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Abstract—Small-angle X-ray scattering (SAXS) and scanning electron microscopy (SEM) were used to investigate the internal struc-

ture of wheat starch granules with different amylose content. Different approaches were used for treatment (interpretation) of SAXS

data to assess the values of structural parameters of amylopectin clusters and the size of crystalline and amorphous lamella in dif-

ferent wheat starches. The average values of the semi-crystalline growth rings thickness in starches have been determined and the

relationship between structural characteristics and thermodynamic melting parameters is discussed.
� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

A structural periodicity was recognized in semi-crystal-
line starch granules as alternating layers of crystalline

and amorphous lamellae called clusters.1,2 About 10

such clusters form a 100nm thick semi-crystalline

growth ring.3 For waxy (amylopectin) and normal

native starches the overall thickness of the cluster is

approximately 9–10nm4–7 and that for the crystalline la-

mella is 5–6nm.8 The crystalline lamella is believed to

consist of ordered double helices mainly formed by amy-
lopectin A-chains and amylose tie-chains.1,2,8,9 The lat-

ter term (�tie-chains�) implies only the portions of
macromolecules that connect with crystalline lamella

and have elongated (straightened) conformations inside
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crystalline lamellae and an unordered conformation

after extending from crystalline to amorphous lamel-

lae.1,2,8,9 This corresponds to the absence of any orienta-
tion of tie-chains within amorphous lamellae and their

�hard, longitudinal� orientation inside crystalline lamel-
lae. Beside tie-chains the amorphous lamella consists

of amylopectin B-chains.1,2,6,7 These investigations have

been extended to maize, pea, and barley starches, which

have larger amylose content, and these studies revealed

an increased thickness of crystalline lamellae, although

with the same overall thickness of each cluster.5 How-
ever, for the new mutant wheat starches (amylopectin

and high amylose starches) that have been produced in

the middle of the 1990�s and at the beginning of this cen-
tury,10–12 little data are currently available regarding the

effects of amylose content on the structure of the clusters

as well as on the sizes of semi-crystalline growth rings.

To date, the study of native wheat starches containing

from 1.5% to 39.5% amylose has shown that in spite of
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Table 1. Some characteristics of wheat starches12

Wheat

varieties

Amylose

contenta

(%)

Degree of

crystallinity,

DCWAXS
b (%)

Lcrl
c

(nm)

Tmcrl
d

(K)

Leona 1.5 30 4.5 ± 0.4 336.6 ± 0.2

Beseda 11.2 25 4.5 ± 0.2 331.3 ± 0.1

Im. Rapoporta 26.0 — 4.9 ± 0.2 330.5 ± 0.1

Bulava 39.5 23 4.2 ± 0.2 329.7 ± 0.1

a The amylose content in the samples was determined spectrophoto-

metrically using iodine complexation.20

b The degree of crystallinity of native starches (DCWAXS) was deter-

mined from WAXS data using ball-milled wheat starch as an

�amorphous� standard.
c The thickness of crystalline lamellae was determined using the �two-
state� model applied for description of the melting process of native
starches.
d The peak melting temperature of crystalline lamellae.
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changes in amylose content, both A-type polymorphous

structure in native granules and the thickness of crystal-
line lamella (4.7 ± 0.5nm) remain unchanged.12 At the

same time, in going from amylopectin to high amylose

starches, a decrease of the degree of crystallinity has

been observed.12 In this respect, the bimodal starches

from wheat and barley show reasonably similar behav-

ior.12,13 There are two populations of size distribution

in granules of bimodal starches. For example, for wheat

starches the size of the small granules is below 10–14lm
while the size of the large granules ranges between

