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ABSTRACT 

 

 

 
MORPHOLOGY AND MOLECULAR ORGANIZATION OF DEVELOPING 

WHEAT STARCH GRANULES 

 

 

 
Renuka N. Waduge Advisor: 

University of Guelph, 2012 Professor Koushik Seetharaman 

 

 

During starch synthesis, knowledge of how the supra molecular organization of starch 

granules occur is still unknown. This dissertation begins exploring the changes to wheat 

starch morphology, structure and organization during granule development. Starches 

from wheat seeds harvested at different days after anthesis were isolated and studied for 

their molecular organization at different scales. The interaction of granular starch to 

iodine vapor was used to reveal information about the physical state of the polymers in 

the granules. Both large and small granule populations initiated as spherical shaped 

granules, but large granules changed into lenticular shape, while small granules remained 

spherical. Blocklet, lamellae, and crystalline structures were well developed already at 

seven days of maturity, suggesting their presence at the center of mature granules. 

Furthermore, (i) the size of blocklets decreased from center to the periphery in both 

granule populations, but at all developmental stages, they were larger in small granules 

than in large granules; (ii) Lamellae repeat distance was shorter close to the center of 

granules; (iii) B-type crystallites were mixed with A-type crystallites at the center of 

granules from both populations, but the proportion of B-type crystallites was higher in 

large granules, which  correlated with a higher proportion of amylopectin long chains in



 these granules; (iv) The relative crystallinity (RC) of starches from both populations was 

higher at the center of the granule than that at the periphery. RC was lower in large 

granules than in small granules suggesting influence of the higher amylose content in 

large granules, which introduces more defects reducing RC.  AFM visualized surfaces 

with features different from the regular type of surface among immature starch granules, 

which was interpreted as the amorphous growth ring of the starch granule. Exposure of 

starches to iodine vapor demonstrated different levels of molecular organization between 

them and revealed possible interaction of inter-cluster chain segments and spacer 

segments of amylopectin with iodine. In-situ AFM imaging of the granule surface 

exposed to iodine vapor under humid conditions revealed that glucan polymers or 

polymer segments in between and on top of blocklets have the ability to interact with 

iodine.  
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CHAPTER ONE 

INTRODUCTION 

Wheat is one of the major cereals in the human diet. Starch is the predominant 

component in the wheat endosperm and constitutes two thirds to three quarters of the dry 

weight of a wheat kernel, depending on the cultivar
 
(Hucl & Chibbar, 1996). Starch is 

deposited as semi-crystalline granules, of which amylose and amylopectin are the two 

major glucan polymers. Amylose is essentially the linear polymer while amylopectin is 

highly branched (Jane, 2006; Pѐrez, Baldwin, & Gallant, 2009). Starch granules of wheat 

have a bimodal size distribution; the large granules have a lenticular/disk shape with a 

diameter of 10-35 µm upon maturity, whereas the small granules are spherical/irregular 

in shape with a diameter of 1-10 µm at maturity (Kim & Huber, 2008; Peng, Gao, Abdel-

Aal, Hucl, & Chibbar, 1999; Yoo & Jane, 2002). The two populations of granules are 

initiated in the endosperm during different stages of grain development. The large 

granules appear at about 4-7 DAA (days after anthesis) and continue to increase in size 

throughout the grain filling period, while small granules are initiated at about 12-14 DAA 

and remain considerably smaller at final maturity (Bechtel, & Wilson, 2003; Bechtel, 

Zayas, Kaleikau, & Pomeranz, 1990; Langeveld, Wijk, Stuurman, Kijne, & Pater, 2000). 

While large granules typically represent the greatest proportion of endosperm starch by 

weight at maturity (50-90%), small granules predominate numerically (Morrison, & 

Gadan, 1987). Channels and pores on the surfaces of both large and small granules have 

been observed (Kim & Huber, 2008); but they are different in size and shape. The pores 

are exterior openings to internal channels that penetrate into the granule interior (Fannon, 

Huber, & BeMiller, 1992; Fannon, Shull, & BeMiller, 1993). They are, together with 
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internal channels, true architectural features of starch granules, potentially increasing the 

granule surface area available for chemical and enzymatic reactions (Huber & BeMiller, 

2000). They also facilitate the flow of chemical ingredients into the granule matrix 

promoting the response of the granule (Kim & Huber, 2008). 

Beside morphological differences, large and small granules of wheat starch have been 

reported to have differences with regard to chemical composition, molecular structure, 

relative crystallinity, granular swelling, gelatinization, pasting behavior, and reactivity to 

modifying agents (Ao & Jane, 2007; Geera, Nelson, Souza, & Huber. 2006;  Hung & 

Morita, 2005; Kim & Huber, 2008; Liu, Gu, Donner, Tetlow, & Emes, 2007; Meredith, 

1981; Peng et al., 1999; Sahlstrӧm, Bævre, & Bråthen, 2003; Salman, Blazek, Lopez-

Rubio, Gilbert, Hanley, & Copeland, 2009; Vermeylen, Goderis, Reynaers, & Delcour, 

2005). Large granules contain higher amylose content (Ao & Jane, 2007; Geera et al., 

2006; Liu et al., 2007; Morrison & Gadan, 1987; Peng et al., 1999) but a lower amount of 

lipid and granule-associated proteins than small granules (Ao & Jane, 2007; Geera et al., 

2006; Morrison & Gadan, 1987; Shinde, Nelson, & Huber, 2003). Small granules of 

wheat starch have a higher proportion of external amylopectin chains with DP 6-12 (Ao 

& Jane, 2007; Sahlstrӧm et al., 2003; Vermeylen et al., 2005), lower relative crystallinity 

(Vermeylen et al., 2005), denser crystalline lamellae (Vermeylen et al., 2005), and 

smaller lamellae repeat distance (Salman et al., 2009; Vermeylen et al., 2005) than large 

granules. Small granules gelatinize at higher temperatures with a broader endotherm (Ao 

& Jane, 2007; Geera et al., 2006; Liu et al., 2007; Vermeylen et al., 2005) and retrograde 

at a lower rate (Ao & Jane, 2007) than large granules. Small granules further demonstrate 

lower pasting temperature, but higher viscosities than large granules (Ao & Jane, 2007; 
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Geera et al., 2006; Liu et al., 2007). In addition, it has been reported that some starch 

branching enzymes are preferentially associated with large granules in the wheat 

endosperm (Peng, Gao, Baga, Hucl, & Chibbar, 2000). 

Some researchers explained different properties of large and small granules by the 

differences in: 1) chemical structure and composition (Ao & Jane, 2007; Salman et al., 

2009), 2) granule size (Shinde et al., 2003), and 3) ratio of large:small granules (Geera et 

al., 2006; Liu et al., 2007). It is hypothesized, that the functionality of starch is influenced 

by the interplay of the following factors: 1) granules size, 2) structure of amylose and 

amylopectin, and 3) organization of amylose and amylopectin within the granule interior. 

Thus, the aim of this research was to study the molecular organization of glucan 

polymers within the granules of wheat starch during kernel development. 
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CHAPTER TWO 

LITERATURE REVIEW  

2.1 Starch in General  

2.1.1  Production and Utilization 

Starch is abundant in all major agricultural crops. Although it is the major energy reserve 

for a large variety of higher plants such as cereals, legumes and roots and tubers (Buléon, 

Véronése, & Putaux, 2007), over 90% of world starch production comes from cereals 

(Tetlow, 2006). Maize is by far the most important source of starch in the world 

contributing to over 80% of world starch production, while wheat (>8%), potato (>5%), 

and cassava (>5%) mainly share the rest of the production (Zuckerforschung Tulln, 

2011). Starches such as rice, barley, oats, sweet potato, sago, etc., also contribute to the 

world starch production in small quantities. 

Native starches have diverse properties and have been utilized for various food (54%) 

and non-food (46%) applications (Zuckerforschung Tulln, 2011). Physical and chemical 

modifications have been employed to improve the properties of native starches and make 

starch derivatives, and therefore widen the scope of their applications. Starch and starch 

derivatives have a growing demand in the industry because it is a renewable and 

biodegradable resource, abundant, environmentally friendly, cost competitive, and 

versatile. Applications of starch and starch derivatives in food and non-food industry are 

summarized in Table 2.1. Currently the plant breeding techniques are also used to 

produce starches with improved functional properties. This has resulted in the production  
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Table 2.1 Application of starch and starch derivatives in food and non-food industries 

Type of the Industry Purpose Starch Type 

Food 

 

Thickener, stabilizer, 

binder, moisture retainer, 

fat replacer, adhesive, glaze 

Native and modified starch, 

maltodextrins, high fructose 

syrups 

Beverage 
Soft drinks, beer, alcohol, 

instant coffee 
Sweeteners 

Confectionary 

Ice cream, candy, gums, 

marshmallows, canning, 

marmalade, jams 

Starch, maltodextrins, 

maltose syrups 

Adhesive 

Case sealing, laminating, 

tube winding, corrugated 

board 

Starch, dextrins 

Paper & Cardboard 

Wet end additives, 

spraying, surface sizing, 

coating 

Native, cationic, and 

hydroxyethyl starches 

Textile 
Sizing, finishing, printing, 

fire resistance 

Native and modified 

starches 

Cosmetic 
Emulsifiers, humectants, 

face activators 
Starch, sorbitan esters 

Detergent 
Surfactants, builders, bleach 

activators 
Sucrose derivatives 

Pharmaceuticals 
Diluents, binders, drug 

delivery, encapsulations 

Starch, malto- and 

cyclodextrins, glucose 

syrups, polyols 

Plastics Biodegradable filler Starch 

Biochemistry 

Organic acids, amino acids, 

biopolymers, polyls, 

enzymes, alcohols, 

antibiotics 

Starch hydrolysates 

Other 

Ceramics, coal, water 

treatment, gypsum, mineral 

fiber, oil drilling, concrete 

Native and modified 

starches 

Source: Zhou, 2003 
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of waxy (<5% amylose) and high-amylose (>35% amylose) maize, wheat, rice, and 

barley cultivars. 

2.1.2  Starch Granule Biosynthesis 

Storage starch is deposited in the endosperm (in amyloplasts) of the seed, while transient 

starch is deposited in leaves (in chloroplasts) (Tetlow, Wait, Lu, Akkasaeng, Bowsher, 

Esposito, Kosar-ashemi, Morell, & Emes, 2004). Starch is deposited as semi-crystalline 

granules and consists of two main glucan polymers named „amylose‟ and „amylopectin‟. 

Amylose is essentially a linear polymer with α-(1,4)-linkages between glucose units, 

amylopectin is highly branched polyglucan. In amylopectin molecules, linear chains 

connecting glucose monomers via α-(1,4)-linkages, are interconnected via α-(1,6) 

linkages. Although the macromolecular components of starch granules contain only one 

type of sugar residue and two types of chemical linkages, the biosynthesis of a starch 

granule is more complex than it appears (Bulѐon, Colonna, Planchot, & Ball, 1998a).  

The biosynthesis is co-ordinated through interactions of a group of biosynthetic enzymes 

as demonstrated in Fig. 2.1 (Tetlow, 2011). 

The first step in the biosynthesis of both transient and storage starch in plant tissues is the 

production of adenosine 5'-diphosphate glucose (ADPGlc), which is the soluble precursor 

and the substrate for the starch synthesizing enzymes called starch synthases (SSs), by the 

enzyme adenosine 5'-diphosphate glucose pyrophosphorylase (AGPase) (Jeon, Ryoo, 

Hahn, Walia, & Nakamura, 2010; Tetlow, 2006; Tetlow et al., 2004). AGPase catalyzes 

the rate limiting step in starch biosynthesis and exerts a high degree of control on the flux 

of carbon into this pathway (Buléon et al., 1998a; Smith, Denyer, & Martin, 1997; 

Tetlow, 2006). SSs generally function in the elongation of linear glucan chains by  
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Fig. 2.1 Starch granule biosynthesis pathway in the cereal endosperm (Tetlow, 2011).  
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catalyzing the transfer of the glucosyl moiety of the soluble precursor ADPGlc to the 

non-reducing end of a pre-existing α-(1,4)-linked glucan chain (Jeon et al., 2010; Tetlow, 

2006, 2011). SSs are divided into two major classes: (i) granule bound starch synthases 

(GBSSs), which are involved in amylose biosynthesis (Leloir, De Fekete, & Cardini, 

1961), and (ii) SSs that are involved in amylopectin biosynthesis (Tetlow, 2006, 2011). 

These SSs are also called soluble starch synthases (Cao, Imparl-Radosevich, Guan, 

Keeling, James, & Myers, 1999). 

There are two types of GBSS isoforms known as GBSSI and GBSSII. GBSSI catalyzes 

the elongation of amylose in storage starch (De Feket, Leloir, & Cardini, 1960; Nelson & 

Rines, 1962), while GBSSII is thought to be involved with the starch synthesis in leaves 

and other non-storage tissues (Nakamura, 2002). Mutants of rice (Sano, 1984), maize 

(Tsai, 1974), barley (Patron, Smith, Fahy, Hylton, Naldrett, Rossnagel, & Denyer, 2002), 

and wheat (Fujita, Hasegawa, & Taira, 2001; Nakamura, Yamamory, Hirano, Hidaka, & 

Nagamine, 1995) produced by lacking GBSSI have demonstrated either low or zero 

amylose. GBSSI is found within the granule matrix and therefore one of the so-called 

granule associated proteins. In addition to its role as a limiting enzyme in amylose 

production, GBSSI is involved with the extension of long amylopectin chains (Delrue, 

Fontaine, Routier, Decq, Wieruszeski, & Ball, 1992; Maddelein, Libessart, Bellanger, 

Delrue, D‟Hulst, & Ball, 1994).  

The second group of SSs, which is the group of enzymes involved with amylopectin 

biosynthesis, is divided into four isoforms named SSI, SSII, SSIII, and SSIV (Tetlow et 

al., 2004). Studies with mutants lacking specific SS isoforms have shown that each of 

these isoforms has its own role in amylopectin biosynthesis. SSI is primarily responsible 
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for the synthesis of the shortest glucan chains (degree of polymerization (DP) ≤ 10) 

(Commuri & Keeling, 2001) and their elongation is achieved by SSII and SSIII. Studies 

with mutants lacking SSI have shown that SSI elongate short (DP 4-7) glucan chains. 

Short A and B1 chains are extended by SSI up to a critical length (Jeon et al., 2010). SSI 

is tightly bound to longer amylopectin chains, whereupon it becomes entrapped within 

longer glucans as a relatively inactive protein in the starch granule. Rice mutant lacking 

SSI has shown a deficiency in shorter glucan chains of DP 6-12 (Fujita, Yoshida, 

Asakura, Ohdan, Miyao, Hirochika, & Nakamura, 2006). These authors further reported 

that the lack of SSI in cereal endosperms has no effect on either the size and shape of 

developing seeds and starch granules or the crystallinity of rice starches suggesting that 

other SS isoforms compensate at least partly the starch biosynthesis. In wheat endosperm, 

SSI is expressed early in development producing glucan chains with DP 5-10 (Peng, 

Hucl, & Chibbar, 2001).  

There are two classes of SSII isoform designated SSIIa and SSIIb. Although the role of 

SSIIb is not known yet, SSIIa plays a specific role in the elongation of shorter glucan 

chains (DP≤10) to intermediate size with DP of 12-24 in cereals (Morell, Kosar-Hashemi, 

Cmiel, Samuel, Chandler, Rahman, Buléon, Batey, & Li, 2003; Tetlow, 2006, 2011; 

Tetlow et al., 2004). SSIIa mostly predominates in cereal endosperm while SSIIb is 

mostly restricted to photosynthetic tissues (Tetlow, 2011). The absence of SSIIa in wheat 

and barley results in elevated amylose, more short chains and less intermediate size 

chains in amylopectin chain length distribution, and reduced crystallinity and altered 

granule morphology (Kosar-Hashemi, Li, Larroque, Regina, Yamamori, Morell, & 

Rahman, 2007; Morell et al., 2003; Zhang, Colleoni, Ratushna, Sirghie-Colleoni, James, 
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& Myers, 2004). Both SSI and SSII are trapped within the starch granules in many 

cereals (Morell et al., 2003; Peng et al., 2001; Umemoto & Aoki, 2005).  

The primary role of SSIII is amylopectin synthesis, although it possesses regulatory 

properties with respect to control over the starch biosynthetic pathway (Tetlow, 2011). 

