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ABSTRACT 15 

 16 

Small-angle X-ray scattering (SAXS) together with several complementary techniques, such 17 

as differential scanning calorimetry and X-ray diffraction, have been employed to investigate 18 

the structural features that give diverse functional properties to wheat starches (Triticum 19 

aestivum L.) within a narrow range of enriched amylose content (35 to 43%). For these 20 

starches, which come from a heterogeneous genetic background, SAXS analysis of duplicate 21 

samples enabled structural information to be obtained about their lamellar architecture where 22 

differences in lamellar spacing among samples were only several tenths of nanometer. The 23 

SAXS analysis of these wheat starches with increased amylose content has shown that 24 

amylose accumulates in both crystalline and amorphous parts of the lamella. Using waxy 25 
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starch as a distinctive comparison with the other samples confirmed a general trend of 26 

increasing amylose content being linked with the accumulation of defects within crystalline 27 

lamellae. We conclude that amylose content directly influences the architecture of 28 

semicrystalline lamellae, whereas thermodynamic and functional properties are brought about 29 

by the interplay of amylose content and amylopectin architecture. 30 

 31 

Keywords: Wheat starch, Triticum aestivum, amylose, amylopectin, small-angle X-ray 32 

scattering, granule structure, X-ray diffraction, differential scanning calorimetry. 33 

 34 

INTRODUCTION 35 

 36 

Semicrystalline native starch granules display a hierarchical structural periodicity. Starch 37 

granules have a layered organization with alternating amorphous and semicrystalline radial 38 

growth rings of 120 to 400 nm thickness emanating from the hilum. The amorphous rings 39 

consist of amylose and amylopectin in a disordered conformation, whereas the semicrystalline 40 

rings are formed by a lamellar structure of alternating crystalline and amorphous regions with 41 

a repeat distance of 9 to 11 nm (Cameron & Donald, 1992). The crystalline regions of the 42 

lamellae are mainly formed by double helices of amylopectin side chains packed laterally into 43 

a crystalline lattice, whereas amorphous regions contain amylose and the amylopectin 44 

branching points. Amylopectin clusters may contain amylose molecules that pass through 45 

both the crystalline and amorphous layers. These “tie-chain” amylose molecules are proposed 46 

to be in a straightened conformation in crystalline regions and in a disordered conformation in 47 

amorphous regions (Kozlov et al., 2007a; Matveev et al., 1998). 48 

 49 
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Small-angle X-ray scattering (SAXS) techniques measure differences in electron density 50 

distribution, whereas diffraction techniques are indicative of crystallinity of the material. 51 

SAXS and neutron scattering have been shown to be useful for studying the arrangement of 52 

lamellar structures in semi-crystalline starch granules (Waigh et al., 1996). SAXS patterns 53 

from hydrated native starches show a broad scattering peak, from which the average thickness 54 

of the lamellar repeat unit (that is the thickness of the crystalline plus amorphous layers) can 55 

be calculated. In combination with other techniques, such as differential scanning calorimetry 56 

(DSC) and X-ray diffraction (XRD), the thickness of the crystalline layer can be calculated 57 

(Blanshard et al., 1984; Waigh et al., 1998, 2000a, 2000b). The position of the SAXS peak is 58 

related to the average lamellar repeat length in granular starches, whereas peak width and 59 

intensity are mainly dependent on the regularity of the arrangement of lamellae and the 60 

electron density differences between the amorphous and crystalline regions of the lamellar 61 

structure. Recent studies using SAXS and high-sensitivity DSC have increased our 62 

understanding of the influence of amylose located within amylopectin clusters in native starch 63 

granules (Kozlov et al., 2006). SAXS has also proved useful in helping to describe processes 64 

such as swelling, gelatinization, retrogradation and annealing (Donald et al., 2001; Lopez-65 

Rubio et al., 2007; Vermeylen et al., 2005, 2006).  66 

 67 

Several approaches aimed at obtaining wheat starches with increased amylose content have 68 

been reported in the literature. Some of the breeding programs are based on the genetic 69 

manipulation of the enzymes involved in starch synthesis (Kozlov et al., 2006; Morell & 70 

Myers, 2005), whereas selecting among wheat varieties with increased amylose content for 71 

functional characteristics has also been reported to lead towards the increase in amylose 72 

content (Blazek & Copeland, 2008). Different breeding approaches can result in starches with 73 

increased amylose that vary in their functional, structural and thermodynamic characteristics. 74 
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For example, wheat varieties with increased amylose content described by Hung et al. (2007) 75 

had levels of crystallinity comparable to starches with normal amylose content, whereas 76 

another study using a different breeding strategy found increased amylose content to be 77 

accompanied with a loss of crystallinity (Hung et al., 2008). 78 

 79 

The varieties used in this study, and those described by Blazek and Copeland (2008) and 80 