10–14lm and 36lm. In contrast, in monomodal

starches, for instance those from maize and pea,14,15 only

one granule population size distribution is observed. For

the starches from latter two varieties, changes in poly-

morphous structure and increased thickness of crystal-

line lamellae are observed when passing from

amylopectin (waxy) to high amylose starches.5,8,14,15

Consequently, the direct application of already existing

information about �traditional� starches from different

crops to relatively unstudied mutant wheats may be

rather unreliable. The assessment of the cluster size in

mutant wheat starches is important to define their struc-

tural features and to obtain a better understanding of

the relationship between sub- and supra-molecular

structures and their thermodynamic melting parameters.
The results of a study on the thermodynamic properties

of mutant wheat starches have been recently pub-

lished.12 In that paper it was proposed that the observed

decrease in the melting temperature with increasing

amylose content could be due to accumulation of defects

in the granule structure.

Small-angle X-ray scattering (SAXS) and neutron

scattering patterns from starch samples show a broad
diffraction peak related to the periodical arrangement

of the clusters in the semi-crystalline granules. The

thickness of the cluster (the overall thickness of one

crystal plus one amorphous lamella) can be calculated

from the position of this peak by applying the Wolf–

Bragg equation or through the paracrystalline diffrac-

tion theory. The application of Wolf–Bragg equation

is straightforward but the value of the cluster size deter-
mined by this method can differ slightly from the correct

one. The paracrystalline diffraction method is more

sophisticated and is more physically meaningful because

it takes into account the nonideal periodicity of clusters

in semi-crystalline growth rings. In addition to provid-

ing the cluster size, this method also yields a great deal

of other information about the structure of native

starches.3–7 However, the paracrystalline method in-
volves fitting many structural parameters, the evaluation

of which may be ambiguous. Moreover, the results ob-

tained by this method depend on the type of paracrystal-

line model chosen.

Information about higher-level structural organiza-

tion in starch polysaccharides, like semi-crystalline
growth rings, can be drawn from various microscopy

approaches. Growth rings of potato starch are visible
by means of light microscopy without any previous

treatment while those for other starches16–18 require

application of atomic force microscopy. Those for wheat

starch can be visualized with scanning electron micro-

scopy (SEM) after previous enzymatic or acid treat-

ment.16 Computer-assisted analysis of SEM data

allows the quantitative characterization of the semi-crys-

talline growth rings.
In this work, we used SAXS and SEM investigations

to probe the effect of amylose content in mutant wheat

starches on the structural parameters of amylopectin

clusters. The SAXS data were processed both with the

Wolf–Bragg equation and with the paracrystalline dif-

fraction method. To provide a more detailed picture of

the clusters, we compared the results of the studies re-

ported here with studies using wide-angle X-ray scatter-
ing (WAXS) and differential scanning calorimetry

(DSC), which have previously been published.12
2. Materials and methods

2.1. Materials

Different wheat varieties were selected through chemical

mutagenesis, using ethylene-imine as the mutagen.19

The wheat cultivars investigated were grown in central

Russia (Moscow Region) in the 2000 growing season.

Native starches were isolated according to Richter

et al.20 The starch from wheat variety �Leona� was kindly
supplied by Dr. P. Seib. The moisture content in the

starches studied was in the range of 11–12%. Character-
istics of native starches and the methods of their deter-

mination were published elsewhere12 and some of them

are presented in Table 1.
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2.2. Methods

2.2.1. Small-angle X-ray scattering (SAXS). For SAXS

measurements, powders of native starches were dis-

persed in an excess of distilled water to form slurries

with �50% weight fraction of dry matter, as described
previously.4,5

SAXS measurements were carried out in transmission

geometry using an X-ray diffractometer designed in the

Institute of Biochemical Physics (Moscow, Russian Fed-
eration). During X-ray exposure, the starch slurries were

kept in sealed cells to prevent dehydration. The X-ray

beam emitted from the fine-focus Cu X-ray tube operat-

ing at 30kV/30mA was Ni-filtered and line-focused with

a glass mirror (Franks-type collimator21). The SAXS

patterns were recorded with a gas-filled (85% Xe, 15%

Me) one-dimensional position-sensitive detector22 with

a delay line readout constructed in the Joint Institute
for Nuclear Research (Dubna, Moscow Region,