The impact of loss of SSIII is also genetically controlled. The maize and rice mutants 

lack of SSIII produced granules with altered morphology, crystallinity and amylopectin 

with reduced long glucan chains of DP≥30 (Fujita, Yoshida, Kondo, Saito, Utsumi, 

Tokunaga, Nishi, Satoh, Park, Jane, Miyao, Hirochika, & Nakamura, 2007; Inouchi, 

Glover, Takaya, & Fuwa, 1983) and approximately 15% starch as intermediate size 

highly-branched polyglucans (Gao, Wanat, Stinard, James, & Myers, 1998; Jane, Chen, 

Lee, McPherson, Wong, & Radosavljevic, Kasemsuwan, 1999). These observations 

suggest that SSIIIa functions in the provision of long chains, which extends between 

clusters of amylopectin (James, Denyer, & Myers, 2003; Jeon et al., 2010). Furthermore, 

an enhanced activity of SSI was found in SSIIIa mutants (Cao et al., 1999; Fujita et al., 

2007) and GBSS was found in SSIII antisense potato tubers (Fulton, Edwards, Pilling, 

Robinson, Fahy, Seale, Kato, Donald, Geigenberger, Martins, & Smith, 2002) suggesting 

interactions among SS isoforms, which would partially compensate for non-functional or 

insufficient SS isoforms (Jeon et al., 2010). SSIV was found recently (Dian, Jiang, & Wu, 

2005) and is active only in the presence of ADPGlc (Tetlow, 2011). The lack of SSIV 

isoform produced only one large granule in Arabidopsis chloroplast suggesting that it 

controls the number of granules within the plastid (Roldán, Lucas, Delvallé, Planchot, 

Jimenez, Perez, Ball, D‟Hulst, & Mérida, 2007). In addition, a pattern in the expression 

of SSs and GBSSs during the growth of the wheat grain is also found (Zhang, Jiang, Liu, 
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Cai, Dai, & Cao, 2010). For instance, SSI was found to be generally expressed over the 

grain filling period, while SSII and SSIII were expressed over the early and mid-grain 

filling stages and GBSSI was expressed during the mid to late-grain filling periods. 

Besides AGPase and SSs, starch branching enzymes (SBE) and starch debranching 

enzymes (DBE) are involved with the starch synthesis process. SBEs catalyze the 

formation of branch points by cleaving internal α-(1,4)-bonds in a glucan polymer and 

transferring the released segment to a C6-hydroxyl to form the branched structure of the 

amylopectin molecule (Jeon et al., 2010; Tetlow et al., 2004). There are two isoforms of 

SBE, namely SBEI and SBEII. These two classes of SBEs are different from each other 

in terms of the length of the glucan oligomer transferred and their substrate specificities; 

SBEIIs transfer shorter chains and show a higher affinity towards amylopectin, whereas 

SBEIs show higher rate of branching with amylose (Guan, Imparl-Radosevich, Preiss, & 

Keeling, 1997; Guan & Preiss, 1993; Takeda, Guan, & Preiss, 1993). Cereals contain two 

distinct SBEII isoforms called SBEIIa and SBEIIb (Han, Sun, Rosales-Mendoza, & 

Korban, 2007; Nakamura, 2002). While SBEIIa is ubiquitously present in cereal plant 

tissues, SBEIIb is specifically expressed in the endosperm (Ohdan, Francisco, Sawada, 

Hirose, Terao, Satoh, & Nakamura, 2005; Yamanouchi & Nakamura, 1992). While 

SBEIIb is responsible for producing high-amylose starches with altered amylopectin 

structures (Nishi, Nakamura, Tanaka, & Satoh, 2001; Sawada, Francisco, Aihara, Utsumi, 

Yoshida, Oyama, Tsuzuki, Satoh, & Nakamura, 2009), SBEIIa is assumed to play a role 

supporting other SBE isoforms (Blauth, Yao, Klucinec, Shannon, Thompson, & 

Guilitinan, 2001; Nakamura, 2002). Besides, a preferential association of some starch 

branching enzymes in large granules of wheat (Peng et al., 2000; Yin, Qi, Li, Cao, & 
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Wang, 2012) and GBSSI in large granules of maize (Utrilla-Coello, Agama-Acevedo, 

Rosa, Rodríguez-Ambriz, & Bello-Pérez, 2010) is also reported. 

Isoamylase and pullulanase are the two types of DBEs that are involved with starch 

biosynthesis. While isoamylase debranches phytoglycogen and amylopectin, pullulanase 

acts upon pullulan and amylopectin, but not phytoglycogen (Nakamura, Umemoto, 

Ogata, Kuboki, Yano, & sasaki, 1996). Mutants produced with lacking isoamylase at 

different extents have given amylopectin structures with a wide variation, i.e., from 

amylopectin with more short chains to phytoglycogen with highly and randomly 

branched glucan polymers (Burton, Johnson, Beckles, Fincher, Hylton, Laurie, Parker, 

Waite, van Wegen, Verhoeven, & Denyer, 2002; Cao et al., 1999; James, Robertson, & 

Myers, 1995; Kubo, Fujita, Harada, Marsuda, Satoh, & Nakamura, 1999). Isoamylase is 

assumed to function in the editing of excessively branched chains or in removing 

improper branches of amylopectin formed by branching enzymes in order to maintain the 

cluster structure of amylopectin during starch biosynthesis (Jeon et al., 2010). Compared 

with isoamylase, the functionality of pullulanase is less established. Although, it is 

believed to function in starch degradation within the germinating grain, some activity has 

been detected during starch biosynthesis by compensating partially for the defect in 

isoamylase (Beatty, Rahman, Cao, Woodman, Lee, Myers, & James, 1999; Dinges, 

Colleoni, James, & Myers, 2003; Fujita, Toyosawa, Utsumi, Higuchi, Hanashiro, 

Ikegami, Akuzawa, Yoshida, Mori, Inomata, Itoh, Miyao, Hirochika, Satoh, & 

Nakamura, 2009; Li, Zhang, Dong, Yu, Gu, Sun, & Liu, 2009; Nakamura et al., 1996). In 

the endosperm, all these enzymes are present as heteromeric protein complexes and are 

involved with the starch granule biosynthesis (Tetlow, 2011). 
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2.1.3  Starch Granule Morphology  

Depending on the biological origin, starch granules demonstrate different shapes, sizes, 

and morphology increasing its specificity in food applications (Jane, Kasemsuwan, Leas, 

Zobel, & Robyt, 1994; Stark & Lynn, 1992). Variously shaped granules such as 

lenticular/oval, round/spherical, polygonal, disk, truncated ellipsoid, and irregular are 

found in nature with size ranging from 1 to 100 µm in diameter (Bulѐon et al., 1998a; 

Cisneros, Zevillanos, & Cisneros-Zevallos, 2009; Hoover & Sosulski, 1985; Jane et al., 

1994; Li, Vasanthan, Hoover, Rossnagel, 2004; Li, Vasanthan, Rossnagel, & Hoover, 

2001; Lineback, 1986; McPherson & Jane, 1999; Sing & Kaur, 2004; Tester, Karkalas, & 

Qi, 2004; Tester, Qi, & Karkals, 2006; Thys, Westfahl Jr, Noreña, Marczak, Silveira, & 

Cardoso, 2008; Velde, Riel, & Tromp, 2002; Waduge, Hoover, Vasanthan, Gao, & Li, 

2006; Watcharatewinkul, Puttanlek, Rungsardthong, & Uttapap, 2009). Granules from 

roots and tuber starches are relatively larger in size (2-100 µm) and have oval shape 

although some varieties with round, polygonal, and irregularly shape granules are found 

(Cisneros et al., 2009; Jane et al., 1994; McPherson & Jane, 1999; Singh & Kaur, 2004; 

Velde et al., 2002; Watcharatewinkul et al., 2009). Cereal starches exhibit a wide 

variation in granule size and shape (Table 2.2). 

The outer surface of starch granules plays an important role in many applications (Huber 

& BeMiller, 2000, 2001). Generally, root and tuber starches have a smooth surface (Jane 

et al. 1994). Jane et al. (1994) further observed indentations/cuts in many legume starches 

(lima bean, chick pea, lentil, mung bean, green pea), sharp edges in rice (wild type and 

waxy) and maize (normal) starches, pocks in wheat, oat, millet, and triticale starches, and 

rough surfaces in waxy maize starches. Equatorial grooves or furrows are present in large 
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granules of barley and maize (Li et al., 2001, 2004; Waduge et al., 2006) and wheat (Kim 

& Huber, 2008; Thomas & Atwell, 1999) starches. In addition, surface pores in starches 

of maize (BeMiller, 1997; Fannon et al., 1992; Jayakody & Hoover, 2002; Juszczak, 

Fortuna, & Krok, 2003b; Li et al., 2001; Sandu, Sing, & Kaur, 2004; Sujka & Jamroz, 

2009; Velde et al., 2002), rice (Jayakody & Hoover, 2002), sorghum (Fannon et al., 1992; 

BeMiller, 1997), barley (Fannon et al., 1992; Li et al., 2001, 2004), triticale (Juszczak, 

2003), millet (Fannon et al., 1992), large granules of wheat (Fannon et al., 1992; Glaring, 

Kock, & Blennow, 2006; Juszczak et al., 2003b; Kim & Huber, 2008), and rye (Fanon et 

al., 1992) have been observed. More recent studies with atomic force microscope (AFM) 

has allowed researchers to go into the nanometer scale and have a more closer look at the 

granule surface. Observations in these studies have demonstrated surface pores in potato 

(Juszczak, Fortuna, & Krok, 2003a; Sujka & Jamroz, 2009) and tapioca starches 

(Juszczak et al., 2003a) in contrast to earlier reports (Fannon et al., 1992; Jane et al., 

1994). Furthermore, studies with AFM have demonstrated that the shapes and sizes of 

these depressions depend on the starch origin (Juszczak et al., 2003a, 2003b). 

The concept of the “hairy billiard ball structure” for the surface of starch granules (Fig. 

2.2) was brought by Lineback in 1986. According to him, the surface of starch granules 

consists of ends of amylose and amylopectin chains which are protruded through the 

surface as hairs with different lengths. This was proved by recent work with potato and 

corn (Park, Xu, & Seetharaman, 2011) and immature wheat (Waduge, Xu, & 

Seetharaman, 2010) starches. 
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Table 2.2 Granule shapes and sizes of starch granules of different biological origins. 

Source
* 

Granule Shape Granule Size (µm)
**

 Distribution 

Cereals 

Barley (n)
1,2,12 

 

Oval/lenticular, 

irregular 

 

2-10(s), 10-30(l) 

 

Bimodal  

Barley (w)
1,12 

Oval, irregular 2-10(s), 10-30(l) Bimodal 

Barley (h)
1,12 

Lenticular, irregular 2-10(s), 10-30(l) Bimodal 

Triticale
6 

Round/spherical 5(s), 22-36(l) Bimodal 

Wheat (n)
2,3 

Lenticular, spherical 2-10(s),15-35(l) Bimodal  

Wheat (w)    

Wheat (h)    

Maize (n)
2,4,11 

Spherical, polyhedral 2-13 Unimodal 

Maize (w)
2,4,11 

Spherical, polyhedral 2-30 Unimodal 

Maize (h)
2,5,11 

Highly elongated 

irregular filament 

2-25 Unimodal 

Rice (n)
2,6 

Polygonal, irregular 3-8 Unimodel 

Rice (w)
6 

Polygonal, irregular 3-8 - 

Rye
2,3 

Lenticular, spherical 28 Bimodal 

Oat
2,4 

Polygonal, irregular 2-15 Unimodal 

Sorghum
6 

Irregular 5(s), 10-30(l) Bimodal 

Tuber and roots 

Canna
6 

Potato (n)
6,8 

 

Ellipsoidal, spherical 

Round, oval 

 

30-100 & 25-65 

12-75 & 12-37 

 

- 

- 

Potato (n)
2
 

Potato (w)
8 

Lenticular 

Round, oval 

- 

12-72 & 14-44 

Unimodal 

Unimodal 

Tapioca
5 

Truncated, round 5-30 - 

Sweet potato
5
 Truncated, round 5-30 - 

Legumes 

Lima bean
6 

 

Ellipsoid 

 

10-45 

 

- 

Lentil bean
6
 

Green pea
6 

Mung bean
6 

Ellipsoid  

Disk 

Oval, irregular 

8-34 

10-45 

10-27 

- 

- 

- 
*
n – Normal, h – high-amylose, w – waxy starches 

**
 s – small and l – large granules 

Source: 
1
Li et al., 2001; 

2
Tester et al., 2006; 

3
Lineback, 1986; 

4
Tester et al., 2004; 

5
Bulѐon et al., 1998a; 

6
Jane et al., 1994; 

7
Sing & Kaur, 2004; 

8
McPherson & Jane, 1999; 

9
Hoover & Sosulski, 1985; 

10
Velde et al., 2002; 

11
Glaring et al., 2006; 

12
Song & Jane, 

2000. 
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Fig. 2.2 Hairy billiard ball structure of starch granule (Adapted from Lineback, 1986) 
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2.1.4  Granule Composition 

The starch granule is mainly (98-99%) composed of amylose and amylopectin, as 

discussed above. Although, the ratio of amylose to amylopectin in a normal starch is 

about 1:3, the exact value depends on the botanical origin (Buléon et al., 1998a; Jane, 

2009; Singh, Singh, Kaur, Sodhi, & Gill, 2003; Tester et al., 2004). However, breeding 

technologies have produced starches with low amylose (waxy; <5% amylose) and high- 

amylose (>35% amylose) (Tester et al., 2004). There are two types of amylose in a starch 

granule distinguished as lipid-free amylose and lipid-complexed amylose (Morrison, 

1988, 1995).  

Apart from amylose and amylopectin, starch contains small quantities of surface and 

integrated proteins and lipids, as well as trace amount of minerals (Tester, 1997; Tester et 

al., 2004). Starch lipids are found both on the surface and inside granules (Morrison, 

1988, 1995). It is likely that both surface and internal lipids may be present in the free 

state as well as bound to starch components, or linked via ionic or hydrogen bonding to 

hydroxyl groups of the starch components (Vasanthan & Hoover, 1992). Lipids in cereal 

starches are proportional to the amylose content and are fully complexed with a portion 

of amylose, but the relationship between starch lipids and amylose is quite different 

among starches (Morrison, 1988, 1995). 

Nitrogen in starch is generally present as protein, but it may also be a part of starch lipids. 

Protein content in purified starch, i.e., less than 0.6% generally, is a good indicator for 

starch purity. In common with starch lipids, proteins occur both on the surface and 

interior of the granule (Li, Vasanthan, Hoover, & Rossnagel, 2003; Tester et al., 2004). 

Collectively, the proteins are referred to as starch granule associated proteins (Baldwin, 
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2001) and are mainly located in the granule interior as integral proteins (Li et al., 2003). 

The integral proteins may represent residual material from synthesis of the starch granule 

(Stark & Lynn, 1992; Tetlow, 2011). Both lipids and proteins may influence starch 

physicochemical properties such as digestibility, swelling, solubilization, retrogradation, 

and granule integrity (Appelqvist & Debet, 1997; Han & Hamaker, 2002). 

Starches also contain relatively small quantities (<0.4%) of minerals such as calcium, 

sodium, potassium, and phosphorous, which are, with the exception of phosphorous, of 

little functional significance (Tester et al., 2004). The degree of phosphorylation depends 

on the cultivar, growth conditions, temperature, fertilizer, and storage (Blennow, 

Engelsen, Nielsen, Baunsgaard, & Mikkelsen, 2002; Hizukuri, Tabata, & Nikuni, 1970; 

Nielsen, Wischmann, Enevoldsen, & Moller, 1994). Amylopectin from most plant 

sources contain small amounts of glucose moieties (0.1-1%) with phosphate groups 

(Blennow, Bay-Smidt, Wishmann, Olsen, & Møller, 1998). Generally amylopectins from 

tuber and root starches have the highest degree of phosphorylation (Lim, Kasemsuwan, & 

Jane, 1994). 

Some starches contain a third polysaccharide fraction, usually referred to as an 

intermediate fraction, which has more or less branched materials (Banks & Greenwood, 

1975). In this fraction, the average chain length and the number of chains per molecule 

differ from those of amylose and amylopectin. Therefore, this intermediate fraction 

cannot be categorized either as amylose or amylopectin (Hizukuri, 1996). The presence 

of an intermediate fraction is reported in both normal (barley, oat, rye, and wheat) and 

high-amylose (maize, barley, rice, and pea) starches (Asaoka, Okuno, Sugimoto, Yano, 

Omura, & Fuwa, 1986; Baba & Arai, 1984; Banks & Greenwood, 1975; Bertoft, Qin, & 
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Manelius, 1993; Colonna & Mercier, 1984; Inouchi,Glover, & Fuwa, 1987a; Wang & 

White, 1994; Yamamori, Fujita, Hayakawa, Matsuki, & Yasui, 2000; Zhou, Robards, 

Glennie-Holmes, & Helliwell, 1998). 