Hung et al. (2008), were obtained by genetic back-crossing of wheat cultivars grown in 81 

Australia. The swelling power test was used as a simple screening method to select lines for 82 

increased amylose content; hence, the genetic background of these wheat cultivars was not 83 

uniform. These starches have been shown to have a gradation of pasting, swelling and 84 

thermodynamic characteristics correlated to amylose content (Blazek & Copeland, 2008; 85 

Hung et al., 2008). In this study, SAXS together with DSC, XRD and fluorophore-assisted 86 

capillary electrophoresis, were employed to further examine structural features that provide 87 

these starches with a wide range of functional properties within a narrow range of enriched 88 

amylose content. 89 

 90 

MATERIALS AND METHODS 91 

 92 

Materials 93 

 94 

Twelve wheat (Triticum aestivum L.) varieties selected from the set of samples described by 95 

Blazek & Copeland (2008) were used in the study. These included ten varieties with increased 96 

amylose content produced through the Value Added Wheat CRC Pty Ltd (VAWCRC) 97 

breeding program, one waxy variety and starch extracted from commercial flour. This 98 

breeding program is based on commercial Australian hard wheat cultivars of diverse genetic 99 



ACCEPTED MANUSCRIPT 
 

 5 

background. Samples used in the study were grown in Eastern Australia over three growing 100 

seasons. Starch was extracted from flour using a two-step procedure that involved enzymic 101 

removal of proteins and subsequent extraction of free lipids with ethanol, based on the method 102 

of Akerberg et al. (1998) as described by Blazek & Copeland (2008).  103 

 104 

Total amylose (T-AM) and free amylose (F-AM) content were determined by iodine binding 105 

as described by Chrastil (1987) using a calibration curve derived from a set of maize starches 106 

with zero to 75% amylose. According to this method, total and free amylose values were 107 

obtained from iodine binding with and without lipid extraction by ethanol, respectively. 108 

Lipid-complexed amylose (L-AM) was calculated as the difference between T-AM and F-109 

AM. Amylopectin chain length distribution was determined in the laboratories of CSIRO 110 

Plant Industry, Canberra, by fluorophore-assisted capillary electrophoresis using the Beckman 111 

P/ACE System 5010, as described by Morell et al. (1998) and O’Shea et al. (1998). 112 

 113 

Starch swelling power (SSP) was determined by measuring water uptake at 92.5oC by a 40 114 

mg sample of starch according to the method of Konik-Rose et al. (2001) as described by 115 

Blazek & Copeland (2008). The swelling power test was carried out in 0.1% AgNO3 solution 116 

to inhibit α-amylase activity. Particle size distribution was determined in the laboratories of 117 

Allied Mills, Sydney using a Mastersizer laser diffraction instrument in wet-cell mode. Prior 118 

to analysis, starch samples were dispersed in deionized water and filtered through a 63 µm 119 

sieve. Results are presented as the ratio of particles of diameter less than 10 µm (assumed to 120 

be mostly B granules) to particles with diameter between 10 and 35 µm (assumed to be 121 

mostly A granules). 122 

 123 

Small angle X-ray scattering 124 



ACCEPTED MANUSCRIPT 
 

 6 

 125 

SAXS measurements were obtained with a Bruker Nanostar SAXS camera, with pin-hole 126 

collimation for point focus geometry. The X-ray source was a copper rotating anode (0.1 mm 127 

filament) operating at 50 kV and 24 mA, fitted with cross coupled Göbel mirrors, resulting in 128 

a Cu K� radiation wavelength of 1.5418 Å. The SAXS camera was fitted with a Hi-star 2D 129 

detector (effective pixel size 100 �m). The sample to detector distance was chosen to be 650 130 

mm, which provided a q-range from 0.02 to 0.3 Å-1, where q is the magnitude of the scattering 131 

vector defined as: 132 

θ
λ
π

sin
4=q , 133 

with λ the wavelength and 2θ the scattering angle. Starch samples were presented in 2 mm 134 

sealed glass capillaries. Scattering data of starch samples were collected as starch suspensions 135 

containing excess water above the settled starch granules. SAXS curves of waxy starch and 136 

starch extracted from commercial flour were collected once only, whereas 9 replicate SAXS 137 

curves of the 10 starch samples from the VAWCRC were collected using separate capillaries; 138 

the enhanced precision offered by measuring sufficient replicates allowed subtle differences 139 

in lamellar architecture to be discerned. The optics and sample chamber were under vacuum 140 

to minimize air scattering. Scattering files were normalized to sample transmission, and after 141 

subtracting background, averaged radially using macros written in the Igor software 142 