Russian Federation). The sample-to-detector distance

was 415mm. Experimental SAXS curves were corrected

for the background scattering, corrected for collimation

distortions (desmeared) as reported23 and plotted as a

function of S = (2sinh)/k, k and h being the CuKa-wave-

length (0.1542nm) and half the scattering angle, respec-

tively. Collimation correction was performed with the
SAXS data processing program PRO, developed in the

Institute of Crystallography (Moscow, Russian Federa-

tion). Curve fitting for the desmeared SAXS curves was

performed with the curve fitting procedure in the pro-

gram package EasyPlot for Windows ver.2.22-5 (Spiral

Software & MIT).

Parameters of the SAXS peaks (intensity Imax, posi-

tion Smax, and full width at half maximum DS) were
Figure 1. Desmeared SAXS pattern of Leona amylopectin wheat starch slur

position (Smax), intensity (Imax), and full width at half maximum (DS).
determined by the simple graphical method as shown

for one starch sample in Figure 1. These parameters
were also obtained by fitting the SAXS curves to the

equation:

IðSÞ ¼ Imax½1þ ð2ðS � SmaxÞ=DSÞ2��1 þ aS�x; ð1Þ
where Imax, Smax, DS, a, and x are positive adjustable

parameters. The first term in Eq. 1 is given by the Cau-

chy function and describes the SAXS peak. The second

term is given by the power-law function and describes

the underlying diffusive scattering. The example of a fit

of SAXS curve by this method and its resulting decom-

position into diffraction peak and underlying diffusive

scattering is shown in Figure 2. The Bragg spacing D

was calculated according to the Wolf–Bragg equation

as D = (Smax)
�1.

The SAXS curves were also analyzed according to

paracrystalline diffraction theory.24–26 It was assumed

that a cross-section of all crystalline lamellae has the

same single step function for the electron density profile

of width L, and that paracrystalline lattice distortions

arise from a variation of the thickness of the amorphous
layers separating crystalline lamellae. The SAXS inten-

sity was assumed to be the sum of the paracrystalline

diffraction term AÆS�1Æf 2ÆSÆZ(S) and the additional scat-
tering component aS�x + k:

IðSÞ ¼ AS�1f 2ðSÞZðSÞ þ aS�x þ k: ð2Þ
In this expression, A and S�1 are a scaling factor and the

inverse Lorentz correction factor, respectively, and f(S)

is the scattering amplitude for a single crystalline lamella

of thickness L,

f ðSÞ ¼ sinðpLSÞ
pS

; ð3Þ
ry and a sketch of the graphic determination of the SAXS maximum



Figure 2. The desmeared SAXS pattern of Leona amylopectin wheat starch slurry (1, open circles) and its fit (1, line) by the sum of the diffraction

peak (2) and power-law diffusive scattering (3) according to the Eq. 1.
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and Z(S) is the interference function (lattice factor),25

ZðSÞ ¼ 1� jF ðSÞj2

1� 2jF ðSÞj cosð2pS�aÞ þ jF ðSÞj2
: ð4Þ

In Eq. 4 F(S) is the Fourier transform of the distance

distribution function H1(x) for the centers of adjacent

crystalline lamellae, and �a is the average distance be-
tween the centers of such lamellae, that is, the average

thickness of the amylopectin cluster. To evaluate F(S)

we assumed, as described previously,24,25 that H1(x) fol-

lows the normal Gaussian law with a mean square devi-

ation r:

H 1ðxÞ ¼
1

r
ffiffiffiffiffiffi
2p

p exp �ðxþ �aÞ2

2r2

 !
ð5Þ

The SAXS intensities were fitted for 0.017 < S < 0.2

with the expression 2 with A, a, x, k, L, �a, and r as var-
iables and the paracrystalline structure parameters L, �a,
and r for the starch semi-crystalline growth rings were
determined as described. An example of such a fit for

one of the starch samples studied is shown in Figure 3.