2.1.5  Ultra Structure 

2.1.5.1 Macromolecules 

2.1.5.1.1 Amylose 

Although amylose was initially found to consist of relatively long linear chains of α-

(1,4)-linked D-glucose units (Fig. 2.3), it is now recognized that there is a minor fraction 

of (~1%) branches in it (Bulѐon et al., 1998a; Hizukuri, 1996; Lineback, 1986; Manners, 

1985; Tester et al., 2004). Both the molecular size and the extent of branching depend on 

the botanical origin of amylose and the extent of branching increases with the molecular 

size of amylose (Bulѐon et al., 1998a; Jane, 2006; Lineback, 1986; Pérez & Bertoft, 

2010; Tester et al., 2004).  Amylose has a molecular weight of ~10
5
-10

6
 Da (Biliaderis, 

1998; Buléon et al., 1998a; Gidley, 2001). The degree of polymerization of amylose by 

number (DPn) ranged from 830 – 3280 for starches from different botanical origins 

(Hizukuri, Takeda, & Maruta, 1989; Shibanuma, Takeda, & Hizukuri, 1994; Takeda, 

Hizukuri, & Juliano, 1986; Takeda, Hizukuri, Takeda, & Suzuki, 1987; Takeda, Takeda, 

Mizukami, & Hanashiro, 1999; Takeda, Shitaozono, & Hizukuri, 1988; Tang, Ando, 

Watanabe, Takeda, & Mitsunaga, 2001; Thitipraphunkul, Uttapap, Piyachomkwan & 

Takeda, 2003).  The molar fraction of branched amyloses from different varieties varied  
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Fig. 2.3 Amylose structure 
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from 0.3 to 0.7 with 5-34 chains per molecule in the amylose fraction (Hizukuri, Takeda, 

& Yasuda 1981; Takeda et al., 1987; Thitipraphunkul et al., 2003). Amylose from cereal 

starches have a smaller molecular size than that from tuber and root starches (Jane, 2006; 

Takeda et al., 1987). 

Amylose has the unique ability to form helical inclusion complexes (Fig. 2.4) with 

several organic and inorganic complexing agents such as lipids, iodine, dimethyl 

sulfoxide, flavor compounds, and aliphatic alcohols (Arvisenet, Le Bail, Voilley, & 

Cayot, 2002; Biliaderis, 1991; Guichard, 2002; Putseys, Lamberts, & Delcour, 2010; 

Snape, Morrison, Maroto-Valer, Karkalas, & Pethrick, 1998; Tang & Copeland, 2007). 

These complexing agents induce the formation of single left-handed amylose helices with 

a pitch of 0.805 nm, also known as V-amylose (Bulѐon et al., 1998a; Morrison, Law, & 

Snape, 1993a; Morrison, Tester, Snape, Law, & Gidley, 1993b; Takahashi, Kumano, & 

Nishikawa, 2004). In the V-form, a single chain of amylose forms a helix with a 

relatively large hydrophobic cavity, in which the aliphatic portion of these complexing 

agents can be situated. The size of the ligand determines the number of glucosyl residues 

per turn (6, 7, or 8) (Snape et al., 1998). The formation of amylose-lipid inclusion 

complex (Vam,cpx) depends on the temperature, pH, and ionic strength of the system 

(Hahn & Hood, 1987). Vam,cpxs can be formed naturally (Morrison, 1995; Morrison et al., 

1993 a, 1993b) as well as artificially during starch thermal processing (Morrison et al., 

1993b; Tufvesson, Wahlgren, & Eliasson, 2003a, 2003b). The presence of Vam,cpxs in 

native barley, wheat, maize, rice, oat, and amylomaize starches has been observed 

(Morrison et al., 1993a, 1993b). Lipid-complexed amylose is amorphous in native  
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Fig. 2.4 Amylose-ligand inclusion complex (Adapted from Putseys et al., 2010). 
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starches and is probably the form in most cereal starches which dissociate on heating in 

water at 94-100 ˚C (Morrison, 1995). 

2.1.5.1.2 Amylopectin 

Amylopectin is the major component of most starches. The molecule has a highly 

branched structure with ~95% α-(1,4) and ~5% α-(1,6)-linkages (Fig. 2.5). It is one of the 

largest polymers in nature with an average molecular weight of about 10
7
-10

9
 Da 

(Biliaderis, 1998; Jane, Ao, Duvick, Yoo, Wong, & Gardner, 2003; Morrison & Karkalas, 

1990; Yoo & Jane, 2002). The DPn is typically within the range of 9,600-15,900, but 

comprises three major species, with DPn of 13,400-26,500, 4,400-8,400, and 700-2,100 

(Takeda, Shibahara, & Hanashiro, 2003). Similar to amylose, the molecular size, shape 

and structure of amylopectin vary with botanical origin (Takeda et al., 2003; Tester et al., 

2004). However, unlike amylose, amylopectin unit chains are relatively short and there is 

much variation with respect to the branch chain lengths and branching patterns. They are 

typically ~18-25 units long on average for normal starches (Hizukuri, 1985; Hizukuri et 

al., 1989; Morrison & Karkalas 1990; Takeda et al., 2003; Tang et al., 2001; Wang & 

White, 1994), but ~19-31 units long when high amylose starches are also taken into 

account (Jane et al., 1999). 

Branch Structure of Amylopectin 

The individual chains can be specifically classified in terms of length, and consequently 

their position within the amylopectin molecule (Hizukuri, 1985, 1986). Three types of 

unit chains are present, referred to as „A‟, „B‟, and „C‟-chains (Fig. 2.6). Depending on 

the chain length and, correspondingly, the number of clusters which traverse through, B-

chains are referred to as „B1‟-„B3‟ (one to three clusters). A-chains do not carry any other  
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Fig. 2.5 Amylopectin structure 
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chains, while B1-chains carry other chains through α-(1,6)-linkages (Hizukuri, 1986). 

These A-chains and B1-chains form clusters and are interlinked through long interior B-

chains (B2-B3), which in turn can be linked to another interior B-chains or to the „back 

bone‟ of the amylopectin molecule, the single C-chain. The C-chain is the only chain 

with a reducing group at the end. The A- and B1-chains are the external chains and they, 

together with exterior segments of B2 and B3 chains, form double helices by inter-

winding two chains together. Chain length of A- and B1-chains is typically ~12-24 

depending on the botanical origin (Franco, Wong, Yoo, & Jane, 2002; Hizukuri, 1985; Li 

et al., 2001; Tester, Debon, & Sommerville, 2000). Typical chain lengths for B2- and B3- 

chains for different starches are in the range of 40-50, and 60-80, respectively (Bello-

Pѐrez, Paredes-Lopez, Roger, & Colonna, 1996; Hizukuri, 1986; Wang & White, 1994). 

The molar-based distribution of these chains is characteristic to the botanical origin 

(Hanashiro, Tagawa, Shibahara, Iwata, & Takeda, 2002).  

Amylopectin from Different Botanical Origins 

Amylopectin molecules consist of branch chains of different lengths. The average chain 

length of amylopectin in A-type starches is shorter than B- and C-type starches (Hizukuri, 

1985, 1986). Amylopectin from high-amylose starches contains relatively higher 

proportions of very long chains (Yoshimoto, Tashiro, Takenouchi, & Takeda, 2000). 

Furthermore, it has been found that amylpectins from A-type starches have higher 

proportion of A+B1 chains (90-93% by mole) than that of B-type starches (68-87%) 

(Hanashiro et al., 2002). They further found that A-type starches had 1.5-2 times more 

branches per cluster than B-type. The study with Naegeli dextrins, which is the residue 

left after hydrolyzing starch with sulfuric acid, have demonstrated that the branch points  
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Fig. 2.6 Cluster model for the arrangement of amylopectin chains 

(Reproduced from Hizukuri, 1986).  
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of A-type starches are more protected from acid than those in B-type starches suggesting 

more scattered distribution of branch points in A-type starches (Jane, Wong & 

McPherson, 1997). A relationship between the branch-chain length distribution and the 

shape of the small and large granule fractions of wheat, barley, and triticale is also 

established. That is, the presence of a higher proportion of B2 chains and a lower 

proportion of A and B1 chains in large granules of these starches compared to their small 

granule counterparts (Ao & Jane, 2007; Takeda et al., 1999). Beside the differences in the 

chain length distribution, amylopectins from different botanical origin were also shown to 

be different in their internal segments of the molecule, such as the length of inter-cluster 

and inter-block segments (Bertoft, 2004a, 2007; Bertoft, Pyachomkwan, Chatakanonda, 

& Sriroth, 2008). 

2.1.5.1.3 Distribution of Amylose and Amylopectin within the Granule 

Although the major fraction of amylose is located in the amorphous region of starch 

granules, its exact location relative to the amylopectin crystallites is not fully understood. 

Blanshard (1987) and Zobel (1992) postulated that amylose is located as bundles in 

between amylopectin clusters. However, later it was shown that amylose in normal 

starches is randomly interspersed as individual molecules in both the amorphous and 

crystalline regions of the granule (Jane, 2006; Jane, Craig, Seib, & Hoseney, 1986; Jane, 

Xu, Rodosovljivic, & Seib, 1992; Kasemsuwan & Jane, 1994). A number of studies have 

indicated that the distribution of amylose is uneven within the granule. Studies on maize 

(Inouchi, Glover, & Fuwa, 1987b; Pan & Jane, 2000), wheat (Morrison & Gaden, 1987), 

barley (McDonald, Stark, Morrison, & Ellis, 1991), rice (Asaoka, Okuno, Sugimoto, & 

Fuwa, 1985), potato (Jane & Shen, 1993), and pea (Biliaderis, 1982) starches have shown 



28 

 

that more amylose is present in the peripheral region of these granules. However, some 

researchers reported differences in the localization of amylose depending on the amount 

of amylose content of starch (Atkin, Cheng, Abeysekera, & Robards, 1999; Hayashi, 

Yasui, Kiribuchi-Otobe, & Seguchi, 2004; Kuakpetoon & Wang, 2007). Kozlov and 

coworkers (Kozlov, Krivandin, Shatalova, Noda, Bertoft, Fornal, & Yuryev, 2007) 

reported that increasing amylose content is accompanied by accumulation of both 

amylose tie-chains located as defects in crystalline lamellae and amylose chains oriented 

transversely to the lamellae starch within amorphous lamellae. 

Differences between the chain length distribution of amylopectin isolated from the 

periphery of maize and potato starches and that of the inner core is observed (Jane & 

Shen, 1993; Kuakpetoon & Wang, 2007; Pan & Jane, 2000). These authors found that the 

amylopectin from the periphery of the granule consisted of shorter long B-chains than in 

the inner core. Also, small granules of these starches demonstrated longer branch chains 

than large granules.  

2.1.6  Granule Architecture 

2.1.6.1 Growth Rings 

Starch granules from higher plants contain alternative zones of semi-crystalline and 

amorphous material known as growth rings (Jenkins, Cameron, Donald, Bras, 

Derbyshire, Mant, & Ryan, 1994; Fig. 2.7), which represents the periodic growth of 

starch granules (Buttrose, 1960; French, 1984) and have been observed under the light 

microscope (Ridout, Parker, Hedley, Bogracheva, & Morris, 2003), AFM (Baker, Miles, 

& Helbert, 2001; Ridout, Gunning, Parker, Wilson, & Morris, 2002; Ridout et al., 2003), 

confocal laser scanning microscope (CLSM) (Velde et al., 2002), and scanning and  
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Fig. 2.7 Internal structure of starch granule showing alternating amorphous and semi-

crystalline growth rings. (a) Stacks of semi-crystalline lamellae are separated by 

amorphous growth rings; (b) A magnified view of one such stack, showing that it is made 

up of alternating crystalline and amorphous lamellae; (c) The crystalline lamellae 

comprise regions of lined up double helices formed from amylopectin branches. The 

amorphous lamellae are where the amylopectin branch points located (Adapted from 

Donald, Waigh, Jenkins, Gidley, Debet, & Smith, 1997). 
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Fig. 2.8 Blocklet model of the starch granule. (a) Alternative semi-crystalline and 

amorphous growth rings in a starch granule; (b) Both growth rings are occupied by 

blocklets and there are radial channels passing through blocklets structures. Blocklets in 

the semi-crystalline growth rings are larger than that in amorphous growth ring; (c) A 

blocklet is made up with alternative crystalline and amorphous lamellae; (d) Crystalline 

lamella is occupied with amylopectin double helices, while the amorphous lamella is 

occupied with amylopectin branch points; (e) Amylopectin double helices are organized 

into A- and B-type polymorphic structures in the crystalline lamellae (adapted from 

Gallant, Bouchet, & Baldwin, 1997). 

 

 

 

 

 

 



 

(a
) 

(b
) 

(c
) 

(d
) 

(e
) 



31 

 

transmission electron microscopes (SEM & TEM) (Pilling & Smith, 2003). The number 

and size of growth rings are influenced by the genotype of the starch granule (Li et al., 

2003). The growth rings become closer together towards the periphery of the granule 

(Baker et al., 2001; Lemke, Burghammer, Flot, Rössle, & Riekel, 2004; Li et al., 2003; 

Ridout et al., 2003) and with increasing amylose content (Li et al., 2003). The amorphous 

growth ring is largely amorphous, contains more water, and is at least as thick as the 

semi-crystalline growth ring (Cameron & Donald, 1992).  

Recently however, Gallant and coworkers (1997) proposed another granule structure 

model (Fig. 2.8), in which the growth rings appear to be composed of oval shaped 

structures called “blocklets”, stacked on top of each other with sizes ranging from 20-500 

nm in diameter, depending on the starch origin and location in the granule. According to 

this model, blocklets are made up with alternative crystalline and amorphous lamellae 

and embedded in an amorphous background material. This model was supported by AFM 

studies carried out later (Baker et al., 2001; Baldwin, Adler, Davies, & Melia, 1998; 

Baldwin, Davies, & Melia, 1997; Juszczak, Fortuna, & Krok, 2003a, 2003b; Ohtani, 

Yoshino, Hagiwara, & Maekawa, 2000a; Park et al., 2011; Ridout et al., 2002, 2003;  

Ridout, Parker, Hedley, Bogracheva, & Morris, 2004; Szymońska & Krok, 2003), which 

implied that these blocklet structures are continuous throughout the granule. 

2.1.6.2 Semi-crystalline Growth Ring 

A semi-crystalline domain of a starch granule is built up by ~16 repeats of alternating 

crystalline (5-6 nm) and amorphous (2-5 nm) lamellae (Fig. 2.7b) (Cameron & Donald, 

1992), with a thickness of 120-400 nm (French, 1984). Although the lamellae repeat 

distance, i.e., the combined thickness of crystalline and amorphous lamellae, was 
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calculated to be 9 nm and independent of the botanical origin by Jenkins, Cameron, and 

Donald (1993), other researchers have found it to be dependent on the botanical origin 

(Salman et al., 2009; Sanderson, Daniels, Donald, Blennow & Engelsen, 2006). 

However, the lamellae repeat distance did not change according to the amylose content 

(Blazek, Salman, Rubio, Gilbert, Hanley, & Copeland, 2009; Yuryev, Krivandin, 

Kiseleva, Wasserman, Genkina, Fornal, Blaszczak, & Schiraldi, 2004). The crystalline 

lamellae are made up of amylopectin double helices, whereas the amylopectin branch 

points are located in the amorphous lamellae (Fig. 2.7c).  

2.1.6.2.1 Double Helices and their Packing within the Crystalline Lamellae 

Both amylose chains and external chains of amylopectin can form double helices which 

in turn associate to form crystalline domains (Tester et al., 2004). Two neighboring short 

chains fit together compactly with the hydrophobic parts of the oppose glucose units in 

close contact at the inside of the structure and the hydroxyl groups at the outside of the 

double helix (Fig. 2.9a). Because of the highly hydrophobic and compact nature of the 

helical core, there is no room for water or any other molecule to reside in it (Zobel, 

1988). The stability of the helix is attained by direct or indirect (through a bridge of water 

molecules) inter chain hydrogen bonding between hydroxyl groups of two neighboring 

double helices.  This close packing of neighboring double helices forms granule 

crystallites or polymorphs (Imberty, Buléon, Tran, & Pérez, 1991; Imberty, Chanzy, 

Pérez, Buléon, & Tran, 1987, 1988; Imberty & Pѐrez, 1988; Wang, Bogracheva, & 

Hedley, 1998).  