(Wavemetrics, Lake Oswego, Oregon, USA). SAXS curves were plotted as a function of 143 

relative peak intensity, I, versus q, the scattering vector. 144 

 145 

The parameters of the SAXS peaks of the varieties with increased amylose content, namely 146 

the thickness of the lamella and thicknesses of the crystalline and amorphous regions of the 147 

lamella, were determined by considering the ideal lamellar model, which consists of 148 

alternating crystalline and amorphous lamellae that are placed in stacks with dimensions that 149 
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are large enough not to affect the small angle scattering (Balta Calleja & Vonk, 1989; 150 

Koberstein & Stein, 1983; Strobl & Schneider, 1980). The model is assumed to be isotropic, 151 

that is it has no preferred orientation. Extrapolated scattering curves were Fourier transformed 152 

into a one dimensional correlation function using the CORFUNC program (part of the CCP13 153 

suite of software). The correlation function was interpreted in terms of an ideal lamellar 154 

morphology using Igor software and a curve fitting approach to obtain structural parameters 155 

describing the sample, namely the long period Lp (also known as Bragg spacing d or lamellar 156 

repeat distance), hard block thickness Lc and soft block thickness La. Electron density contrast 157 

was calculated from the one dimensional correlation function. The intensity of the scattering 158 

peak was determined by the graphical method as described by Yuryev et al. (2004). Waxy and 159 

commercial samples used in this study were analyzed by the same graphical method to 160 

determine repeat distance and peak intensity. 161 

 162 

An alternative approach is to invoke the model proposed by Daniels and Donald (2003). 163 

However, this model utilizes eight adjustable parameters to account for the small-angle 164 

scattering. In the absence of additional scattering information, such as that obtained with 165 

combined neutron contrast variation methods and subsequent simultaneous global refinement, 166 

this method produces significant uncertainties in the fitting parameters, which limits its 167 

application. Hence, we used the simpler approach to allow comparison to be made between 168 

samples. 169 

 170 

X-ray diffraction 171 

 172 

XRD measurements of starch samples were made with a Difftech Mini Materials Analyser X-173 

ray diffractometer (GBC Scientific Equipment Pty. Ltd.). The X-ray generator was equipped 174 
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with a cobalt anode (λ = 1.78897 Å) operating at 1 kW and 3.36 mA. X-ray diffractograms 175 

were acquired at room temperature (20 ± 1°C) over the 2θ range of 5° to 35° at a rate of 0.50° 176 

2θ per minute and a step size of 0.05° 2θ. Traces software v. 6.7.13 (GBC Scientific 177 

Equipment Pty. Ltd.) was used to manually subtract the background representing the 178 

amorphous portion of diffractograms. Starch crystallinity was calculated as a ratio of the 179 

crystalline area to the amorphous area. Perfection of the crystalline structures of the samples 180 

was assessed based on the full width at half maximum values of selected peaks typical for 181 

type A crystallinity. 182 

 183 

Differential scanning calorimetry 184 

 185 

DSC measurements were made using a Modulated Differential Scanning Calorimeter MDSC 186 

2920 instrument (TA Instruments Inc., Delaware, USA).  Starch and deionized water were 187 

weighed directly into an aluminum pan at a starch:water ratio of 1:2, and the pan was 188 

hermetically sealed. An empty pan was used as a reference. The pans were heated from 30 to 189 

140°C with the temperature increased at a rate of 10°C/min. The instrument was calibrated 190 

using indium as a standard. Melting temperatures were determined from the thermograms by 191 

means of the Universal Analysis 2000 software provided by the instrument company.  192 

