks highly resemble between
the different starch species studied here, waxy maize granules pre-
sented a less intense and slightly shifted peak (q � 1.4 nm�1) if
compared to normal maize and pinhão starches.

IDFs (open circles in Fig. 5, left panel) were obtained by apply-
ing the second derivative to the Fourier transformed SAXS data. For
all samples, the periodicity of the lamellar system is pronounced
since IDF peaks until 4th order can be observed.

IDF fits (solid red lines in Fig. 5, left panel) were computed
assuming independent Gaussian distributions for amorphous and
crystalline lamellae (details about IDFs and the structure parame-
ters determined in the data fits are given in Appendix A). The qual-
ity of the fits was evaluated by means of ANOVA table (Miller,
1997) results and a good agreement between IDFs and their fits
is observed. The degree of correlation of IDF fits for normal maize,
pinhão and waxy maize starches are 0.99, 0.99 and 0.98, respec-
tively. The right panel of Fig. 5 shows the layer-thickness distribu-
tions resulting from the IDF fits. Dotted orange line distributions
represent the amorphous lamellae which exhibit symmetric and
relatively narrow size distributions. The broad dashed blue line
distributions correspond to the crystalline lamellar regions and
the overall lamellar repetitions are the solid green line curves
pointing towards negative values, as expected for IDFs. In spite of
the differences on the average thickness of amorphous lamellae
(da) and long periods (L), the average thickness of crystalline lamel-
lae (dc) is in agreement with results obtained through direct peak



Fig. 4. Lorentz corrected and background subtracted SAXS data (open circles) and
their respective Porod extrapolations (solid red lines). (A) Normal maize starch; (B)
pinhão starch; and (C) waxy maize starch. The arrows indicate the presence of
second ordering starch peak.
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fittings (Cameron & Donald, 1992; Daniels & Donald, 2003; Thys
et al., 2008). The predicted pitch size for a 6-fold helix is �2 nm
(Imberty & Perez, 1988; Imberty et al., 1988). Thus, dc values be-
tween 5.9 and 6.8 nm correspond to �3 helical pitches per crystal-
line lamella. The standard deviation of the crystalline lamellae (rc)
is �2 nm which represents �1 helical pitch. This is reasonable
since it is expected that double-helices containing less than 2
pitches are energetically unstable (Gidley & Bulpin, 1987). On the
other hand, the inexistence of helices with more than 4 pitches
can be explained due to the low probability of finding A chains hav-
ing more than 24 glucose residues (Tester et al., 2004). The average
size of amorphous lamellae (da � 2.2 nm) is significantly smaller
than those obtained through direct peak fittings (da � 2.8 nm)
(Cameron & Donald, 1992; Daniels & Donald, 2003). These lamellae
are formed by large-chain fractions of amylopectin and by the
length difference between A and B1 chains (the so called spacer
chains – Fig. 1) (Waigh, Perry, Riekel, Gidley, & Donald, 1998),
which is usually�8 glucose monomers for most common botanical
species (Gidley & Bulpin, 1987; Hizukuri, 1986). Moreover, the
spacer chains are also closely attached to the amorphous-crystal-
line interface through a(1 ? 6) glucosidic bonds, resulting in a ste-
ric tendency to be aligned on the radial direction, within a length
scale of order of 2 nm. The width (ra) of amorphous layer distribu-
tions is relatively larger reaching �50% of da values. This probably
reflects the variety of configurations and the length distribution of
spacer chains, since we suppose that the influence of large-chain
fractions of amylopectin has a minor importance in the lamellar
amorphous dimension. Long period, L, obtained from the IDF anal-
ysis are between 8.3 and 8.7 nm, which are slightly smaller than
the results of the direct peak fitting which are usually around
9.0 nm (Cameron & Donald, 1992; Daniels & Donald, 2003; Thys
et al., 2008). This reduction was already predicted, because a fit
on the scattering intensity systematically overestimates the bigger
long periods (Stribeck, 2007). The decrease of L is interpreted as a
consequence of da reduction. Further, it is important to mention
here that the lamellar distributions obtained by IDF did not present
the same peak width/peak position ratio as suggested through di-
rect peak fittings (Cameron & Donald, 1992; Daniels & Donald,
2003).