One early model proposed by Wu and Sarko (1978a & b) for the packing arrangement of 

double helices proposed two types of unit cells called “A” and “B”, and assumed that  
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Fig. 2.9 (a) Double helical structure of external chains of amylopectin. Double helices are 

left handed and packed into parallel fashion (adapted from Pérez & Bertoft, 2010); (b) 

Packing arrangement of double helices into A-type crystallite unit cells; and (c) Packing 

arrangement of double helices into B-type crystallite unit cells (Imberty et al., 1991). 
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these were in the form of right handed, double-stranded helices which packed in an 

antiparallel fashion. Later Imberty and coworkers (1987, 1988) reported that molecules 

assumed left-handed, double-stranded helices, and packed in a parallel fashion (Fig. 2.9b 

& c). These two types of polymorphs differ in geometry of their single cell units, the 

packing density of their double helices, and in the amount of bound water within the 

crystal structure, i.e., A-type polymorph being more dense and binding less water than B-

type (Imberty & Pѐrez, 1988; Imberty et al., 1987, 1988; Wang et al., 1998; Wu & sarko, 

1978a, 1978b). The unit cell of B-type starch contains 36 water molecules loosely 

associated in a channel formed by the hexagonal packing of the helices, whereas in the 

orthogonal unit cell of the A-type starch, the channel is occupied by another double helix 

and 8 water molecules (Appelqvist & Debet, 1997; Pfannemüller, 1987). 

In addition to the differences in crystallite arrangements and water content, the 

amylopectin chain length (Gidely & Cooke, 1991; Hizukuri, 1996; Pfannemüller, 1987), 

branching pattern (Jane et al., 1997), and the distance between two α-(1,6)- linkages and 

the branching density inside each cluster (Gérard, Planchot, Colonna, & Bertoft, 2000) 

are also different. The crystallization of A-type polymorphs over B-type was shown to be 

influenced by shorter amylopectin chain lengths, higher temperatures, high 

concentrations, and the presence of salt, water soluble alcohols, and water content 

(Genkina, Wasserman, & Yuryev, 2004a; Genkina, Wasserman, Noda, Tester, & Yuryev, 

2004b; Gidley, 1987; Imberty et al., 1991; Pfannemüller, 1987). The difference in 

average chain length between A- and B-type can be as little as one glucose unit 

(Hizukuri, 1996). Also in A-type starches, α-(1,6) branch linkages are more scattered and 

substantially located within the crystalline region/lamellae, whereas in B-type starches,  
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Fig. 2.10 Amylopectin branch point location in A- and B-type starches (Jane et al., 1997). 
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most of the α-(1,6) branch linkages are clustered in the amorphous region (Jane et al., 

1997; Fig. 2.10). Amylopectin clusters of A-type starches were found to be larger and 

contained more (but shorter) chains than those of B-type starches by Gérard et al. (2000). 

These researchers further observed a densely packed cluster structure in A-type starches 

and a poorly branched structure in B-type starches. 

2.1.6.2.2 Crystalline Pattern and Crystallinity 

Starch is classified according to the packing arrangement of the amylopectin double 

helices in the granule, namely “A-”, “B-”, and “C-type” (Fig. 2.11), as determined by 

differences in the X-ray diffraction pattern (Imberty et al., 1991). The A- and B-types 

are believed to be independent, while the C-type is a mixture of A- and B-type crystallites 

in varying proportions (Garnet, Radosta, Damaschun, & Schierbaum, 1990; Hizukuri, 

1996; Wu & Sarko, 1978a, 1978b). In addition to these three types of diffraction patterns, 

another pattern called “V-type” was also reported, which is mainly characterized by 

crystalline amylose helical inclusion complexes (Blanshard, 1987; Eliasson & 

Gudmundsson, 1996). 

The A-type X-ray diffraction pattern is common in most cereal starches (Cheetham & 

Tao, 1998a; Hung, Maeda, Miskelly, Tsumori, & Morita, 2008; Matveev, van Soest, 

Nieman, Wasserman, Protserov, Ezernitskaja, & Yuryev, 2001; Qi, Tester, Snape, & 

Ansell, 2003; Qi, Tester, Snape, Yuryev, Wasserman, & Ansell, 2004; Tang, Watanabe, 

& Mitsunga, 2002; Yoshimoto, Takenouchi, & Takeda, 2002), and in some root and tuber 

starches (Cheetham & Tao, 1998a; Gunaratne & Hoover, 2002; Hoover, 2001; Jayakody, 

Hoover, Liu, & Weber, 2005). Tuber and root starches (Gunaratne & Hoover, 2002; 

Hoover, 2001; Jayakody, Hoover, Liu, & Donner, 2007), and some high-amylose barley,  



37 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.11 Polymorphic patterns of A-, B-, and C-type starches. 
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maize, and rice starches (Cheetham & Tao, 1998a; Hizukuri, 1996; Kubo, Yuguchi, 

Takemasa, Suzuki, Satoh, & Kitamura, 2008; Matveev et al., 2001) have been shown to 

exhibit the B-type X-ray diffraction pattern. However, some cultivars of high-amylose 

barley have shown A-type X-ray pattern (Song & Jane, 2000; Vasanthan & Bhatty, 1996; 

Yoshimoto et al., 2000). The C-type pattern commonly appears in legume starches 

(Hoover & Sosulski, 1985; Zhou, Hoover, & Liu, 2004) and is a mixture of A- and B-

type crystallites in varying proportions (Buléon, Gérard, Riekel, Vuong, & Chanzy, 

1998b). While a heterogeneous distribution of A- and B-type crystallites within the 

granule of mutant maize starches has been observed by some researchers (Gérard, 

Colonna, Buléon, & Planchot, 2001), others found that B-type crystallites are present in 

the interior and A-type crystallites at the periphery of the granule in pea starches 

(Bogracheva, Morris, Ring, & Hedley, 1998; Buléon et al., 1998b). Furthermore, a recent 

work with Chinese yam with C-type crystalline structure demonstrated a preferable 

hydrolysis of B-type crystallites over A-type by acids (Wang, Yu, & Yu, 2008), while a 

rice mutant with C-type crystallinity demonstrated preferential hydrolysis of A-type 

crystallites over B-type (Wei, Qin, Zhou, Yu, Xu, Chen, Zhu, Wang, Gu, & Lio, 2010). 

However, Bertoft (2004b) reported that the presence of amylose has a higher effect on 

acid hydrolysis than the type of crystallinity.  

The degree of crystallinity ranges from 15–45% by weight depending on the starch origin 

(Cheetham & Tao, 1998a; Frost, Kaminski, Kirwan, Lascaris, & Shanks, 2009; Hou, 

Dong, Zhang, & Song, 2008; Lopez-Rubio, Flanagan, Gilbert, & Gidley, 2008) and the 

method used for the calculation (Frost et al. , 2009; Hickman, Janaswamy, & Yao, 2009; 

Lopez-Rubio et al., 2008; Nara & Komiya, 1983). The relative crystallinity is inversely 
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proportional to the amylose content (Cheetham & Tao, 1998a, 1998b). Amylopectin is 

the main component in the starch granule that contributes to its Crystallinity. On the other 

hand, amylose acts as a diluent in waxy and normal starches (Banks & Greenwood, 1975; 

Blanshard, 1987; Hoover, 2001; Zobel, 1988). However in high-amylose starches, the 

contribution of amylose to granule crystallinity is still in dispute. Banks and Greenwood 

(1975) suggested that amylose contributes significantly to the crystallinity in high-

amylose starches, Jenkins and coworkers (1994) postulated that amylose disrupts the 

packing arrangement of double helices within the crystalline lamellae. 

2.1.6.3  Structure of the Amorphous Region 

The major part of starch granules is believed to be amorphous, where several materials 

such as lipid-free amylose, lipid-complexed amylose, and some branch points of 

amylopectin are mixed together (French, 1984; Hizukuri, 1996). However, Morgan, 

Furneaux, and Larsen (1995) have suggested that in wheat starch, the V-amylose-lipid 

inclusion complexes occur in distinct regions of the starch granule and not in the 

amorphous region. According to them, there are three distinct regions in the starch 

granule: (i) highly crystalline regions formed from double-helical starch chains, (ii) solid-

like regions formed from V-amylose-lipid inclusion complexes, and (iii) completely 

amorphous regions associated with the branching regions of amylopectin and lipid-free 

amylose. Furthermore, in a study with small angle neutron scattering, it was revealed that 

amorphous lamellae and amorphous growth rings of potato (B-type) starch have very 

similar compositions, whereas the amorphous lamellae of cereal starches (A-type) are 

significantly less dense and contain more water than the amorphous growth rings 

(Donald, Kato, Perry, & Waigh, 2001). They interpreted these observations as a result of 
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growth conditions of the starches, i.e., permanent darkness for tubers and diurnal 

fluctuations of growth conditions for cereal starches. However, AFM has shown the 

presence of blocklet structures even within the amorphous growth ring of starch granule 

(Ridout et al., 2003, 2004; Ridout, Parker, Hedley, Bogracheva, & Morris, 2006).  

2.1.6.4  Channels and Central Cavities 

Channels have been observed in maize (Huber & BeMiller, 1997; Naguleswaran, Li, 

Vasanthan, & Bressler, 2011) and large and small granules of wheat (Kim & Huber, 

2008), triticale (Naguleswaran et al., 2011), and sorghum (Fannon et al., 1992) starches. 

Channels in large granules were larger in the equatorial grove region and finer in other 

regions, while those in small granules most frequently occurred as less defined voids. 

Furthermore, Velde et al (2002) observed central cavities in maize and mung bean 

starches. These channels are shown to penetrate from the external surface inward toward 

a cavity at the hilum with various depths of penetration. However, no direct relationship 

is found among surface pinholes, granule size, cavity size, and internal channels. Huber 

and BeMiller (1997, 2000) suggested that these channels and cavities are more likely 

voids, which are formed by the crystallization of amylopectin molecules and concurrent 

shrinkage of the matrix as the granule grows and develops. They further postulated that 

these channels and cavities could influence reactions within the granule. However, they 

recently proposed that the channels in maize starch granules are remnants of amyloplast 

microtubules and these microtubules may facilitate starch polymer and granule 

biosynthesis and may vary the rate of granule breakdown during seed germination 

(Benmoussa, Hamaker, Huang, Sherman, Weil, & BeMiller, 2010). 
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2.1.7  Starch-Iodine Interaction 

Starch-iodine inclusion complexes have been studied extensively by many researchers 

over the years and are used widely for the determination of amylose content of starches in 

solution systems. In 1943, Rundle and coworkers (Rundle & Baldwin, 1943; Rundle & 

French, 1943a, 1943b; Rundle & Edwards, 1943) first defined the structure of starch-

iodine complex (Fig. 2.12). They further explained that the formation of the complex 

tightened and stabilized the helix. However, the exact form of this polyiodide in the 

helical cavity is still in doubt. Increasing the length of glucan chains increased the iodine 

binding capacity demonstrating the possibility of incorporating higher number of iodine 

molecules in the complex (Knutson, 1999). Furthermore, only the linear segments of 

amylopectin that are long enough to form stable single helices can develop complexes 

with iodine (Knutson, 1999). The color of the starch-iodine complex can range from 

brown (DP 21-24) to red (DP 25-29), red-violet (DP 30-38), blue-violet (DP 39-46), and 

finally to blue (DP>47), depending on length of the starch polymer (Banks, Greenwood, 

& Khan, 1971). 

Although most applications of starch-iodine complex formation involved in solution 

systems for dispersed starches, attempts to use color differences of starch-iodine 

complexes formed when granular starches are exposed to iodine vapor goes back to early 

1900s (Field, 1931). Later, Teitelbaum, Ruby, and Marks (1980) showed that starch-

iodine complex formed by granular starch and iodine vapor was not different from the 

complex formed in solutions.  They further explained that the formation of iodide ions 

are necessary for the complex formation in the vapor system as a result of hydrolysis (or 

alcoholysis) of iodine. More recently, Seetharaman and coworkers (Manion, Ye, Holbein,  
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Fig. 2.12 The model of helical starch chain with iodine molecules in the center of helical 

cavity (Adapted from Rundle & Baldwin, 1943). 
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& Seetharaman, 2011; Park et al., 2011; Saibene & Seetharaman, 2006, 2008;  Saibene, 

Zobel, Thompson, & Seetharaman, 2008; Waduge et al., 2010) demonstrated that starch-

iodine complex formed on granular starch can be used to visualize the mobility of linear  

polymers or linear segments of branch polymers while they are in their natural 

environment, since the accessibility of those polymers to iodine and the mobility of those 

polymers are determined by their organization within the three dimensional structure of 

starch granule. 

2.2  Wheat  

2.2.1  Wheat Production 

Wheat, Triticum aestivum L., belongs to the tribe Triticeae and the genus Triticum of the 

grass family Poaceae (Peterson, 1965). It is the earliest field crop recorded in history that 

has been used for human food processing (Posner, 2000). The earliest varities originated 

in Iraq and cultivated about 5000 BC were Triticum monococcum (einkorn) and Triticum 

dicoccum (emmer) (Kent & Evers, 1994; Posner, 2000). However, new technology 

permitted the development of new varieties around the world. The main varieties grown 

today are Triticum aestivum, subspecies vulgare, which is a hexaploid (Posner, 2000). 

This species includes hard red winter, hard red spring, soft red winter, and soft white 

spring. Another wheat, called durum (Triticum durum), is popular in pasta making. 

Currently about 4000 different wheat varieties are grown around the world. 

Wheat is the second largest cereal crop in the world after maize with annual production 

of 694 million metric tons in 2011 (USDA, 2011a). Leading producers of wheat are the 

European Union, China, India, United States, and Russia and contribute to more than 



44 

 

70% of the world wheat production (Agrostats, 2011; USDA, 2011a). Canada is the 6
th

 

largest producer of wheat (Agrostats, 2011; USDA, 2011a). Saskatchewan is the leading 

wheat producing province in Canada and followed by Alberta, Manitoba, and Ontario 

(USDA, 2011b). The wheat grown in Canada is segregated into five classes according to 

season of sowing (spring or winter), color (red or white), grain texture (soft or hard), and 

species (T. aestivum or T. durum) (Kent & Evers, 1994). Two third of world wheat 

production is utilized as foods, and followed by feed, seed, and other (Oleson, 1994). 

2.2.2  Wheat Starch 

Starch is the predominant component in wheat grain and in wheat flour. Therefore, the 

functionality of wheat flour is highly influenced by the structure and properties (Abdel-

Aal, Hucl, Chibbar, Han, & Demeke, 2002; Hoseney, Finney, Pomeranz, & Shogren, 

1971), as well as the granule size distribution (Kulp, 1973; Park, Wilson, & Seabourn, 

2009) of wheat starch. Wheat starch with normal, waxy (<0.2%), and high amylose 

contents are available in the market today (Lan, Hoover, Jayakody, Liu, Donner, Baga, 

Asare, Hucl, & Chibbar, 2008; Yoo & Jane, 2002; Yuryev et al., 2004).   

Starch granules of wheat have a bimodal size distribution. The large granules are 

lenticular/disk shaped with an average diameter of 10-35 µm upon maturity, whereas the 

small granules are spherical/irregular in shape with an average diameter of 1-10 µm at 

maturity (Kim & Huber, 2008; Peng et al., 1999; Yoo & Jane, 2002). While large 

granules typically represent the greatest proportion of endosperm starch by weight at their 

maturity (50-90%), small granules predominate numerically (Morrison & Gadan, 1987).  

The amylose and amylopectin from different wheat varieties have DPn values ranging 

from 830 to 1570 and 700 to 1430, respectively (Shibanuma et al., 1994). The amylose 
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from these varieties demonstrated 28 – 42% (by mole) branched molecules with 13 – 19 

average number of chains. In another study with wheat varieties with amylose content 

ranging from <0.2 – 26.6%, waxy amylopectin had the largest molecular weight and the 

molecular weight of amylopectin negatively correlated with the amylose content (Yoo & 

Jane, 2002). This was attributed to a more compact amylopectin structure in waxy wheat 

starch. Furthermore in wheat amylopectin, the number of branches per cluster was shown 

to be higher than those in rice, maize, amylomaize, sweetpotato, potato and yam starches 

(Hanashiro et al., 2002). 

Wheat starch exhibits an A-type crystalline pattern (Blazek et al., 2009; Yoo & Jane, 

2002). However, the presence of a small proportion of B-type crystallites mixed with A-

type crystallites has also been reported in mature cereal starches (Buléon et al., 1998a; 

Gernat, 1993; Vermeylen, Goderis, Reynaers, & Delcour, 2004; Waduge et al., 2006). 