Calorimetric enthalpy (∆Hm) was determined by numerical integration of the area under the 193 

peak of thermal transition above the extrapolation lines. The average values of the 194 

thermodynamic parameters were determined using duplicate measurements and normalized 195 

per mole of anhydroglucose units (162 g mol−1). 196 

 197 

Scanning electron microscopy 198 

 199 
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Electron micrographs of the starch granules were acquired with a Philips XL30 scanning 200 

electron microscope. Samples were mounted on double-sided carbon tape, coated with gold 201 

and imaged under an accelerating voltage of 10 kV. 202 

 203 

Statistical analysis 204 

 205 

All chemical analyses were performed using separate duplicate samples. Correlation analysis 206 

was performed using XLStat software (Addinsoft, New York, NY). Pearson’s correlation 207 

coefficients (r) were calculated between pairs of measured characteristics. A statistically 208 

significant relationship between two variables is indicated at the level of statistical 209 

significance of p<0.05. The minimum r value for significance at p = 0.05 for n = 10 samples 210 

is 0.632. The starch from the waxy wheat and commercial flour were excluded from the 211 

statistical analysis so as not to distort the correlation coefficients by artificially increasing the 212 

range of measured characteristics. Moreover, the samples from the VAWCRC program were 213 

grown, stored and milled under similar conditions, whereas the waxy line and commercial 214 

sample were provided as flours. 215 

 216 

RESULTS 217 

 218 

Composition and pasting properties of wheat starches 219 

 220 

The composition, swelling properties, melting temperature and chain length distribution of 221 

amylopectin of the starches isolated from the cultivars used in this study are summarized in 222 

Table 1. Excluding the starches from the waxy wheat and commercial flour, these starches 223 

had between 53 and 59% of particles with size distribution between 10 and 35 µm (assumed 224 
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to be mainly A granules). Total, free and lipid-complexed amylose content varied between 36 225 

and 43%, 28 and 33% and 6 and 14%, respectively. Starch swelling power ranged between 226 

5.4 and 6.9 (Table 1). 227 

 228 

Starch extracted from the commercial flour had 35% total amylose, swelling power of 6.3 and 229 

contained 57% of particles with size distribution between 10 and 35 µm. The waxy wheat 230 

variety included in the study as a comparison, had 4% total amylose content and contained 231 

48% of supposed A granules. Swelling power of the isolated waxy starch was not measurable 232 

by the method used in this study. 233 

 234 

Scanning electron micrographs of starch granules of the waxy variety and of the amylose-rich 235 

varieties (SM1118 is shown as a representative) indicated there were no obvious 236 

morphological differences between the granules of the starches examined in this study (Fig. 237 

1). Granules smaller than 10 µm in diameter - assumed to be B granules - displayed round, 238 

ellipsoidal, as well as angular and irregular shapes. The surface of most of the granules with 239 

diameter greater than 10 µm from all studied wheat varieties displayed indentations, which 240 

are likely to be caused by impressions from B granules and protein bodies. 241 

 242 

Amylopectin chain length distribution 243 

 244 

The amylopectin chains were classified into four fractions according to chain length. These 245 

were short chains with degree of polymerization (DP) 6 to 12, medium length chains with DP 246 

13 to 24, long chains with DP 25 to 36, and very long chains with DP greater than 36. The 247 

proportions of the fractions in all of the samples were 41 to 45% of short chains, 46 to 49% of 248 

medium length chains, 7 to 9% of long chains and less than 2% of very long chains (Table 1). 249 



ACCEPTED MANUSCRIPT 
 

 11 

Starches from VAWCRC breeding program had smaller proportions of short chains and 250 

greater proportions of long chains as compared to the waxy and commercial starches. No 251 

apparent trends or differences were observed among the starches from VAWCRC breeding 252 

program (Table 1). 253 

 254 

Crystallinity and thermal characteristics 255 

 256 

XRD patterns of the selected starches are shown in Fig. 2. All of the starches studied 257 

displayed A-type crystallinity with peaks at 17.6, 19.9, 20.8 and 26.7° 2θ. Based on the full 258 

width at half maximum of the characteristic peaks, waxy wheat displayed the most perfect 259 

crystalline structures, whereas the commercial starch showed the least perfect crystallites. The 260 

XRD patterns of the 10 varieties from the VAWCRC program were qualitatively very similar 261 

and differences in total crystallinity and perfection of the crystal structures could not be 262 

quantified due to inherent uncertainties of the method related to the definition of the 263 

amorphous background and peak overlay. A peak fitting procedure described by Lopez-Rubio 264 

et al. (2008) may allow calculation of starch crystallinity and contribution from the different 265 

crystal polymorphs of starch to the total crystallinity, but the quality of the experimental data 266 

and differences among traces were not sufficient to use this method. 267 

 268 

DSC data showed that the gelatinization temperatures of starches isolated from the varieties 269 

from the VAWCRC program varied from 61.5 to 65.4°C (Table 1). Waxy wheat had higher 270 

melting temperature of 66.8°C, consistent with the increased degree of crystallinity observed 271 

by XRD. Starch from the commercial flour had a melting temperature of 62.1°C. Based on the 272 