2.2.2. Scanning electron microscopy (SEM). Native

starch granules were treated in hydrochloric acid solu-

tion27 before SEM investigations. Briefly, 50mg (d.w.)

starch granules were exposed to the action of 3mL of

8% (2.2N) hydrochloric acid in a tightly sealed 30mL
centrifuge tube. The tube was continuously and gently

shaken in a water bath at 38 �C for 12h. After addition
of 15–20mL of cold distilled water, the tubes were cen-

trifuged. The supernatant was discarded and the starch

residue (a pellet) was washed with water to neutral pH

and dried in an oven at 25 �C.
The granular morphology of starches was studied

with SEM. The starch sample was fixed upon a gold-
coated specimen holder (a two-side adhesive copper

plate), in a vacuum evaporator (Jeol JEE 44E) and ana-

lyzed with a scanning electron microscope (Jeol JSM

5200) under a 10kV potential drop.

2.2.3. Digital image analysis (DIA) of granules morpho-
logy. SEM photographs (12.2cm · 8.7cm) of starch at
the same magnification (5000·) were scanned with an
Epson Expression 1680 Pro scanner connected with

PC Pentium 4 computer working in a MS-Windows

environment. The resolution was set at 800dpi resolu-

tion and the images were saved in as 256 gray level

TIF files. The scanning program Adobe Photoshop

5.LE was used. Acquired images were analyzed and
processed using the Olympus Micro Image 4 (Olympus

Europe) software package. A previous calibration was

performed using a picture scaling bar. The parameters

of the semi-crystalline growth rings were measured using

digital image analysis (DIA). DIA was performed using

Olympus Micro Image 4 (Olympus Europe) on software

designed for the automated measurement of characteris-

tic profiles from the photographs. The characteristic
measured in the work presented here was the thickness

of semi-crystalline rings using the standard procedure

(gray level) after enhancing sharpness, brightness, and

contrast.

Because the interiors of the granules were photo-

graphed at different angles, only some of the many

images were chosen for analysis. In particular, the anal-

ysis was done on those with the most planar chip surface
and the most parallel orientation of this surface toward

part of the specimens. The thickness of each semi-crys-

talline ring was measured at more than 40 points along

its length, which gives 200–280 results for all specimens

analyzed for each starch sample. For each starch sam-

ple, five to seven SEM photographs were examined.



Figure 3. Desmeared SAXS pattern of Leona amylopectin wheat starch slurry (1, open cirlces) and its fit (1, line) according to the expression 2 by the

sum of the paracrystalline diffraction term (2) and additional scattering component (3).
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3. Results and discussion

The SAXS patterns of the starches studied are shown in

Figure 4, which are at the same relative scale and there-

fore directly comparable. It is evident from the figure

that the diffraction intensity from amylopectin starch
is about three times higher in comparison with the val-
Figure 4. Desmeared SAXS patterns of the wet wheat starch slurries (1—Le
ues for the other starches. The SAXS-derived parame-

ters of the amylopectin clusters are presented in Tables

2–4.

Table 2 contains the data obtained by graphical anal-

ysis of the SAXS peak and through the Wolf–Bragg

equation. Table 3 contains the data obtained by the ana-
lytical treatment of the SAXS peak and the Wolf–Bragg
ona, 2—Bulava, 3—Beseda, 4 — Im. Rapoporta varieties).



Table 2. Intensity (Imax), position (Smax), full width at half maximum (DS), and Bragg spacing (D = (Smax)
�1) of the SAXS maximum for the wet

starches, determined as shown in Figure 1a

Starch Imax (rel. units) Smax (nm
�1) DS (nm�1) D (nm)

Leona (1.5% amylose) 16.2 0.098 0.037 10.2

Beseda (11.2% amylose) 5.5 0.098 0.036 10.2

Im. Rapoporta (26.0% amylose) 5.5 0.098 0.036 10.2

Bulava (39.5% amylose) 3.8 0.094 0.036 10.6

a The accuracy in the measurement is ±0.001nm�1 for Smax and DS and ±0.2rel. units for Imax.