The correlation range, t, (details in Appendix A) corresponds to
the average number of correlated lamellar periods and is related to
the average thickness of the semi-crystalline growth rings. The t
value for pinhão starch is 470 nm and indicates a correlation length
of �50 lamellar period repetitions. This value is lightly larger than
those obtained through direct peak fitting (Hsiao & Verma, 1998).
However, it is important to note that direct peak fitting has not
shown to be sensitive to variations in the overall lamellar repeti-
tion parameter (Daniels & Donald, 2003; Stribeck & Ruland,
1978). t value obtained for normal and waxy maize starches are
infinity which indicates that the limited low-q range of our exper-
imental setup hinders proper t value calculation.

The thickness of the domain boundary zone, dz, (details in
Appendix A) was determined from the deviation of the measured
Porod-law from the ideal one. The results obtained (Table 1) are
smaller than those previously determined for rice and potato
starches (Vermeylen et al., 2006) and may be an artefact of the
extrapolation procedure adopted here. Nevertheless, we interpret
these results as a consequence of enzymatic trimming (Ball et al.,
1996; Mouille et al., 1996) required to generate order in the amor-
phous lamella for subsequent synthesis of the crystalline lattice, as
illustrated in Fig. 6.

The schematic drawing shows the initial step of the crystalline
lamellar synthesis where helices with different lengths are formed
(Fig. 6A). According to the trimming model, enzymes are responsi-
ble for removing the gray glycosidic region which is located above
the lamellar plane shown as blue double-helices. In this mecha-
nism, the enzymes act in order to minimize the difference in length
of the double-helices which generate a smooth surface as shown in
Fig. 6B. In this way, the small values of dz are interpreted as conse-
quence of the enzymatic effect which allows to a significant sharp
domain boundary.

4. Discussion

Although several works have been discussing an efficient way of
describing the lamellar organization of starch, the focus on the first
and well described SAXS ordering peak (q � 0.6 nm�1) as well as
the lack of knowledge about the second ordering reflection
(q � 1.3 nm�1) may have allowed a difficult interpretation of the
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nature of the lamellar starch organization. In this work, an impor-
tant advance on the lamellar starch organization is yielded since
the second ordering peak is observed as a result of a careful pro-
cessing of SAXS data. This surprisingly finding changed the most
general view on starch SAXS patterns where a single and broad
peak was interpreted as the unique evidence due to the lamellar
organization of the granules (Cameron & Donald, 1992; Daniels &
Donald, 2003; Thys et al., 2008; Vermeylen et al., 2004). This
‘new’ starch SAXS pattern containing two broad peaks is highly
similar to those of semi-crystalline polymers where the paracrys-
talline lamellar order is observed (Choi, Vaidya, Han, Sota, &
Hashimoto, 2003; Hama & Tashiro, 2003; Ivanov, Bar, Dosiere, &
Fig. 5. Left Panel: Interface distribution function (open circles) and their corresponding
Right panel: Separated lamellae layer-thickness distributions as resulting from the IDF fi
blue lines: crystalline layer thicknesses. Solid green lines: twin-layer thicknesses (i.e. amo
waxy maize starch. (For interpretation of the references to color in this figure legend, th
Koch, 2008; Bliznyuk et al., 2008). Thus, we interpret the evidence
of second ordering peak of starch as well as the similarity between
SAXS patterns of starch and semi-crystalline polymers as a confir-
mation of the paracrystalline nature of starch lamellae.

Direct fitting approaches have used Gaussian functions in order
to describe crystalline and amorphous lamellar distributions of
starch. Therefore, all these approaches have arbitrarily assumed
that amorphous and crystalline distributions present identical de-
gree of paracrystallinity, i.e. peak width/peak position ratio (r/d).
Even considering that a qualitative description of starch lamellae
has been successfully achieved through these methods, the physi-
cal meaning of the lamellar distribution is lost since this constraint
fits (solid red lines) for (A) normal maize, (B) pinhão; and (C) waxy maize starches.
t presented in left panel. Dotted orange lines: amorphous layer thicknesses. Dashed
rphous + crystalline = long periods). (D) Normal maize starch; (E) pinhão starch; (F)
e reader is referred to the web version of this paper.)



Fig. 6. Schematic drawing of the enzymatic trimming effect during lamellar starch synthesis. Double-helices represent the crystalline lamella (A) before and (B) after
enzymatic trimming. Planes perpendicular to the helices were inserted only for visualization purpose.
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implies identical degrees of paracrystallinity for amorphous and
crystalline layers. In contrast, in this work, we report the first IDF
analysis applied to starch where lamellar dimensions and distribu-
tions are obtained without any assumption.