area under the peak of thermal transition, the transition enthalpy of waxy starch was 1,303 273 
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kJ/mol, whereas the enthalpies of the commercial starch and variety SM1046 were 996 kJ/mol 274 

and 1,211 kJ/mol, respectively (Fig. 3). 275 

 276 

SAXS characteristics 277 

 278 

The SAXS patterns from several of the starches used in this study are shown in Fig. 4. The 279 

values of the parameters obtained from the scattering profile as described in the Methods 280 

section varied significantly among the varieties, as shown in Table 1. Long period, Lp, ranged 281 

between 91.8 and 94.7 Å for the starches from the VAWCRC program. The thickness of the 282 

crystalline region of the lamella (hard block), Lc, and amorphous region (soft block) thickness, 283 

La, varied from 68.4 to 70.9 Å and from 23.4 to 23.9 Å, respectively (Table 1). Fig. 5 shows 284 

nine replicate values of Lp for each of the 10 samples. The variation among the replicates of 285 

each sample was within approximately 1 Å (Fig. 5). The variation in the intensity of the 286 

scattering peak within the 9 replicates was comparable in magnitude to the variation among 287 

individual samples (data not shown). A similar observation was made for electron density 288 

contrast values calculated from the one dimensional correlation function. Therefore, these two 289 

parameters were not used in the statistical correlation analysis. 290 

 291 

As determined by the graphical method of Yuryev et al. (2004), the waxy starch and 292 

commercial variety had repeat distances of 99.6 Å and 108.3 Å, respectively. As a 293 

comparison, graphical analysis performed on one of the replicate SAXS curves of variety 294 

SM1046 yielded a repeat distance of 110.2 Å. It is worth noting that the average repeat 295 

distance as determined by the correlation function analysis (Table 1) is about 15% smaller 296 

than the Bragg distance d, and this is in agreement with results reported by others (Jenkins et 297 

al., 1993; Yuryev et al., 2004). 298 
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 299 

Correlations of the parameters obtained from the SAXS peak with selected chemical and 300 

functional characteristics of the starch varieties used in this study (excluding the waxy wheat 301 

and starch from commercial starch) are summarized in Table 2. Positive correlation 302 

(significant at p<0.05) was found between Lp and T-AM (r = 0.75, Fig. 6). Similarly, 303 

correlations were found between hard and soft block thicknesses and T-AM, with correlation 304 

coefficients of 0.749 and 0.669, respectively. Melting temperature and amylopectin chain 305 

length distribution did not correlate significantly with any of the studied characteristics.  306 

 307 

DISCUSSION 308 

 309 

Repeatability of SAXS measurement 310 

 311 

As shown by the spread of nine replicate values of Lp for each of the 10 samples studied (Fig. 312 

5), the repeatability of individual measurements was within a range of approximately 1 Å. In 313 

comparison, the variation of Lp among the samples with amylose content between 35 and 43% 314 

was of the order of 3 Å. Uncertainty may exist as to whether the magnitude of the 315 

experimental error allows meaningful differentiation of such samples, given their amylose 316 

content falls within a narrow range. However, our study illustrates that SAXS may provide 317 

information regarding the lamellar architecture in sample sets that differ in Lp by only a few 318 

angstroms and that a significant correlation exists between the lamellar repeat and amylose 319 

content. 320 

 321 

 322 
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The scattering intensity for a simple two phase system is proportional to the product of the 323 

relative fractions of each phase and the scattering length density difference (Glatter & Kratky, 324 

1982; Higgins & Benoit 1997). In agreement with this scattering theory and according to 325 

Yuryev et al. (2004), the intensity of the scattering peak (Imax) depends on the amount of the 326 

ordered semi-crystalline structures and/or on the differences in electron density between 327 

crystalline and amorphous layers. Because the degree of crystallinity in the starches studied 328 

did not vary significantly as shown by the XRD, we propose that the observed changes in Imax 329 

mainly reflect the difference in the electron density between the crystalline and amorphous 330 

regions of the lamellar structure. The fact that the variation in Imax values among replicate 331 

measurements was comparable in magnitude to the variation between samples may be 332 

attributed to variations in packing density of individual capillaries influencing the scattering 333 

intensity to an extent that exceeds any correlation. As a result, natural variation between 334 

sample preparations may outweigh any real correlations. The development of a more 335 

reproducible method to avoid such variations in the packing density of these starch slurries 336 

would help overcome this issue. 337 

 338 

Effect of amylose content on the structural parameters of starch granules 339 

 340 

The results of several studies have shown that lamellar repeat distance of starches from 341 

different botanical sources varies within a range between 9 and 11 nm, and that XRD patterns 342 

show little variability within plant species (Kozlov et al., 2007a; Vandeputte & Delcour, 343 