The thickness of the crystalline lamella and the lamellae repeat distance (the thickness of 

one crystalline lamella and one amorphous lamella) of wheat starch is a universal 

parameter and does not depend on the amylose content of starch; however, an increase in 

amylose content has been shown to decrease the electron density contrast between 

crystalline and amorphous lamellae (Bocharnikova, Wasserman, Krivandin, Fornal, 

Blaszczak, Chernykh, Schilardi, & Yuryev, 2003; Kozlov et al., 2007; Yuryev et al., 

2004). These researchers further reported the presence of defects in both amorphous and 

crystalline lamellae of wheat starch. Also, the increasing amylose content increased the 

accumulation of defects (Blazek et al., 2009). 
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2.2.3  Large and Small Granules 

While some researchers explain small granules as underdeveloped large granules 

(Bathgate & Palmer, 1972) depending on the similar amylose content in the two 

populations, others define them as two granule populations with different structural (Ao 

& Jane, 2007; Peng et al., 1999; Sahlström et al., 2003; Shinde et al., 2003; Vermeylen et 

al., 2005) and functional properties (Liu et al., 2007; Sahlström et al., 2003). The amount 

of amylose in large and small granules is also controversial. While most researchers 

found a higher amylose content in large granules than that of small granules (Ao & Jane, 

2007; Duffus & Murdoch, 1979; Geera et al.,  2006; Liu et al., 2007; Meredith, 1981; 

Morrison & Gadan, 1987; Peng et al., 1999), some researchers reported the opposite 

(Hung & Morita, 2005; Shinde et al., 2003). Furthermore, large granules have a lower 

amount of lipid and granule-associated proteins than small granules (Ao & Jane, 2007; 

Morrison & Gadan, 1987). Ao and Jane (2007) further observed lower RC, lower 

gelatinization temperature range, higher retrogradation rate, lower pasting temperature, 

and higher peak, breakdown and setback viscosities in large granules compared to its 

smaller counterparts. They explained these differences using differences in the chemical 

structure and composition of the two granule populations, but not their sizes. However, 

Dai, Yin, and Wang (2009) have credited the above differences to a greater poplation of 

small granules, which was associated with a higher rate of water absorption than that of 

large granules. 

Large granules of wheat starch contain lower proportion of short amylopectin chains and 

a higher proportion of longer amylopectin chains than their small granule counterparts 

(Ao & Jane, 2007; Salman et al., 2009). Salman and coworkers (2009) further reported 
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the presence of larger lamellae repeat distance in large granule population of wheat 

starch. Although the polymorphic structure of large and small granules of wheat starch 

was not different, large granules had less dense crystalline lamellae, higher B-type 

crystallinity, and RC compared to their small granule counterparts (Vermeylen et al., 

2005). In addition, there are channels in both large and small granules, but those in large 

granules are fine and discrete as opposed to less-defined voids in small granules (Kim & 

Huber, 2008). Moreover, it has been reported that some starch branching enzymes are 

preferentially associated with large granules in the wheat endosperm (Peng et al., 2000). 

2.2.4  Starch Granule Development in Wheat Endosperm 

Large and small granules are initiated in the wheat endosperm during different stages of 

grain development. The large granules appear at about 4-7 DAA (days after anthesis) and 

continue to increase in size throughout the grain filling period, while small granules are 

initiated at about 12-14 DAA and remain considerably small at final maturity (Bechtel et 

al., 1990; Bechtel, & Wilson, 2003; Langeveld et al., 2000; Sandstedt, 1946). However, a 

third granule population that initiate at around 21 DAA is also reported by some 

researchers (Bechtel et al., 1990; Bechtel & Wilson, 2003; Wei et al., 2010). Other than 

the variation in granule initiation, there is about 1 – 5 days maturity variation within a 

spike, spikelets at the center of the spike being the most matured with gradual decrease in 

maturity towards two ends (Peterson, 1965) and also a variation in maturity from the 

center to the edge of the wheat grain, i.e., granules at the center being less mature than 

those at the edge (Bice, MacMasters, & Hilbert, 1945).  

A developmental sequence for wheat starch large granules was proposed by Sandstedt in 

1946 and then confirmed by Evers (1971) by looking at their light microscopic and SEM 



48 

 

images, respectively, at different developmental stages. They argued that, large wheat 

starch granules also initiate as spheres and then they act as the nucleus to the growing 

granule. With maturation, this nucleus is surrounded in the equatorial plane by a 

continually enlarging structure which resembles two lips with a furrow between them. 

After these lips have completely surrounded the nucleus, the thickness and diameter of 

the granule continue to increase resulting in a shallower furrow. While the number of 

large granules did not change but the size increased during the maturation, number of 

small granules increased throughout the grain development (Morrison & Gadan, 1987). 

Furthermore, the amylose content (Bice et al., 1945; Duffus & Murdoch, 1979; Kulp & 

Mattern, 1973; Morrson & Gadan, 1987; Wei et al., 2010), lipid content (Morrison & 

Gadan, 1987), and susceptibility towards amylase hydrolysis (Kulp & Mattern, 1973) was 

shown to increase with increase in maturity of wheat starch granules. Whereas, the 

gelatinization temperature range, swelling power and solubility decreased with increasing 

maturity of wheat starch granules (Kulp & Mattern, 1973). 

2.3  Significance of the Research 

Starch influences many characteristics of food products including texture, volume, 

consistency, aesthetics, moisture, and shelf life (Hoseney et al., 1971; Park et al, 2009; 

Raeker, Gaines, Finney, & Donelson, 1998). These different types of properties are 

highly influenced by the botanical origin of starch, its composition and structure. Several 

studies have highlighted the relationship between starch structure and its functionality in 

food systems (Biliaderis, 1991; Park et al., 2009; Sahlstrӧm et al., 2003; Snow & O‟Dea, 

1981). However, the available information is not adequate to fully understand the 

relationship of starch functionality with its structure and/or biological origin. There is still 
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a significant knowledge gap between functionality of starch in the food matrices and the 

current knowledge of starch internal structure.  

It is slowly being recognized that it is not only the structure of glucan polymers, but also 

their organization within the starch granule that plays the major role in controlling the 

behavior of starches from different origins in the food matrix giving different qualities to 

the food product. More specifically, interactions of starch polymers with other 

ingredients, i.e., salt, sugar, fat, flavor compounds, etc., in the food system will determine 

the extent of structural changes the starch granule undergo during food processing, 

especially in low moisture foods such as cookies and cakes. The ability of these 

ingredients to interact with starch polymers is determined by their organization or the 

packing arrangement within the granule. Therefore, understanding the organization of 

starch polymers at the molecular level within the granule is a key factor to understand the 

behavior of starch in a food matrix.  

There is still much to be studied about the molecular level organization of the starch 

granule. Most research has been focused on studying the native mature starch granules 

using different tools such as microscopy, spectroscopy, X-ray diffractometry, and 

differential scanning calorimetry (DSC), etc. However, all these techniques have their 

own limitations restricting the understanding from a granular level to molecular level 

investigation. Although cross sections of starch granules can be studied using 

microscopic techniques to explore the interior architecture, it allows only characterization 

upto the blocklet level and not beyond that. On the other hand, spectroscopic techniques 

such as FTIR provide information about the molecular level organization of glucan 

polymers within the granule, but they measure only few growth rings inward from the 
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surface of the granule. To overcome this barrier and investigate the granule interior, some 

researchers removed the outer layer of starch granules in different extents by chemical 

treatments (surface gelatinization) and studied the left over part of the granule. Although 

this treatment provides useful information about the granule interior, only little 

information is available so far. On the other hand, it is still in doubt whether this chemical 

treatment will produce artifacts or not. Studying premature starch granules at different 

stages of maturity is also an alternative way of studying the interior architecture of starch 

granules, although less attention is paid by researchers in this area. Furthermore, studying 

immature starch granules will minimize the effect of artifacts that could occur during 

chemical treatments.  

Studies that have been conducted with immature starches mainly used microscopic 

techniques to visualize granules, while only a few studies have focused on some 

structural parameters such as the amylose content, polymorphic structure, and 

gelatinzation parameters, etc. However, these studies are not comprehensive. Therefore, a 

complete study, i.e. from the granule to the molecular organization within the granule, of 

premature starches at different stages of maturity using more sensitive modern 

technologies is a need and also would be a great addition to the basic knowledge of starch 

granule architecture as well as to a better understanding of the functionality of starches in 

the food system. In addition, the structural information obtained at different stages of 

maturity will help geneticists to assemble the mechanism of starch granule development 

and tailor-make mutants with new structural and functional properties. 
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2.4  Objectives of the Project 

This thesis aims to understand the organization of glucan polymers within the starch 

granule during the growth of wheat kernels. More specifically; 

1. To study the wheat starch mixed population at different stages of kernel 

development for the molecular structure of glucan polymers and their 

organization within the granule. 

2. To study large and small granule populations individually to understand the 

differences in the molecular structure of glucan polymers and their organization 

within the granule.  
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CHAPTER THREE 

MATERIAL AND METHODS 

3.1  Materials 

3.1.1  Sampling Protocol  

Hard red spring wheat (cv. Hobson) samples at seven different stages of kernel 

developments – 7, 14, 21, 28, 35, 42, and 49 DAA – were harvested in Ailsa Craig, 

Ontario, Canada in 2009. Heads were tagged when 50% of the spikelets within the head 

were anthesized. Grains were sampled at the specified ages directly from the field and 

stored at -20 °C to prevent any enzyme activity. Seeds were cleaned to get rid of debris 

and stored again at -20 °C until the starch was isolated. Care was taken to minimize the 

time that the sample exposed to room temperature during cleaning. Seeds from the whole 

head were used for the study and the ±3 days maturity variation of starch granules within 

a spike (Peterson, 1965) was considered during the discussion. 

3.1.2  Chemicals 

Pure potato amylose and amylopectin, and sodium acetate (NaOAc) was purchased from 

Sigma Chemical Co (St. Louis, MO, USA) and sodium hydroxide (NaOH) solution, 

sodium borate, sodium dodecyl sulfate (SDS), sodium metabisulfite (Na2S2O5), glycerol, 

sodium hydroxide (NaOH), potassium iodide (KI), dimethyl sulfoxide (DMSO), iodine 

crystals, and trichloroacetic acid (Cl3CCOOH) was purchased from Fischer Scientific Inc. 

(Fair Lawn, NJ, USA). Enzyme isoamylase of Pseudomonas amyloderamosa (Glycogen 

6-Glucanohydrolase, EC 3.2.1.68) was purchased from Hayashibara Biochemical 
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Laboratories, Inc. (Japan) and had the specific activity of ~59,000 U/mg protein. All the 

chemicals and solutions used for the chain length distribution determination were of 

HPLC grade and rest of were of ACS grade. 

3.2  Methods 

3.2.1  Starch Isolation 

Starches were isolated according to the method described by Waduge et al. (2010) with 

more modifications. Wheat grains (100 g) were frozen in liquid nitrogen and ground in a 

coffee grinder (Black & Decker, 0.5 cup)for 1 min. The resulting flour was stirred with 

sodium borate buffer (12.5 mM, pH 10, containing 0.5% SDS (w/v) and 0.5% Na2S2O5 

(w/v)) in 1:20 (w/v) ratio for 5 min, transferred into 280 mL centrifuge bottles, and the 

residue was recovered by centrifugation at 900 × g for 5 min. This process was repeated 

once more. The residue was then washed three times with distilled water and recovered 

by centrifugation. In order to purify the residue, it was suspended in distilled water, 

passed through four layers of cheesecloth and then through 70 micron nylon mesh. The 

resulting residue was stirred overnight with water to recover any remaining starch while 

the purification process was continued with the slurry. The slurry was centrifuged and the 

brown layer, formed on top of the starch layer, was scraped using a spatula and 

transferred into a beaker, while the starch pellets were retained. The starch pellets were 

then suspended in water and centrifuged in 50 mL centrifuge tubes at 1600 × g for 10 

min. These steps were continued until all the brown particles were removed from the 

starch fraction. Following this, all of the retained brown fractions were combined in a 

beaker. Starch granules mixed with the brown layer were recovered by gravity settling 

and added back to the purified starch fraction. The residue, which was stirred overnight, 
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re-extracted using the above process from the cheese cloth filtering step onwards to 

recover more starch, which was combined with the purified starch fraction. The purified 

starch was then washed once with acetone and air dried (~25 ºC).  

3.2.2  Granule Fractionation 

Starch (1.5 g) was weighed into a 50 mL centrifuge tube, added 40 mL of distilled water, 

centrifuged at 5000 x g for 10 min and discarded the water. These steps were repeated 

once more to the starch pellet. Then the starch pellet was suspended in 7 mL of distilled 

water, vortexed thoroughly for 1 min. The starch suspension was layered on 30% 

glycerol solution using a dropper and centrifuged at 40 x g for 10 min. The supernatant 

was removed down to the 5 mL mark in the centrifuge tube carefully using a dropper and 

collected in a beaker (care was taken to not to disturb the inter-layer separation and the 

dropper was positioned always on the top of the supernatant). The starch pellet was 

washed twice with distilled water. These steps (from suspending the starch in 7 mL of 

distilled water to washing the starch pellet twice with distilled water) were repeated until 

the supernatant became clear. However, this repeating was around 3 to 4 times for mature 

starch, while it went up to 7 times with decreasing maturity. The supernatants were 

combined, centrifuged at 7000 rpm for 10 min, washed twice with water and once with 

acetone, and air dried (~25 ºC). This was the small granule fraction. The pellet was used 

for separating the large granule fraction.  

The pellet left after separating small granule fraction was washed twice with water and 

suspended in 7 mL of distilled water by vortexing thoroughly. The starch suspension was 

layered on 60% glycerol using a dropper, centrifuged at 40 x g for 10 min, and removed 

the supernatant out carefully up to the 5 mL mark in the centrifuge tube (same procedures 
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that were carried out for separating small granule fraction were applied here). These steps 

(from washing the pellet twice with water to taking the supernatant out) were repeated 4 

times, but the supernatant was taken completely out in the last step. The pellet left after 

the final centrifugation was washed twice with water, once with acetone, and air dried 

(~25 ºC). This is the large granule fraction.  

The purity of small and large granules fractionated using this method was checked using 

the Mastersizer as described in section 3.2.4 and the contamination of each fraction from 

the other fraction (large granules from small granules and vice versa) were less than 2% 

at all maturities. The supernatant left after separating large granule fraction contained 

both small and large granules.  

3.2.3  Preparation of Iodine Exposed Starches 

Starches were equilibrated to 0.97 water activity (aw) in a desiccator containing a 

saturated solution of K2SO4, at room temperature. The final equilibrated moisture content 

of samples was around 20%. Then, the equilibrated starches (0.2 g ) were spread over a 

plastic weighing pan and exposed to iodine vapor generated from 2 g of iodine crystals 

placed in a desiccator at the same aw for 24 h at room temperature (Saibene & 

Seetharaman, 2006). Fresh samples were prepared for each experiment. 

3.2.4  Granule Size Distribution 

Size distribution of starch granules was measured by means of laser scattering using the 

Mastersizer (Malvern Mastersizer 2000, Malvern Instruments Ltd., UK). Refractive 

indices of water and starch were given as 1.33 and 1.52, respectively and the distribution 

was measured as both the percentage volume and percentage number. 
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3.2.5  Amylose Content 

Apparent amylose content of starches was determined based on the method of Chrastil 

(1987) with minor modifications. 1M NaOH (2 mL) and distilled water (4 mL) were 

added to 20 mg (db) of starch in a screw cap tube. The tube was capped and heated at 95 

ºC for 30 min in a water bath with occasional mixing. The solution was then cooled to 

room temperature and an aliquot of 0.2 mL was added to 5 mL of 0.5% trichloroacetic 

acid in a separate test tube. The solutions were mixed and 0.1 mL of 0.1N I2-KI solution 

(1.27 g of I2 per L + 3 g of KI per L) was added and mixed immediately. The resulting 

blue color was measured at 620 nm after 30 min against a reference prepared without 

starch. The amylose content was calculated using the standard curve prepared using 

mixtures of pure potato amylose and amylopectin (over the range 0–100% amylose) 

(APPENDIX A-2).  

3.2.6  Chain Length Distribution of Amylopectin 

Starch (2 mg) was dissolved in 90% DMSO (50 µL) in a 10 mL glass test tube and heated 

in a 80 ºC water bath for 5 min. Then, the solution was stirred overnight at room 

temperature. Next day, the solution was diluted with warm (80 ºC) water (400 µL; HPLC 

grade) and 50 µL of sodium acetate buffer (0.01M, pH 5.5) and 1 µL of isoamylase were 

added. The solution was stirred overnight again. The solution was then heated in a 80 ºC 

water bath for 5 min to stop the enzyme activity, diluted to a total volume of 2 mL by 

adding 1.5 mL of warm (80 ºC) HPLC grade water. The final concentration of the 

solution was 1 mg/mL. 