In spite of the degree of similarity between starch SAXS profiles,
IDFs and their fits, we have shown that significant differences and
similarities can be pointed out when lamellar distributions are
compared. Although normal maize and pinhão starches presented
different granule size and crystalline type, similar IDF profiles were
observed (Fig. 5). Narrow and relatively intense lamellar amor-
phous distributions, presenting almost the same values of da and
ra, were seen for both starch species (Table 1). On the other hand,
normal maize and pinhão starches present subtle differences of dc

values. In this case, we speculate that these differences are mainly
related to the crystalline-type profile of each botanical starch spe-
cie. Normal maize is described as a typical A-type starch allomorph
while pinhão shows the C-type pattern (Fig. 3) which represents
the coexistence of A- and B-type crystallites within the same gran-
ule. However, B-type allomorphs tend to have longer amylopectin
branch chain lengths which would allow increasing the average
size of the crystalline lamellae (Hizukuri, 1986). Thus, we suggest
that the B-type crystallites found in pinhão starches are the main
responsible for this increase of dc values.

In parallel, normal and waxy maize starches can be compared
taking into account the amylose content of the granules since they
have the same crystalline-type profile and similar size. Distinct IDF
profiles are observed (Fig. 5A and C) which reflect structural differ-
ences in the lamellar distribution of starches (Fig. 5D and F). Waxy
maize starch presented larger mean size, broader and less intense
amorphous lamellar distribution than normal maize starch. On the
other hand, smaller average dimension and sharper crystalline
lamellar distribution was obtained for waxy starch. It probably
indicates that the amylose content plays distinct roles in the amor-
phous and crystalline lamellar organization. While in amorphous
lamella the presence of amylose decrease its size and polydisper-
sity, a significant increase of the crystalline lamella size is observed
when the amylose content of the granule is increased.

Although it is difficult to statistically compare the degree of suc-
cess of different modeling procedures, IDF allowed obtaining the
real degree of paracrystallinity of the lamellae which represents
a significant advance in the structural characterization of starch.
In IDF method r/d for the amorphous fraction is �0.5. Admittedly,
Fig. 5D–F show that the corresponding leftmost peak extends
somewhat into the negative range. Thus, the fit artificially widens
the distribution of the amorphous layers in order to compensate
the surface roughness effect of the crystallites to the IDF. Neverthe-
less, this artificial widening is not significant in order to explain the
discrepancy in the values found by direct fitting procedures (values
generally between 0.2 and 0.3). We suppose that these small val-
ues of ra/da obtained in direct fitting methods are related to the
constraint applied, ra/da = rc/dc. It allows an overestimation of
the size of amorphous lamellae, since in direct fitting approaches
the average size of da is �2.8 nm while in IDF method is
�2.2 nm. On the other hand, independent of the modeling proce-
dure, only subtle differences were seen when crystalline lamellar
dimensions (dc or rc/dc) were taken into account. Moreover, we
consider that the values of ra and rc obtained in this work are real-
istic since they are well correlated with the molecular architecture
of amylopectin. ra is related to the diversity of possible configura-
tions and sizes of the spacer chains while rc is interpreted as the
variation in size of stable starch helices (Bertoft, 2007). This clear
correlation between different values of ra and rc and the structure
of amylopectin allows believing that IDF method was able to ob-
tain more reliable results than the previous models found in the lit-
erature (Cameron & Donald, 1992; Daniels & Donald, 2003).

5. Conclusions

In summary, we have demonstrated that a thorough analysis of
carefully processed starch SAXS data leads to evidence of second
harmonic peak. IDFs obtained from Lorentz corrected SAXS data
were fitted to obtain lamellar distributions of starch. The average
size of the crystalline region corresponds to lamellae which are
formed by double-helices of approximately 3 pitches while the size
of the amorphous region is mainly related to the difference in chain
length between A and B1 short segments of amylopectin. Gaussian
lamellar distributions show that the degree of paracrystallinity of
the amorphous region tends to be relatively larger than the crystal-
line. The ordering generated during the lamellae synthesis pro-
posed by the enzymatic trimming model is reflected in the sharp
domain boundary results. Considerable changes within the lamel-
lar structure of starch seem to be much more related to the amy-
lose content than to the crystalline-type structure. IDF showed to
be a fitting approach which is able to discriminate significant
lamellar differences between starches of distinct botanical origins.
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