Table 3. Intensity (Imax), position (Smax), full width at half maximum (DS), and Bragg spacing (D = (Smax)
�1) of the SAXS maximum for the wet

starches, determined from the results of the least squares fit according to Eq. 1 as depicted in Figure 2

Starch Imax (rel. units) Smax (nm
�1) DS (nm�1) D (nm)

Leona (1.5% amylose) 25.3 0.099 0.046 10.1

Beseda (11.2% amylose) 8.1 0.099 0.044 10.1

Im. Rapoporta (26.0% amylose) 7.9 0.099 0.044 10.1

Bulava (39.5% amylose) 7.7 0.096 0.053 10.4

Table 4. Parameters of the lamellar structure: average repeat distance

�a corresponding to thickness of amylopectin clusters, its mean square
deviation r, and crystalline lamella thickness Lcrl found for the starch
granules according to the paracrystalline diffraction theory

Starch �a (nm) r (nm) Lcrl (nm)

Leona (1.5% amylose) 8.9 2.6 4.8

Beseda (11.2% amylose) 8.8 2.6 4.6

Im. Rapoporta (26.0% amylose) 8.8 2.6 4.6

Bulava (39.5% amylose) 8.5 2.8 4.9

Obtained by a least-squares fit of the experimental intensity with Eq.

(2) for 0.017 < S < 0.2.

2688 V. P. Yuryev et al. / Carbohydrate Research 339 (2004) 2683–2691
equation. Table 4 shows the results of the SAXS curves

processed according to paracrystalline diffraction theory.

The analysis of the data presented shows that, irre-
spective of the method of determination, the changes

in the calculated parameters observed with increasing

amylose content are rather similar. The values obtained

are in agreement with results published for normal

wheat7 and some other starches.3–6,28 However, it is

worth noting that the average repeat distance �a deter-
mined by the paracrystalline approach (Table 4) is about

10% smaller than the Bragg distance D (Tables 2 and 3),
and this is in agreement with results reported by others.4

As can be seen from Tables 2 and 3 and Figure 4, an

increase in amylose content leads to a 3–4-fold decrease

in the intensity of the scattering maximum (Imax).

According to X-ray diffraction theory,24–26 Imax depends

on the amount of the ordered semi-crystalline structures

and/or on the differences in electron density between

crystalline and amorphous lamellae in given starches.
Because the degree of crystallinity in starches studied

varies insignificantly (Table 1), it can be postulated that

the observed changes in Imax mainly reflect the difference

in the electron density between crystalline and amor-

phous lamella.

Three hypotheses can be proposed to explain the de-

crease in the differences in electronic density between
crystalline and amorphous lamellae on increasing amy-

lose content in native starches. Namely: (i) co-crystalli-

zation of amylose macromolecules with amylopectin

A-chains,5 (ii) accumulation of amylose chains oriented
transversely to the lamella stack within amorphous

lamellae,29 (iii) accumulation of amylose tie-chains ori-

ented along lamella stack inside both crystalline and

amorphous lamellae.8,30–32

Each hypothesis was considered using the Thomson–

Gibbs� equation33

Tm ¼ T �
m½1� 2ci=ðDH �

mqcrlLcrlÞ�
where T �

m and H �
m are the melting temperature and the

melting enthalpy, respectively, of a hypothetical crystal

with unlimited size (a perfect crystal). ci is the free sur-
face energy of face sides of crystalline lamellae, while qcrl
and Lcrl are, respectively, the density and the thickness

of the crystal, for semi-crystalline polymers33 and

starches.8,32 Our analysis is based on the thesis that there
is a relationship between structure and thermodynamic

properties for bio- and synthetic polymers.