2004; Yuryev et al., 2004). However, starch granules extracted from different plant sources 344 

are usually considered to display decreasing intensity of the scattering maximum with 345 

increasing amylose content (Bocharnikova et al., 2003; Jenkins & Donald, 1995; Kozlov et 346 

al., 2007a, 2007b; Sanderson et al., 2006; Yuryev et al., 2004). This trend is accounted for by 347 



ACCEPTED MANUSCRIPT 
 

 15 

a decrease in the difference in electron density between the crystalline and amorphous regions 348 

of the lamellae with increasing amylose content. Kozlov et al. (2007b) suggested that an 349 

increase in amylose content is accompanied both by accumulation of amylose tie-chains in 350 

amylopectin clusters forming defects in crystalline lamellae, and by disordered amylose 351 

chains within amorphous regions. Disordered ends of amylopectin double helices and/or 352 

double helices not participating in the formation of crystals are also proposed to be 353 

contributing factors to defects of the crystalline regions and, in turn, to greater disorder in the 354 

packing of the lamellar structure (Koroteeva et al., 2007a, b; Kozlov et al., 2007b). The 355 

occurrence of amylose-amylose double helices within the crystalline lamellar regions 356 

containing mainly amylopectin double helices has been shown to be highly unlikely in native 357 

starch granules and is not considered as a possible explanation for the intensity decrease 358 

(Kalichevsky & Ring, 1987; Tester et al., 2000). 359 

 360 

Positive correlations between Lp and amylose content, and between hard and soft block 361 

thicknesses and amylose content, indicate that amylose accumulates in both crystalline and 362 

amorphous parts of the lamellae (Table 2 & Fig. 6). This hypothesis is consistent with current 363 

understanding of starch synthesis, which considers that amylose and amylopectin are 364 

synthesized simultaneously (reviewed by Morell et al., 2003). If thickness of one of the 365 

lamellar regions remained constant as the amylose content varies, it would be more difficult to 366 

explain how amylose and amylopectin are synthesized together and packed into the granule.  367 

 368 

It has been reported that an increase in amylose content would be expected to be accompanied 369 

by decreasing crystallinity, decreasing melting enthalpy and decreasing values of melting 370 

temperature of the amylopectin crystallites in native wheat starch granules with amylose 371 

content less than 50% (Koroteeva et al., 2007a, b; Kozlov et al., 2007b). In agreement with 372 
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results by Hung et al. (2008), our results did not confirm these trends. Insignificant 373 

differences in total crystallinity and the lack of correlation between Tm and any of the studied 374 

characteristics within the set of varieties from VAWCRC program indicates that there may be 375 

several underlying factors affecting lamellar structure that may mask general trends that occur 376 

over a wider range of amylose content. Increased defects in the crystalline lamella with 377 

increasing amylose content may to some extent be compensated by a protective effect of 378 

amylose in the amorphous lamellar regions on the crystallites, consistent with increased soft 379 

block thickness being correlated with increasing amylose content.  380 

 381 

The SAXS curves shown in Fig. 4 indicate that the contrast in electron density between hard 382 

and soft blocks of waxy starch is significantly greater than in the other starches, even when 383 

underlying variability in scattering peak intensity is considered. When the waxy wheat variety 384 

was compared with the other varieties used in this study, the following trends were observed: 385 

the waxy variety had more sharply defined XRD peaks, smaller repeat distance, higher 386 

intensity of the SAXS peak, higher melting temperature, and higher melting enthalpy. Based 387 

on combined results acquired by SAXS, DSC and XRD analyses, we conclude that the 388 

differences between the waxy variety and the other samples used in this study are due to 389 

amylose defects accumulating in the crystalline regions as well as more amylose 390 

accumulating in the amorphous regions of lamellar structure. The higher melting temperature, 391 

more sharply defined XRD peaks and greater intensity of SAXS peak observed for the waxy 392 

starch are consistent with the hypothesis that amylopectin crystallites have fewer defects in 393 

waxy starch than in amylose-rich starches. The larger lamellar repeat distance observed for 394 

the non-waxy starches provides evidence for more amylose accumulating in both crystalline 395 

and amorphous regions of the lamellae in amylose-rich starches. 396 

 397 
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Starch extracted from commercial flour had amylose content between that of waxy wheat and 398 

the set of wheat varieties from VAWCRC. Accordingly, intensity of the scattering peak and 399 