The debranched whole starch samples were analyzed on a Dionex high performance 

anion exchange chromatography (HPAEC) system (ICS 3000) equipped with an ICS 
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3000 single gradient pump and pulsed amperometric detector (PAD). The samples were 

filtered through a 0.45µm nylon filter and injected (25 µl) onto a CarboPac PA-100 

column (250 x 4 mm) in combination with a similar guard column (4 x 50mm) and eluted 

at 1 mL/min. A gradient was made by mixing eluent A (150 mM NaOH), eluent B (150 

mM NaOH containing 500 mM NaOAc) and eluent C (85% 1M NaOAc + 15% 0.1M 

NaOH) as follows: from 0 to 9 min a gradient of B from 15 to 36%; 9 to 18 min from 36 

to 45%; and 18 to 110 min from 45 to 100%. One hundred percent (100%) of eluent C 

was run from 114 to 144 min, in order to elute any remaining amylose from the column. 

The PAD response was calibrated to quantify carbohydrate content by the method of 

Koch, Andersson, and Åman (1998) using fractions of debranched potato amylopectin 

collected from gel permeation chromatography (GPC). Chains of DP>55 were not 

resolved but quantitatively approximated by a continuous area division of the 

chromatogram. 

3.2.7  Scanning Electron Microscopy (SEM) 

Granule morphology of developing wheat starch granules was investigated by using 

SEM. Starch granules were sprinkled on circular aluminum stubs with double sticky 

carbon tape and then sputter coated with gold/palladium for 20 nm of thickness (Emitech 

K550, Ashford, Kent, UK) and examined by a scanning electron microscope (Hitachi S-

570, Hitachi High Technologies, Tokyo, Japan) at an accelerating voltage of 10 kV. All 

images were acquired digitally using Quartz PCI software (PCI version 8, Vancouver, 

BC, Canada). 
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3.2.8  Atomic Force Microscopy (AFM) 

An AFM (model 5500, Agilent Technologies, Chandler, AZ, USA) was used for imaging 

the surface of starch granules. Imaging was performed in the tapping mode with silicon 

cantilevers with nominal spring constant of 48 N/m and resonance frequency of around 

300 kHz (Nanoworld AG, Switzerland). Scanning rates and resolution were 1~2 Hz and 

512, respectively. The observation was performed inside a chamber at room temperature. 

Starch granules were sprinkled over a double-sided tape attached to a microscopic slide, 

placed a cover slip on the top, and pressed gently. After removing the cover slip, any lose 

starch residue was removed using a high pressure air flush. Then the microscopic slide 

was placed on the sample holder and the exposed surface of starch granules were scanned 

directly without any preliminary preparations while monitoring using a microscope 

attached to the AFM. The real time scanning was performed as explained by Park et al. 

(2011) with little modifications in the experimental set up as shown in Fig. 3.1. The 

surface of the starch granules were scanned after introducing the water vapor first and 

then again after exposing to iodine vapor in the presence of water vapor. At least three 

granules from either large or small fraction of each maturity stage were scanned for 

studying the maturity effect, while only one granule from each stage was scanned for the 

real time imaging. 

For starches from 14 DAA, granules were scanned at 10 x 10 µm size and those larger 

than ~15 µm were considered as large granules while those ~ 4-7 µm were considered as 

small granules. All starch granules at 7 DAA were smaller than 15 µm and considered as 

young large granules. The 0.5 x 0.5 µm area image in in situ investigation is a cropped 

image of the 1 x 1 µm area to highlight differences in the same location in both images.  
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Fig. 3.1 Schematic representation of the experimental set up for in situ AFM scanning.
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The dimensions of blocklets and the surface roughness were determined using PicoView 

(version 1.4; Agilent Technologies) and the Gwyddion (version 2.24; 

http://gwyddion.net) software, respectively. Surface roughness was measured by using 

Ra, the arithmetic average of absolute values, and is defined by:  

where, yi is the height of the surface at i
th

 location and n is the number of data points in 

the image. 

3.2.9  Wide Angle X-ray Scattering (WAXS) 

X-ray diffractograms were obtained for starches equilibrated to 0.97 aw, packed tightly 

into a 1 in.×1 in. square shape area of a quartz plate, by using the radiation produced by 

the copper (Kα = 0.154 nm) X-ray tube in the Rigaku X-ray diffractometer (Rigaku-

Denki, Co., Tokyo, Japan). The operating conditions were as follows: target voltage 40 

kV, current 40 mA, scan speed 1º/min, sampling width 0.02º, divergence slit width 0.5º, 

scatter slit width 0.5º, receiving slit width 0.3 nm, and scanning range 3–35º. Data were 

smoothed using Jade X-ray data analysis software (version 6.5, Material Data Inc., 

California, USA) and normalized to equal total scattering in 3–35º 2θ range. Peak width 

at half height (PW) and RC were calculated using statistical curve fitting by using Jade 

X-ray data analysis software. Gaussian curves for five finger print peaks which lies 

around 15˚, 17˚, 18˚, 20˚, and 23˚ 2θ were fitted on a 4
th

 order polynomial background 

curve and the sum of areas of peaks (except the area of the peak at 20˚ 2θ because it is 

responsible for the V-crystallinity and not the A-type) were considered as the crystalline 

𝑅𝑎 =
1

𝑛
  𝑦𝑖 

𝑛

𝑖=1
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area. The RC was calculated by dividing this value by the total area of the diffractogram 

and expressed as the percentage. 

3.2.10  Small Angle X-ray Scattering (SAXS) 

SAXS measurements were carried out using the radiation generated from the copper X-

ray tube (Kα1 = 0.154 nm) operating at 40 kV / 35 mA and at 23 
o
C in the Bruker 

Nanostar X-ray diffractometer (BRUKER AXS Inc. Madison, USA). The X-ray beam 

from a fine focus tube was collimated by two perpendicular Goble mirrors and was 

passed through a three slits optical system before hitting the sample. The 45% (w/v) 

starch slurries were prepared and injected into a capillary and were placed in to the beam. 

The SAXS pattern was recorded on a Hi-Star gas filled 2D detector located at 260 mm 

from the sample. All the system, the slits, the sample and the detector window, were kept 

under vacuum to avoid the undesirable background produced by air scattering. The total 

counting time for each sample was 64000 seconds.  The position of the SAXS peak 

(qmax=4πSinθ/λ) was determined and the lamellae repeat distance / Bragg spacing 

(d=2π/q) was calculated. 

3.2.11  Fourier Transform Infrared (FTIR) Spectroscopy 

Infrared spectra of starches were recorded on FTIR spectrophotometer (model 

IRPrestige-21, Shimadzu Corporation, Kyoto, Japan) equipped with deuterated L-alanine 

doped triglycine sulphate (DLaTGS) detector using an attenuated total reflectance (ATR) 

accessory (Pike Technologies, Madison, Wis, USA) with a diamond crystal at an angle of 

incidence of 30˚. The spectra were obtained after pressing the sample on the diamond and 

at a resolution of 4 cm
-1

 and 900 – 1200 cm
-1

 wavenumber range. Sixty scans were 

recorded against empty cell as background. The spectra were baseline corrected and 
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deconvoluted using the IR solution software (version 1.3). Parameters such as band width 

of 19 cm
-1

, path length of 0.1, 5 smoothing points and Bessel apodization function were 

applied for deconvolution.   

3.2.12  Colorimetric Analysis 

The color (L*, a*, and b*, defined as black (-) to white (+), green (-) to red (+), and blue 

(-) to yellow (+) color changes, respectively) and the K/S value of starch-iodine 

complexes formed when granular starches were exposed to iodine vapor were evaluated 

by using CM 3500-d spectrophotometer (Konica Minolta Sensing Inc., Mahwah, NJ, 

USA) equipped with SpectraMagic NX CM-S 100 software. Measurements were taken 

over a wavelength range from 400 to 700 nm and using the starch which was equilibrated 

to the same aw but not exposed to iodine vapor as the reference. The granular starch (0.2 

g) was spread over the sample cell as a thick layer and the measurements were taken. The 

K/S, which was derived by Kubelta and Munk, is defined as follows: 

 

 
 
(  𝑅) 

 𝑅
 

where, K is the absorption coefficient, S is the scattering coefficient, and R is the 

reflectance of the sample expressed as a fraction between 0 and 1 (Billmeyer & 

Saltzman, 1981).  

The wavelength at maximum K/S (λmax) was used to estimate the degree of 

polymerization (DP) of the largest population of glucan polymers which were interacted 

with iodine by using the equation provided by Banks et al. (1971): 

 

    
                      (

 

  
) 



63 

 

3.2.13  Statistical Analysis 

All determinations were replicated two times and mean values and standard deviations 

are reported. Analysis of variance (ANOVA) Duncan test (p<0.05) was performed by 

using statistical software SPSS 16.0 for windows (SPSS Inc., Chicago, IL, USA). 
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CHAPTER FOUR 

VISUALIZATION OF THE SURFACE MORPHOLOGY OF 

DEVELOPING WHEAT STARCH GRANULES BY ATOMIC 

FORCE MICROSCOPY  

4.1  Abstract 

Wheat starch granules from 7, 14, 21, 28, 35, 42, & 49 DAA were imaged using atomic 

force microscopy. Starches were scanned in their native form as well as following 

exposure to iodine vapour in situ at 100% humidity. Starch at 7 DAA exhibited only one 

granule population, while starches at other maturities had two size populations. Starches 

from all stages of maturation exhibited blocklet structures. Larger and fuzzier blocklets 

were observed at early stages while they became smaller and less fuzzy at subsequent 

stages of maturity. Furthermore, at all stages, small granules had larger and fuzzier 

blocklets and higher surface roughness than the large granule counterpart; however the 

surface roughness of both small and large granule fractions decreased gradually with 

maturation. Amorphous growth ring of starch granules with ~1 x 1 µm to ~3 x 6 µm size 

islands were also observed. In situ iodine exposure demonstrated that iodine interacted 

with glucan polymers in the amorphous background first and then spread over to 

polymers on top of blocklets.   

4.2  Introduction 

AFM is a powerful technique which allows surface imaging of non-conducting samples 

in nanometer scale. In this technique, samples are imaged under ambient conditions, 

either in air or under liquids, and with minimal sample preparations (Pérez et al., 2009). 
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Since AFM does not rely on conductive sample preparations as in SEM, it is widely used 

to study the granule surface (Baldwin et al., 1997, 1998; Juszczak et al., 2003a, 2003b; 

Ohtani et al., 2000a; Ohtani, Yoshino, Ushiki, Hagiwara, & Maekawa, 2000b; Park et al., 

2011; Ridout et al., 2003, 2004; Sujka & Jamroz, 2009; Szymonska & Krok, 2003; 

Waduge et al., 2010), internal structure of starch granules (Baker et al., 2001; Parker, 

Kirby, & Morris, 2008; Ridout et al., 2002), as well as starch polymers (Dang, Braet, & 

Copeland, 2006; Gunning, Giardina, Faulds, Juge, Ring, Williamson, & Morris, 2003). 

Moreover, the AFM imaging technique has also been utilized to investigate enzymatic 

hydrolysis (Morris, Gunning, Faulds, Williamson, & Svensson, 2005; Thomson, Miles, 

Ring, Shewry, & Tatham, 1994), freezing and thawing effects (Krok, Szymonska, 

Tomasik, & Szymonski, 2000; Szymonska & Krok, 2003; Szymonska, Krok, & Tomasik, 

2000), retrogradation (Tang, & Copeland, 2007), and heating effects (An, Yang, Liu, & 

Zhang, 2008) of starches. 

Starch is deposited in higher plants as semi-crystalline granules and comprises two 

homoglucans called amylose and amylopectin. Amylose is essentially a linear glucan 

polymer, while amylopectin is mostly branched. Amylopectin contributes mainly to the 

architecture of the granule, while amylose acts as a diluent. In the starch granule, amylose 

and amylopectin molecules are organized in an array of alternative amorphous and semi-

crystalline growth rings. According to the model described by Gallant et al. (1997), both 

amorphous and semi-crystalline rings are composed of blocklets; however, blocklets in 

the amorphous rings are smaller than those in semi-crystalline rings. These blocklets are 

composed of alternative crystalline and amorphous lamellae. Amylopectin and amylose 

molecules are organized within this lamellae structure such that branch chain polymers of 
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amylopectin forms double helices and occupy the crystalline lamellae of the granule, 

while amylopectin branch points and amylose are located in the amorphous lamellae of 

the granule.  

In mature wheat starch, there are two distinct populations of “large” and “small” granules 

(Peng et al., 1999). Large granules are mostly disc-shaped, while small granules are 

spherical (Peng et al., 1999). These two granule populations are initiated in the 

endosperm of the wheat grain during different stages of grain development: large 

granules are initiated at about 4-7 DAA, whereas small granules appear at about 10-14 

DAA (Bechtel & Wilson, 2003; Bechtel et al, 1990; Langeveld et al., 2000). In addition, 

some researchers have observed a third population of granules in the wheat endosperm 

which is initiated at around 21 DAA (Bachtel et al., 2000). Therefore, the small granule 

population observed at the final maturity is probably the combination of granules initiated 

at about 10-14 DAA and 21 DAA. At final maturity, the large granule population have 

average diameter of 10 to 35 µm, while the small granules range from about 1 to 10 µm.  

Iodine forms V-type inclusion complexes with linear polymers or linear segments of 

branched polymers of starch. This has been extensively studied in aqueous suspensions 

and widely used in amylose content determination of starches (Bates, French, & Rundle, 

1943; Géssler, Usón, Takaha, Krauss, Smith, Okada, Sheldrick, & Saenger, 1999; 

Knutson, Cluskey, & Dintzis, 1982; Murdoch, 1992; Nimz, Geßler, Usón, Laettig, 

Welfle, Sheldrick, & Saenger, 2003; Rundle & Baldwin, 1943; Rundle & Edwards, 1943; 

Rundle & French, 1943a, 1943b; Teitelbaum et al., 1980; Thoma & French, 1960). The 

starch linear polymer-iodine vapour interaction can be utilized to elucidate the three 

dimensional structure of starch granules because, the extent of interaction that takes place 
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when granular starch is exposed to iodine vapour depends essentially on the molecular 

organization of the granule, i.e., starch granule architecture (Marti, Pagani, & 

Seetharaman, 2011; Park et al., 2011; Saibene & Seetharaman, 2006; Saibene et al., 

2008; Waduge et al., 2010).  

Plenty of information is available in the literature related to microstructure of the granule 

surface of mature starches (Baldwin, Adler, Davies, & Melia, 1994; Glaring et al., 2006; 

Zavareze et al., 2010). However, there is a dearth of information on the microstructure at 

granule initiation and during development. Potentially, the visualization of the 

microstructure of immature starch granules would be a way to explore starch granule 

interior since the granules grow by apposition (Badenhuizen & Dutton, 1956; Sandstedt, 

1946; Mukerjea, Mukerjea, & Robyt, 2009) and a layer a day (Buttrose, 1960). 

Therefore, the objective of this research was to study the surface of the immature wheat 

starch granules using AFM to visualize their microstructure and, consequently, 

understand the architectural development throughout the maturation of the granule. 

Furthermore, a real time AFM scanning was carried out for starches with exposure to 

iodine vapour in humid environment to understand the molecular organization of these 

starch granules.  

4.3  Results  

 4.3.1  Native Wheat Starch Granules at Different Stages of Maturity 

4.3.1.1  Starch Granules at 7 DAA 

Topographic image and the cross section analysis of a 7 DAA starch granule are shown 

in Fig. 4.1. The observation represents essentially a top view of the surface enabling  
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Fig. 4.1 AFM topographic (a) and phase (b) images and their cross section analysis (c) of 

a 7 DAA starch granule. Magnification is 1x1 µm. The location of cross section analysis 

is indicated by the white line in figures (a) and (b). The top graph in Fig. 1c is the cross 

section analysis of the topograph, and the bottom graph is that of the phase image. Scale 

of the Y-axis of the cross section analysis of topograph is in µm whereas that in phase 

image is in degrees.  
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estimations in two dimensions (length and width) of the size of different microstructures. 

As seen in the topographic image (Fig. 4.1a), blocklets were clearly visible already at this 

stage of maturity. The blocklets were less defined (fuzzier) and had dimensions between 

~68 x 97 nm and ~98 x 154 nm. Apparently, the blocklets were clustered or fused 

together at different heights forming nodules, which were mostly elongated in shape. 

Depressions were also observed on the surface of the granule. 