The following was considered in the analysis: (i) amy-

lose and amylopectin macromolecules are incompatible

in solution34 and gels,35 (ii) water content in wheat seeds

during their ripening is changed from 80% to 18%,36 and

(iii) most of the ordered structures are formed up to

milky-waxy or waxy ripening stages for wheat32,37 and
wrinkled pea30,32 when water content reaches approxi-

mately 40%, for wheat seeds.36 In particular, it is

difficult to imagine conditions that would allow for co-

crystallization of amylose and amylopectin macromole-

cules. Additionally, if an increase in the thickness of

crystalline lamellae truly exists over all ranges of amy-

lose content (from 0% to 70%),5 we should observe33

an increase in Tm values. However, analysis of published
data on changes in Tm values for wheat, barley, and

maize starches,12,38,39 containing from 1% to 39.5%

amylose, shows a decrease or an invariability in Tm
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value with increasing amylose content. This temperature

�jump� in Tm has been observed only for maize
starches8,39 containing 50% and 70% amylose. In this

case, the thickness of crystalline lamellae, estimated

both from DSC and SAXS data is indeed in the range

of 7.2–9.1nm.5,8,30

It is well known that melting of crystals begins from

their defects.40 According to Gidley,29 the localization

of amylose chains in amorphous lamellae realizes in

more and more degree at a passing from amylopectin
to high amylose starches. Such chains cannot be consid-

ered as crystalline phase defects and, correspondingly,

they do not affect the melting temperature of crystals.

In the contrast to previous conclusions, amylose tie-

chains can be considered as defects located both in crys-

talline and amorphous lamellae. An accumulation of

such chains is observed both at passing from amylopec-

tin to high amylose starches containing <50% amylose
and at structure formation of native granules during

their biosynthesis. These phenomena are usually accom-

panied by a decrease in Tm of starches. It is proposed

that a temperature �jump� in starches containing P50%
amylose is the result of the formation of amylose double

helices from amylose tie-chains when the content of

these chains in granules reaches the critical magni-

tude.8,32 As amylose content in native wheat starches
does not exceed 39.5%, it could be expected that an in-

crease of amylose in wheat starches would be accompa-

nied by decreasing Tm values. Such changes have been

observed12 (Table 1) for the starches studied here. The

accumulation of defects formed from amylose tie-chains

could be sufficient explanation for the decreasing differ-

ences in electronic density between crystalline and amor-

phous lamellae at passing from amylopectin to high
amylose wheat starches containing 650% amylose. In

this case, it can be concluded that amylose tie-chains

act as defects in crystalline lamellae, decreasing their

density and simultaneously increasing the molecular

density of amorphous lamellae.

In summary, it can be concluded that a decrease of

electronic density between crystalline and amorphous

lamellae in wheat starches is due to an accumulation
of amylose tie-chains with increasing amylose content

in the granules.

It could be expected that an accumulation of defects,

in particular, amylose tie-chains, can lead to the changes

of the size or clusters as a whole or the sizes of both

lamellae with an unchanged overall cluster size. A solu-

tion to this problem is of interest for two reasons: (i)

such data are absent for mutant wheat starches and
(ii) a decrease in Tm at increasing amylose content in

wheat starches (Table 2) can be both due to increasing

content of amylose tie-chains and the changes of crystal-

line lamellae thickness.

The data from Tables 2 and 3 allow for the possibility

that the overall thickness of clusters in amylopectin and
normal wheat starches is constant, while a slight increase