repeat distance of the commercial starch was between that of waxy wheat and the VAWCRC 400 

varieties. However, perfection of XRD peaks, melting temperature and transition enthalpy 401 

were lower than in starches from the VAWCRC varieties. We propose that crystallinity and 402 

thermal characteristics, but not electron density contrast and lamellar thicknesses, of the 403 

commercial starch may have been affected by commercial milling, for example by inclusion 404 

of a grain tempering step.  405 

 406 

Lamellar spacing, as indicated by Lp, did not increase continuously with increasing amylose 407 

content, but rather the 10 samples segregated into two groups, with a step increase in Lp 408 

between them (Fig. 6). The two groups were not differentiated by growing season, and hence 409 

this distribution is likely to reflect underlying genetic variation and/or environmental 410 

influences on the expression and activities of enzymes involved in starch synthesis.  411 

 412 

Over a wide range of amylose content, three main factors are considered to influence the 413 

structural parameters of native starch granules at the nanoscale: (i) amylose defects located in 414 

the crystalline region of the lamellae (both as amylose tie-chains and amylose-lipid 415 

complexes), (ii) the amount of amylose within the amorphous regions of the lamellae, and (iii) 416 

chain length distribution of amylopectin chains (Koroteeva et al., 2007a, b; Kozlov et al., 417 

2007b). When structural characteristics of the group of amylose-rich starches used in this 418 

study were compared with waxy wheat starch, the general trend described by Kozlov et al. 419 

(2007b) was confirmed. However, our results indicate that increasing amylose content within 420 

a narrow range of elevated amylose content is not necessarily accompanied by increased 421 

accumulation of crystal defects. In general, the structure of wheat starches from different 422 
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varieties, and their functional properties, appear to be determined by amylose content, but fine 423 

structural variations brought about by differences in genetic background introduces 424 

uncertainty into the prediction of functional properties from amylose content alone. 425 

 426 

 427 

CONCLUSIONS 428 

 429 

Analysis of starches with amylose content between 35 and 43% showed SAXS may provide 430 

information regarding the lamellar architecture in sample sets that differ in Lp by only a few 431 

angstroms and that a significant correlation exists between the lamellar repeat and amylose 432 

content. The results of the SAXS analysis of the wheat starches were consistent with amylose 433 

accumulating in both crystalline and amorphous parts of the lamellae. We conclude that 434 

amylose content directly affects the organization of semicrystalline lamellae within granules, 435 

whereas thermodynamic properties are influenced more by the interplay between amylose 436 

content and amylopectin architecture. 437 

 438 
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Table 1. Summary of the properties of the starches used in this study.  596 

Total (T-AM), free (F-AM) and lipid-complexed (L-AM) amylose content, and swelling 597 

power of starch (SSP) were determined as described in the text. The percentage of A granules 598 

was calculated from the particle size distribution as particles with diameter between 10 and 599 

35 µm. Melting temperature, Tm, was determined by DSC. Amylopectin chain length 600 

distribution was divided into four groups according to the DP, as described in the text. Long 601 

period Lp, hard block thickness Lc and soft block thickness La calculated from SAXS curves 602 

as described in the text. 603 

 604 

T-AM F-AM L-AM SSP A-
granules

Tm DP 6-12 DP 13-24 DP 25-36 DP> 36 Lp La Lc

(%) (%) (%) (w/w) (%) (°C) (%) (%) (%) (%) (A) (A) (A)

Waxy starch 4.1 - - - 48.1 66.8 43.6 46.9 7.9 1.6 - - -
Commercial starch 35.2 29.5 5.7 6.3 57.3 62.1 45.0 46.2 7.4 1.4 - - -
Diamondbird 36.1 29.9 6.2 6.3 58.2 61.5 43.0 47.0 8.4 1.6 93.38 23.53 69.84
Ega Hume 36.8 30.7 6.2 6.9 58.0 65.0 41.9 47.7 8.7 1.8 92.91 23.54 69.37
Batavia 37.1 29.8 7.2 6.5 55.9 63.8 41.5 48.4 8.3 1.8 91.82 23.37 68.44
Pelsart 37.8 31.9 5.9 6.0 53.2 64.0 42.0 48.0 8.4 1.7 92.64 23.39 69.25
SM1118 38.8 33.2 5.6 5.4 57.1 64.5 41.7 48.6 8.1 1.6 92.94 23.59 69.35
Minto 39.2 30.1 9.1 6.4 55.5 65.4 41.5 48.4 8.4 1.7 92.53 23.52 69.01
OA24-328-1 40.2 31.0 9.2 6.0 57.5 64.0 42.3 47.7 8.4 1.6 94.31 23.85 70.46
OA24-328-3 41.2 33.1 8.1 5.8 59.2 64.1 41.8 47.7 8.7 1.8 94.22 23.77 70.45
OA24-198-3 42.0 33.4 8.7 5.6 55.9 63.6 41.2 47.9 9.0 1.9 94.73 23.78 70.95
SM1046 42.8 28.6 14.2 6.1 58.6 65.0 43.2 47.3 7.9 1.6 94.13 23.60 70.53  605 