Phase image in an AFM study highlights the stiffness of the sample surface. It records the 

phase lagging between the cantilever oscillation and the phase of driving signal giving an 

indication of relative stiffness at different locations of the surface of the sample (Park et 

al., 2011). Thus, phase images can be utilized to recognize blocklets and understand the 

microstructure inside depressions, which were hidden in the topographic image. The 

surface of the 7 DAA starch granule was mostly stiff, although there were randomly 

distributed less stiff areas (Fig. 4.1b). The phase image further demonstrated the presence 

of deep gaps on the surface of the granule which localize one or more nodules into grain-

like structures. As seen by Fig. 4.1c, the top of the nodules were mostly stiffer than 

valleys. The surface roughness which was studied by using the Ra and maximum height 

difference (hmax), was ~7.5 nm and ~67 nm, respectively. 

4.3.1.2 Starch Granules at 14 DAA 

Topographic and phase images of large and small granules from 14 DAA starch and their 

cross section analysis are shown in Fig. 4.2. Blocklets were visible on the surface of both 

large (Fig. 4.2a) and small (Fig. 4.2b) granules at this stage of maturity. However, the 

size of blocklets in small granules was larger (~32 x 36 nm to ~49 x 82 nm) than in large 

granules (~20 x 25 nm to ~45 x 55 nm). Moreover, the borders of blocklets in small  
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Fig. 4.2 AFM topographic and phase images of 14 DAA large (a & c, respectively) and 

small (b & d, respectively) starch granules, and their cross section analysis (e and f, 

respectively). Magnification is 1x1 µm. The location of cross section analysis are 

indicated by white lines in figures (a) to (d). Top graphs in (e) and (f) are the cross 

section analysis of the topograph of large and small granules, respectively while the 

bottom graphs are that of the phase images, respectively. Scale of the Y-axis of the cross 

section analysis of topograph is in µm whereas that in phase image is in degrees.  
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granules of 14 DAA starch were fuzzier than in those in large granules at the same 

maturity. Nevertheless, blocklets in both small and large granules of 14 DAA starches 

were less fuzzy than those in 7 DAA starch granule surface. Furthermore, although 

blocklets were clustered into nodules in both small and large granules, those in small 

granules were bigger than their large granule counterpart. Depressions were also 

observed on the surface of both large and small granules. Very deep depressions 

suggested pores that possibly are openings to internal channels on the surface of the large 

granule (shown by arrows in Fig. 4.2a).  

Surface of the small granule of 14 DAA starch was stiffer than that of the large granule 

(Fig. 4.2e & f). It further confirmed the presence of grain-like structures, which were 

separated from deep gaps (Fig. 4.2c & d). These grain-like structures in small granules 

were larger than those in large granules. However, the grain-like structures in 7 DAA 

starch granule were much larger than those in both large and small granules of 14 DAA 

starch. Ra of small and large granules was ~7.3 nm and ~ 3.4 nm, respectively, whereas 

hmax of small and large granules was ~40 nm and ~ 65 nm, respectively. 

4.3.1.3 Starch Granules at 28 DAA 

At 28 DAA, starch granules were closer to their physiological maturity. Fig. 4.3 

represents the topographic and phase images of large (Fig. 4.3a & c) and small (Fig. 4.3b 

& d) granules and their cross section analysis (Fig. 4.3e & f). Similar to previous stages 

of maturity, depressions, blocklets, and nodules were visible at this stage. Similar to 14 

DAA starch, blocklets in small granules of 28 DAA starch were larger (~25 x 42 nm to 

~45 x 84 nm) and fuzzier than those in large granules (~20 x 36 nm to ~25 x 51 nm). 

However, following the trend, blocklets in both of these populations were smaller than  



72 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3 AFM topographic and phase images of 28 DAA large (a & c, respectively) and 

small (b & d, respectively) starch granules, and their cross section analysis (e and f, 

respectively). Magnification is 1x1 µm. The location of cross section analysis are 

indicated by white lines in figurs (a) to (d). Top graphs in (e) and (f) are the cross section 

analysis of the topograph of large and small granules, respectively, while the bottom 

graphs are that of the phase images, respectively. Scale of the Y-axis of the cross section 

analysis of topograph is in µm, whereas that of phase images is in degrees.  
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those of their corresponding 14 DAA counterparts. Phase image demonstrated the 

presence of grain-like structures in both large and small granules, but again, larger in size 

in small granules compared to its large granule counterpart. The cross section analysis of 

large and small granules (Fig. 4.3e & f top graphs) supported the observation of larger 

and fuzzier blocklets on the surface of small granules. Furthermore, the surface of the 

small starch granule was stiffer than that in the large granule. Ra of small and large 

granules was ~ 2.5 nm and ~ 2.4 nm, respectively, whereas hmax was ~42 nm and ~32 nm, 

respectively. 

4.3.1.4 Starch Granules at 49 DAA 

Fig. 4.4 shows AFM images at 49 DAA when the starch granules are at their post-

physiological maturity. Also at this stage of maturity, similar observations as at previous 

stages were observed, i.e., depressions on the surface of both large and small granules, 

larger and fuzzier blocklets in small granules compared to those in large granules, 

formation of nodules by clustering blocklets together, and larger grain-like structures in 

small granules than in large granules. However, the difference in blocklet sizes between 

large and small granules at this stage of maturity was smaller than that at younger 

maturities. Thus, the size of blocklets in large granules ranged from ~20 x 40 nm to ~26 x 

60 nm and in small granules from ~21 x 38 nm to ~36 x 56 nm.  The surface roughness 

determined using Ra and hmax were ~2.91 nm and ~33 nm for large granules while ~3.5 

nm and ~42 nm for small granules, respectively. 

Phase image demonstrated that the grain-like structures in the large granule were 

separated by deeper gaps compared to those in small granules. In addition, the sizes of 

grain-like structures in large granules were smaller than those in small granules.  
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Fig. 4.4 AFM topographic and phase images of 49 DAA large (a & c, respectively) and 

small (b & d, respectively) starch granules, and their cross section analysis (e and f, 

respectively). Magnification is 1x1 µm. The location of cross section analysis are 

indicated by white lines in figures (a) to (d). Top graphs in (e) and (f) are the cross 

section analysis of the topograph of large and small granules, respectively, while the 

bottom graphs are that of the phase images, respectively. Scale of the Y-axis of the cross 

section analysis of topograph is in µm whereas that in phase image is in degrees.  
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Furthermore, the cross section analysis of the phase image demonstrated large granules at 

this stage of maturity had stiffer surface than small granules.  

4.3.2  Two Different Surface Morphologies 

Some large starch granules from 21, 35, 42, and 49 DAA demonstrated totally different 

properties compared to the regular surface of starch granules with blocklets. Fig. 4.5 

shows the topological images of the surface of two large granules from 35 DAA starch; 

one with the regular surface (Fig. 4.5a - c) and the other with altered properties (Fig. 4.5d 

- f). A large area of both granules were scanned first and then magnified into 5 x 5 µm, 1 

x 1 µm and 500 x 500 nm. The granule with regular surface demonstrated characteristic 

blocklet structure (Fig. 4.5c), whereas the other type was completely different. It was 

softer than the regular granule surface (Fig. 4.5h bottom graph) and did not show 

blocklets even at 500 x 500 nm magnification (Fig. 4.5f). Instead, island-like structures 

with different shapes and sizes (~1 x 1 µm to ~3 x 6 µm) embedded in a softer 

background material (Fig. 4.5d) containing randomly distributed stiff depressions (Fig. 

4.5e, f, & h) were seen. Although, those islands were stiffer than the background, they 

were softer than depressions.  Furthermore, depressions in the background are much 

stiffer than rest of the area in the granule and around 5-7 nm deep (Fig. 4.5h). There were 

no depressions seen on islands. The other deviation of this surface from the regular 

granule surface is the comparatively small hmax. 
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Fig. 4.5 AFM topographic images of a semi-crystalline surface (a - c) and an amorphous 

surface (d - f) of two different 35 DAA starch granules and their cross section analysis (g 

& h, respectively). Same location of each granule was scanned as 5 x 5 µm surface area 

(a & d) and then magnified into 1 x 1 µm (b & e) and 500 x 500 nm (c & f). The 

locations of cross section analysis are indicated by white lines in figures (b) and (e). Top 

graphs in (e) and (f) are the cross section analysis of the topograph of semicrystalline and 

amorphous surfaces, respectively, while the bottom graphs are that of the phase images. 

Scale of the Y-axis of the cross section analysis of topograh is in µm whereas that in 

phase image is in degrees. BG – background, Is – islands, and D – depressions. 
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4.3.3 Iodine Binding under Humid Conditions 

Images of the surface of the starch granule in the presence of 100% humidity and in the 

presence of iodine vapour and 100% humidity are shown in Fig 4.6. The surfaces were 

imaged as 1 x 1 µm area and a cropped 500 x 500 nm magnification image is shown to 

observe changes on the same location of granule surface. When the surface of the starch 

granules was exposed to moisture, blocklets swelled and merged. However, this swelling 

and merging of blocklets caused surface depressions to disappear in some places, while it 

was not large enough to diminish the gaps observed between blocklets or nodules in other 

places. Although the blocklets in the valleys of the starch granule surface before iodine 

exposure was not visible in the topographic image, the corresponding phase image 

demonstrated the hidden texture of those areas. 

When these starches were exposed to iodine vapour, they interacted with iodine to 

different extents. Different level of interaction at different stages of maturity was clearly 

visible even to the naked eye because of the blue color of the iodine-glucan polymer 

complex.  Fig. 4.6(a-d) shows the same location of the 7 DAA starch granule before (Fig. 

4.6a & c) and after (Fig. 4.6b & d) iodine exposure under 100% humidity. As seen in the 

images, there was no visible effect caused by iodine, except an increase in hmax in the 

topographic image and some changes in the stiffness. In contrast, the 28 DAA starch 

possessed clear changes in the topography and phase images could be seen following 

exposure to iodine (Fig. 4.6e & g vs. 4.6f & h). As shown in Fig 4.6f, a new 

microstructure within blocklets/nodules appeared. Furthermore, blocklets in valleys of  
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Fig. 4.6 AFM images of before and after in situ exposure of 7 (a-d), 28 (e-h), and 49 (i-l) 

DAA starch granules to iodine vapor at 100% humidity. (a, e,& i) Topographic image of 

the starch granule in the presence of 100% humid only; (b, f & j) Topographic image of 

starch granule in the presence of 100% humid and iodine vapor; (c, g, & k) Phase image 

of starch granules in the presence of 100% humid only; (d, h, & l) Phase image of starch 

granules in the presence of 100% humid and iodine vapor. Magnification is 500 x 500 

nm. Arrows in figures (e) and (f) show the appearance of blocklets in valleys because of 

the exposure to iodine vapor. 
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the granule surface, which were less detectable before iodine exposure, became more 

visible (arrows in Fig. 4.6e & f). hmax of the overall scanned area increased following 

iodine exposure. Phase image of the sample after exposure to iodine vapour shows the 

appearance of vertical spike-like structures corresponding to ~ 2 nm length from gaps 

between blocklets (Fig. 4.6 & 7). As shown in Fig. 4.7, these spike-like structures, which 

were initiated in gaps between blocklets/nodules were also observed on top of the 

blocklets in repetitive scans (Fig. 4.7e, f, h, & i). The behaviour of 49 DAA starch was 

similar to that of 28 DAA starch, although the complexation was not that pronounced 

(Fig. 4.6i-l). However, the appearance of randomly distributed ~2 nm long spike-like 

structures in gaps between grain-like structures together with increased hmax in the 

topology and the reduced degree in the phase image is indicative of complex formation. 

The appearance of a microstructure in gaps and blocklets/nodules and the visualization of 

blocklets in valleys were clear signs for iodine-glucan polymer interaction occurring on 

the surface of the starch granule. 

4.3.4  Other Surface Features 

When different granules were scanned, several interesting features were noted. I am not 

sure of the relevance of these structures or the frequency of distribution of these 

structures, but we think it is important to record these observations, especially since AFM 

images are only 1 µm
2
 compared to the average surface area of ~3000 µm

2
 of a typical 

wheat granule. One interesting feature that was observed on the surface was an oval 

shaped ring structure (Fig. 4.8a & b). These ring structures were seen at both 28 and 49 

DAA starches. The size and shape were always similar, and in some cases, there were  
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Fig. 4.7 Repetitive scans of the in situ iodine exposure of 28 DAA starch granules in the 

presence of 100% humidity demonstrating the appearance of spikes in gaps first and then 

spreading over to top of blocklets. (a & b) topographic and phase images of the granule 

surface in the presence of 100% humid only; (c & d) topographic and phase images of the 

first scan of the surface in the presence of iodine vapor and 100% humid; (e & f) 

topographic and phase images of the second scan of the surface in the presence of iodine 

vapor and 100% humid. (g, h, & i) Cross section analysis of the topography and phase 

images of the granule surface before exposing to iodine, first scan after exposing to iodine, 

and the second scan after exposing to iodine, respectively. The locations of cross section 

analysis are indicated by white lines in figures (a) to (f). Top graphs in. (g) to (i) are the 

cross section analysis of topographs, while the bottom graphs are those of the phase images. 

Scale of the Y-axis of the cross section analysis of topograh is in µm, whereas that in phase 

image is in degrees. Arrows in (h) shows the formation of the complex in gaps, whereas 

those of (i) shows formation of the complex on top of blocklets. 
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Fig. 4.8 Special features observed on some granule surfaces. (a) 2D and (b) 3D images of 

the ring structure observed on the surface of a 49 DAA small granule. (c) 3D topographic 

image of indents observed on the surface of a 49 DAA large starch granule. The image in 

(c) is overlaid with the color of the corresponding phase image for visualization purposes. 
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more than one ring on a granule. As shown in Fig. 4.8a and b, they appeared to be made 

up by a wall built of fused blocklets similar to those in other areas of the granule, but 

larger in size. Since these rings are made with blocklets similar to those observed in the 

regular granule, it can be assumed that these blocklets were grown surrounding an object 

such as protein bodies, which are present in the endosperm (Campbell, Lee, O‟Brien, & 

Smart, 1981). The other interesting feature that could be seen commonly on the surface of 

the granules was round or oval shaped indents (Fig 4.8c). They appeared on the surface 

as clusters of 5-8 in groups. 

4.4  Discussion  

 4.4.1  Surface of Native Wheat Starch Granules at Different Stages of Maturity 

Visualization of the starch granule surface at different stages of maturity reveals 

information regarding the development of granule architecture. Therefore, the purpose of 

this investigation was to develop an argument for the development of starch granule 

interior throughout the growth and to understand the architecture from the center of the 

granule to the periphery. Because starch granules grow by apposition (Badenhuizen & 

Dutton, 1956; Mukerjea et al., 2009; Sandstedt, 1946) and developing a layer a day 

(Buttrose, 1960), the surfaces which were imaged using AFM in starch granules of 

different stages of maturity represent radial cross sections of starch granules at different 

locations from center of the granule to the periphery. Wheat is an ideal source of material 

for the study since it has both large and small granule populations. As the large granules 

initiate at around 4-7 DAA, while small granules initiate at around 12-14 DAA (Bechtel 

et al., 1990, Bechtel & Wilson, 2003; Langeveld et al., 2000), it is reasonable to assume 

that the starch granule population at 7 DAA is younger large granules, and the small 
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granule fraction at 14 DAA is younger small granules. However there are no clear 

boundaries for separating large and small granule fractions by their size, i.e., small 

granule fraction might have a small proportion of large granules and vice versa.  

Therefore, granules around 4-7 µm were considered as small granules and those bigger 

than 15 µm were considered as large granules from 14 DAA onwards.  

Blocklets were observed on the surface of starch granules as early as 7 DAA. 

Interestingly, blocklets at younger stages of maturation, i.e., 7 DAA and small granules of 

14 DAA, were larger and fuzzier than those at later stages of maturation. The reason for 

the presence of fuzzy blocklets at younger stages is not fully understood. However, it is 

well known that the biosynthesis of the starch granule initiates at the hilum and the area 

surrounding the hilum is amorphous. Because starch granules grow by apposition 

(Badenhuizen & Dutton, 1956; Mukerjea et al., 2009; Sandstedt, 1946), the granules at 

early stages of maturity are expected to have an architecture closely related to their inner 

core. It can therefore be assumed that the fuzzy appearance of these blocklets is fuzzy as 

a result of the surrounding amorphous background. Throughout maturation of both small 

and large granule fractions, the blocklets gradually became smaller and less fuzzy 

demonstrating differences in blocklets from the center of the granule to the periphery 

which suggested a continuous change in the mode of how blocklets were formed and/or 

in the fine structure of the macromolecular compounds. At all the maturities, blocklets in 

small granules were larger and fuzzier than those in their corresponding large granule 

counterpart. Although the size of blocklets in both large and small starch granules 

gradually decreased and reached values reported in literature (Baldwin et al., 1998) at the 
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final maturity, those in small granules were still larger than their large granule 

counterparts. 