(in average of 0.3–0.4nm) of the cluster size possibly
takes place on passing from normal to high amylose

wheat starches. However, the latter conclusion is not

supported by the results obtained from the application

of the paracrystalline diffraction theory (Table 4), as

well as by the results of the work5 on maize, pea, and

barley starches. According to the data from Table 4

and previous studies,5 the overall thickness of clusters

is constant irrespective of the amylose content.
The values of the thickness of the crystalline lamellae

drawn from SAXS data according to the paracrystalline

model (Table 4) are very close to each other and to those

obtained from DSC investigations using the �two-state�
model of the melting transition (Table 1 reports the data

only for four of seven wheat starches12 with different

amylose content). Moreover, the estimations of Lcrl ob-

tained from SAXS (Table 4) and DSC (Table 1)12 meas-
urements show that irrespective of amylose content in

wheat starches, Lcrl is constant. It follows that joint

SAXS and DSC data confirm the thesis that there is a

relationship between structure of starches and their ther-

modynamic properties. On the other hand, this conclu-

sion is not supported by the data reported previously.5

In that work, the authors concluded that the increase

of amylose content leads to an increase of the thickness
of the crystalline lamellae in legumes and maize samples

containing P50% amylose.30,39 It cannot be excluded

that these discrepancies may be due to differences in

the amylose content of the starches investigated in the

study30,39 and in the present paper.

From the analysis using the Thomson–Gibbs equa-

tion, it can be concluded that a lower melting tempera-

ture is related to the changes of three parameters: the
polymorphous structure of the crystal, the thickness,

and the surface free energy of crystals. Because an in-

crease of amylose content in wheat starches does not

imply a change in their polymorphous structure12 nor

thickness of crystalline lamella (Table 112 and Table

4), the main contribution to Tm changes comes from

the changes in surface free energy of crystals. This, in

turn,33 is mainly dependent on surface entropy, which
is proportional to the content of defects. Therefore, an

increase in defects may produce a decrease of the melt-

ing temperature of the crystals.32 The analysis of SAXS

and DSC data suggests that the main reason for a lower

melting temperature in wheat starches is apparently an

accumulation of defects with increasing amylose

content.

It is well known1–5 that semi-crystalline growth rings
consist of amylopectin clusters. Therefore it was of inter-

est to determine the influence of amylose content on

sizes of semi-crystalline growth rings, as such data are

lacking for wheat mutant starches. SEM photographs

of wheat starches are presented in Figure 5. Alternating

light and dark layers are observed, the former being



Table 5. The average thickness of semi-crystalline growth rings in

wheat starches with different amylose content

Starch Amylose content (%) Average thickness of

semi-crystalline growth

rings (nm)

Leona 1.5 182

Beseda 11.2 240

Bulava 39.5 312

Figure 5. SEM-pictures of wheat starches with different amylose content.
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related to semi-crystalline growth rings, the latter to

amorphous background.
DIA of the SEM photographs (Table 5, Fig. 5) show

that the average thickness of semi-crystalline growth

rings is, generally, in agreement with the earlier pub-

lished data3,18 on growth rings in starches from other

origins. Detailed analysis of the data (Table 5) shows

that the average thickness of semi-crystalline growth

rings increases, rather regularly, with increasing amylose

content. In other words, the largest thickness of semi-
crystalline growth ring is observed in wheat starches

with larger amylose content (Fig. 5, Table 5).

Comparing the published data3,18 with those in the

present work, it is possible to suggest that the internal

structure of starch granules is dependent not only on

the botanical origin of the starch but also on the amy-

lose content.
4. Conclusions

The structural characteristics of wheat starches with dif-

ferent amylose content were studied with SAXS and
SEM methods. These studies provided additional infor-

mation about the macromolecular organization of

starch polysaccharides. A noteworthy result is the role

of the amylose content on the average thickness of

semi-crystalline growth rings in a given starch species.
The SAXS data obtained show that an increase of amy-

lose content in native wheat starches is accompanied by

a decrease of the electron density contrast between crys-

talline and amorphous lamellae whilst their thickness

and the overall cluster size remains unchanged. The de-

crease of the electronic density contrast appears related

to an accumulation of defects, particularly, amylose tie-

chains. The data obtained allow a tentative explanation
for the decrease in the melting temperature of wheat

starches on the increasing of amylose content, although

a definite conclusion cannot yet be assessed owing to

many questions that still remain open and demand addi-

tional investigation.
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