 606 

 607 

 608 

 609 

 610 

 611 
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Table 2. Correlation matrix between physicochemical and structural characteristics, based on 612 

the 10 samples used in this study. Values in bold indicate significant correlations at a 613 

significance level alpha=0.05, minimum r to be significant at p=0.05 for n = 10 samples is 614 

0.632. Total (T-AM), free (F-AM) and lipid-complexed (L-AM) amylose content, and 615 

swelling power of starch (SSP) were determined as described in the text. The percentage of A 616 

granules was calculated from the particle size distribution as particles with diameter between 617 

10 and 35 µm. Melting temperature, Tm, was determined by DSC. Amylopectin chain length 618 

distribution was divided into four groups according to the DP, as described in the text. Long 619 

period Lp, hard block thickness Lc and soft block thickness La calculated from SAXS curves 620 

as described in the text. 621 

 622 

 623 

T-AM F-AM L-AM SSP A-granules Tm DP 6-12 DP 13-24 DP 25-36 DP>36
Lp 0.752 0.299 0.483 -0.481 0.482 -0.135 0.239 -0.538 0.336 0.049
La 0.669 0.421 0.330 -0.467 0.512 -0.016 -0.017 -0.254 0.391 0.148
Lc 0.749 0.267 0.501 -0.472 0.463 -0.156 0.285 -0.581 0.316 0.028
Tm 0.368 -0.044 0.360 0.113 -0.070 1 -0.291 0.475 -0.189 0.141  624 

 625 
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Figure captions 626 

 627 

Figure 1. SEM micrographs of waxy wheat starch granules (a) and SM1118 starch granules 628 

(b).  629 

Figure 2. X-ray diffraction patterns of wheat varieties used in this study. Waxy wheat (a), 630 

commercial starch (b) and. SM1046 (c).. The traces have been offset for clarity of 631 

presentation. 632 

 633 

Figure 3. DSC gelatinization characteristics of selected wheat varieties used in this study. 634 

Heat flow was measured in cal/sec/g and the traces have been offset for clarity of 635 

presentation. Starch to water ratio 1:2, heated at 10°C/min.  636 

 637 

Figure 4. SAXS patterns of several of the starch varieties used in this study. The traces were 638 

obtained as described in the Methods section. 639 

 640 

Figure 5. Variability in long period based on nine replicates shown for 10 samples used in this 641 

study. 642 

 643 

Figure 6. Amylose content vs. long period. Error bars show standard deviations based on nine 644 

replicates. 645 

 646 



ACCEPTED MANUSCRIPT 
 

http://ees.elsevier.com/carbpol/download.aspx?id=86131&guid=5aa03643-bf64-4fec-8ed2-68ff957cdef4&scheme=1


ACCEPTED MANUSCRIPT 
 

http://ees.elsevier.com/carbpol/download.aspx?id=86132&guid=df1dbc44-e184-48b0-89d1-7cf56ae3728e&scheme=1


ACCEPTED MANUSCRIPT 
 

http://ees.elsevier.com/carbpol/download.aspx?id=86133&guid=779754f1-8642-47f2-a87f-ec82ab8eb930&scheme=1


ACCEPTED MANUSCRIPT 
 

http://ees.elsevier.com/carbpol/download.aspx?id=86134&guid=75cc7bdc-34df-4804-8ab5-3fd41d576496&scheme=1


ACCEPTED MANUSCRIPT 
 

http://ees.elsevier.com/carbpol/download.aspx?id=86135&guid=dca822f5-3c08-46e2-a636-939294ee8f32&scheme=1


ACCEPTED MANUSCRIPT 
 

http://ees.elsevier.com/carbpol/download.aspx?id=86136&guid=715ac6e1-dd10-4323-adfc-2dcb8878c224&scheme=1


ACCEPTED MANUSCRIPT 
 

http://ees.elsevier.com/carbpol/download.aspx?id=86137&guid=bcef374f-457d-4681-90e4-721ff52e6e8d&scheme=1