Nodules (i.e., fused blocklets) were observed at all stages of maturation. They are likely 

formed by bundles of blocklets with different heights and sizes. Nodules have been 

shown to be present on the surface of immature wheat starch granules (Waduge et al., 

2010) and mature starch granules from wheat and potato (Baldwin et al., 1997 & 1998), 

and rice (Ayoub, Ohtani, & Sugiyama, 2006; Ohtani et al., 2000b). Nodules with 

different heights and depressions with different depths make the surface of the granule 

rough. Interestingly, surface roughness of small granules was higher than their 

corresponding large granule fraction at all stages of maturity. Also, in both small and 

large granule fractions, increasing maturity decreased the surface roughness gradually. 

Since, small granules initiated about a week later than large granules, it can be assumed 

that small granules are one step behind in their growth stage compared to the 

corresponding large granule fraction. Therefore, it would be reasonable to compare the 

surface roughness of small granule at one stage of maturity with that of the large granule 

from the previous maturity. This comparison demonstrated that the surface roughness of 

small granules were more or less the same as that of larger granules at the previous 

maturity. This suggested no difference between the surface roughness of small and large 

granules at their same stage of maturity.  

Depressions on the granule surface were observed at all stages of maturation. 

Depressions on the surface of immature wheat starch granules were also reported in our 

previous study (Waduge et al., 2010). Depressions and protrusions are also known to 

exist on the surfaces of mature granules of wheat, triticale, maize, potato and tapioca 
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starches (Juszczak, 2003; Juszczak et al., 2003a, 2003b; Sujka & Jamroz, 2009). Some of 

these depressions are said to be surface pores or the beginnings of channels (Juszczak et 

al., 2003a, 2003b). Because the depth that the AFM tip can reach is limited by its size, it 

is not always possible to measure the real depth of the depression. However, the observed 

deep depressions on the surface of immature wheat starch granules could be internal 

channels or initial stages of surface pores. As seen in the cross section analysis of phase 

images, the stiffness of granule surfaces at different stages of maturity was different. The 

phase image further visualized the texture of surface depressions which was hidden in the 

topography and the presence of deep gaps dividing bundles of nodules/blocklets from 

each other.  

At several stages of maturity, large starch granules possessed different surface properties 

(Fig. 4.5) in contrast to the surface with blocklets commonly observed and reported in 

literature (Baldwin et al., 1994; Glaring et al., 2006; Zavareze et al., 2010).  The fuzzy, 

soft, non-blocklet structure occurred only occasionally and it probably represents the 

amorphous growth ring. The structure of the amorphous growth ring is still in dispute. 

Although assumed as non-structured, Gallant et al. (1997) argued that it was also 

composed of blocklets and Tang, Mitsunaga, and Kawamura (2006) suggested that the 

blocklets are structurally defect. Parker et al. (2008) observed the presence of blocklets in 

the amorphous growth ring of pea starch granules. Recent data (unpublished) showed the 

presence of amorphous blocklets (~80 nm) in potato and corn lintners. However, the 

presence of large islands with a comparatively smooth surface embedded in a softer 

background in immature wheat starch suggests a microstructure larger than and different 

from the blocklets previously observed. It is possible that these islands consist of 
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coalesced glucan polymers giving rise to a stiffer texture than the surrounding. 

Furthermore, the presence of ~ 5-7 nm deep depressions with higher stiffness similar to 

regular granule surface in the background of the amorphous surface suggests that these 

depressions likely extend to the underneath semi-crystalline growth ring. These 

depressions might also be a part of internal channels. 

4.4.2  Iodine-glucan Polymer Interaction  

The real time scanning, which was carried out while exposing the surface of 7, 28, and 49 

DAA starch granules to iodine vapor at humid conditions, demonstrated different levels 

of interaction with iodine at different maturations. Hardly any effect of iodine was seen in 

7 DAA starch, except an increase in surface roughness. However, the 28 DAA starch 

clearly visualized the location of iodine interaction on the surface of the starch granule. 

The complexation of iodine with glucan polymers in gaps between blocklets first and 

then spreading over to top of the blocklets demonstrated that there were linear glucan 

polymers in gaps between blocklets that have a higher affinity to interact with iodine and 

form complexes than segments of linear glucan polymers which were on the top of 

blocklets. In a starch granule, blocklets are embedded in an amorphous background, 

which contains non-crystalline glucan polymers of starch, i.e., mainly amylose and non-

crystalline amylopectin. Therefore, the gaps between blocklets, which possibly are 

occupied by the amorphous material, have linear glucan polymers that can bind with 

iodine faster. However, molecules on the top of blocklets apparently also have linear 

segments long enough to form inclusion complexes with iodine thus, by time, extending 

the area that form complexes with iodine. Similar observations were seen in the 49 DAA 

starch, although to a lesser degree. In situ iodine exposure of mature potato and corn 
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starch was reported by Park et al. in 2011. They found that the location of iodine binding 

in potato starch was on the top of the blocklet while that of corn starch was both on top 

and around the blocklet. Hence, the iodine binding of wheat starch was similar to corn; 

however it was initiated within gaps and then spread over to the top of blocklets 

suggesting a variation in the location of glucan polymers with different affinity for iodine 

within the starch granule. 

4.5  Conclusion  

Imaging of large and small wheat starch granules at different stages of maturation 

showed that blocklets at younger stages, which are assumed to be at the interior of the 

starch granule at harvest, are larger and fuzzier than those at the periphery. In addition, 

small starch granules had both higher surface roughness and larger and fuzzier blocklets 

than their large granule counterpart at all stages of maturation. Surfaces with different 

properties, presumably amorphous growth rings, were observed in starch granules from 

several maturities. Interaction of granular wheat starch with iodine vapor was initiated 

within the amorphous background and then spread over to top of blocklets. These 

observations further support the concept of a hairy billiard ball structure of starch 

granules.  
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CHAPTER FIVE 

MOLECULAR ORGANIZATION OF DEVELOPING WHEAT 

STARCH GRANULES  

5.1  Abstract 

Wheat starches from 7, 14, 21, 28, 35, 42, & 49 DAA were isolated from seeds at 

corresponding maturity stages and studied for their size distribution, morphology, 

amylose content, amylopectin branch chain length (CL) distribution, polymorphic 

structure, RC, lamellae structure, and degree of order. Wheat starch granules at different 

stages of maturity demonstrated differences in molecular organization. Starch granules at 

7 DAA demonstrated unimodal size distribution, while rest of the maturities 

demonstrated bimodal distribution. 7 DAA starch granules were mainly spherical in 

shape, while other maturities contained spherical small granules and lenticular large 

granules. Amylose content increased until physiological maturity, thereafter it remained 

unchanged. Increasing maturity increased the relative number of amylopectin chains with 

degree of polymerization (DP)<18 and decreased those with DP>18, especially the chains 

with DP 18-26. The polymorphic structure and the lamellae structure were well-

developed even at 7 DAA. A small proportion of B-type crystallites mixed with A-type 

crystallites were observed at early maturity, but was masked by the A-type crystallites at 

later maturity stages. V-amylose-lipid complex was observed in the WAXS pattern at all 

stages of maturity. The degree of order remained constant throughout the maturity of the 

granule. 
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5.2  Introduction 

Starch is the main storage carbohydrate in higher plants and has many applications in the 

food industry utilized as an ingredient. Depending on the biological origin, starch 

granules demonstrate different shape, size, morphology, and functionality increasing its 

specificity in food applications. Starch granule is composed mainly of two types of 

glucan polymers, i.e., amylose and amylopectin. Amylose is essentially a linear polymer 

while amylopectin is branched. Although there are differences in the molecular structure 

of amylose and amylopectin from different biological origins (Ao & Jane, 2007; 

Hanashiro et al., 2002; Hizukuri, 1985; Jane, 2006; Sanderson et al., 2006; Takeda et al., 

2003; Tester et al., 2004; Yoo & Jane, 2002; Zobel, 1988), their organization or packing 

within the intact granule is a major factor determining their functionality in a food matrix.  

The structure of amylose and amylopectin, and their organization in the intact granule has 

been widely discussed (Bulѐon et al., 1998a; Fannon et al., 1993; Frey-Wyssling, 1969; 

Gallant et al., 1997; Jane, 2006; Pérez & Bertoft, 2010; Sterling, 1974; Tang et al., 2002; 

Tester et al., 2004; Vermeylen et al., 2004; Wang et al., 1998). Most of the investigations 

that have been done to study the interior architecture of starch granule were carried out 

with mature starches, with or without chemical treatments such as acid hydrolysis (Jiping, 

Shujun, Jinglin, Hongyan, Juigao, & Wenyuan, 2007; Vermeylen et al., 2004; Wang et 

al., 2008), enzyme hydrolysis (Blazek & Copeland, 2010; Blazek & Gilbert, 2010; Tang 

et al., 2002; Warren, Royall, Gaisford, Butterworth, & Ellis, 2011), and surface 

gelatinization (Koch & Jane, 2000; Kuakpetoon & Wang, 2007; Pan & Jane, 2000). 

There is a dearth of information on the structure of developing granules (Buttrose, 1960; 

Evers, 1971; Jennings, Myers, Johnson, & Pollak, 2002; Li, Blanco, & Jane, 2007; Wei et 



90 

 

al., 2010). Since starch granules grow by developing one layer a day (Buttrose, 1960) by 

apposition (Badenhuizen & Dutton, 1956; Mukerjea et al., 2009; Sandstedt, 1946), 

studying starch granules at different developmental stages is a way to investigate the 

developing interior architecture of the granule. Therefore, the objective of this research 

project was to investigate the interior architecture of wheat starch granules by studying 

the granules at different developmental stages. 

5.3  Results  

 5.3.1  Amylose Content, Granule Size Distribution, and Surface Morphology 

Apparent amylose content, granule size distribution, and SEM imaging of wheat starch 

granules at seven different developmental stages were investigated. The amylose content 

increased from ~11.9 % to ~30.1 % with increasing maturity of the wheat (Table 5.1). It 

reached its maximum by 35 DAA, which is close to physiological maturity, after which it 

remained unchanged. The analysis of starches for their size distribution demonstrated 

only one granule population at 7 DAA, while there were two populations at the other 

stages of maturity (Fig. 5.1). A gradual increase in size of both large and small granule 

populations was seen throughout the growth until 35 DAA (Fig. 5.1a). Size of starch 

granules at 7 DAA ranged from around 1 to 15 µm, whereas at later stages it ranged from 

1 to 45 µm (Fig. 5.1a). The ratio of small granules (< 8 µm) to large granules (> 8 µm) 

reached about 97:3 by number by 21 DAA and did not change thereafter throughout the 

growth (Fig. 5.1b), although the size distribution within the granule fraction changed.  
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Table 5.1 The values of apparent amylose content (AM), polymorphic pattern, percentage 

relative crystallinity (RC), SAXS peak location (q=4πSinθ/λ), lamellae repeat distance 

(d=4π/2q), and degree of molecular order (I1047/I1022) of developing wheat starch 

granules.
1 

Granule 

maturation 

(DAA)
2 

AM (%) 
Polymorphic 

Pattern 
RC (%) q (Ǻ

-1
) d (nm) I1047/I1022

3
 

7 

14 

21 

28 

35 

42 

49 

11.8
f
 

19.2
e
 

22.6
d
 

25.7
c
 

29.3
b
 

30.7
a
 

30.4
a
 

A + B 

A + B 

A 

A 

A 

A 

A 

33.9
a
 

25.2
b
 

24.0
b,c

 

23.9
b,c

 

23.3
c
 

22.7
c
 

22.9
c
 

0.064 

0.060 

0.063 

0.063 

0.061 

0.063 

0.062 

9.82 

10.39 

10.04 

9.93 

10.27 

10.04 

10.15 

0.51
a 

0.54
a 

0.54
a 

0.52
a 

0.54
a 

0.53
a 

0.51
a 

1
 All data reported on dry basis and represent the mean of two determinations (except q 

and d). Means within a column with different superscripts are significantly different 

(p<0.05). 

2
 Days after anthesis 

3
 Ratio of intensities of the peaks at 1047 cm

-1
 and 1022 cm

-1
 in FTIR spectrum 
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Fig. 5.1 Volume percent (a) and number percent (b) size distribution of developing wheat 

starch granules.  
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Fig. 5.2 SEM images of wheat starch granules of four selected maturity stages. 
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Morphology of starch granules at some selected maturities is shown in Fig. 5.2. Starches 

at 7 DAA demonstrated a population of granules < 15 µm, whereas those from 14 DAA 

onwards demonstrated both small (< 8 µm) and large (> 8 µm) granule populations. 

Although the majority of granules in 7 DAA starch were spherical shaped, a minor 

fraction of elongated granules were also seen. Some of the granules at this stage 

demonstrated a wrinkle-like appearance on the surface. Immature large starch granules, 

which were visible as thin plates with the equatorial groove surrounding them at 14 

DAA, were filled to be round during the rest of the growth period. In addition, surface 

features such as indents, grooves, and ring-like structures on the smooth surface of large 

starch granules were also observed. 

5.3.2  Branch Chain Length Distribution of Amylopectin 

Branch chain length distribution of amylopectin of developing wheat starch granules was 

studied using HPAEC-PAD and two representative patterns are shown in Fig. 5.3. As 

shown, starches from all maturities demonstrated two major peaks at DP ~ 12 and DP ~ 

42-45, and a shoulder at DP ~ 18. Fig. 5.4 demonstrates the changes in the chain 

distribution profile during the maturation of the grain. According to the changes 

observed, the chromatograms were divided in to five fractions as DP 6-8, DP 9-17, DP 

18-26, DP 27-39, and DP > 40 and calculated data are shown Table 5.2.  As shown in 

Table 5.2, increasing maturity of starch increased the molar fraction of "fingerprint" Afp- 

chains (DP 6-8) and chains with DP 9-17 from 4.36 to 5.93% and 57.58 to 61.38%, 

respectively, whereas decreased the molar fractions of chains with DP 18-26, DP 27-39, 

and DP > 40 from 23.17 to 21.00%, 8.52 to 6.75%, and 6.36 to 4.94%, respectively. Also, 

it is noteworthy to mention that the starch at 28 DAA demonstrated more short chains  
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Fig. 5.3 Amylopectin branch chain length distribution of (a) 7 DAA and (b) 49 DAA 

wheat starches determined by using HPAEC-PAD. DP – degree of polymerization. 
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Fig. 5.4 Changes in the amylopectin branch chain length distribution during the growth of 

the grain. Difference plots were obtained by subtracting the percentage weight 

distribution of starch at one maturity from its next maturity. DP – Degree of 

polymerization 
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Table 5.2 Molar fraction distribution of chain lengths (CL) of amylopectin
1 

Granule 

Maturation 

(DAA)
2 

mol%  Average  

Afp
3 

DP 9-17 DP 18-26 DP 27-39
 

DP >40  CL 

7 4.36
b 

57.58
b
 23.17

a
 8.52

ab
 6.36

a
  18.68

a
 

14 4.20
b
 57.59

b
 22.47

ab
 9.07

a
 6.68

a
  18.86

a
 

21 5.52
a
 57.94

b
 22.19

ab
 8.34

ab
 6.02

a
  18.25

a
 

28 5.61
a
 59.00

ab
 21.76

bc
 7.74

bc
 5.89

ab
  17.98

ab
 

35 5.57
a
 57.97

b
 21.58

bc
 8.28

ab
 6.60

a
  18.44

a
 

42 5.60
a
 59.54

ab
 20.92

c
 7.69

bc
 6.24

a
  18.10

ab
 

49 5.93
a
 61.38

a
 21.00

c
 6.75

c
 4.94

b
  17.24

c
 

1
 All data reported represent the mean of two determinations. Means within a column 

with different superscripts are significantly different (p<0.05). 
2
 Days after anthesis.   

3
 Finger print A-chains (DP ~ 6-8). 
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than 35 DAA and 42 DAA starches (Fig. 5.4 and Table 5.2). Furthermore, there was a 

slight decrease in the average chain length of the whole amylopectin. When the changes 

in individual chain length fractions were considered, a slight increase in the DP of Afp 

and 17-39 fractions and a slight decrease in DP of 9-17 and DP>40 fractions was 

observed. chains (DP 6-8) and chains with DP 9-17 from 4.36 to 5.93% and 57.58 to 

61.38%, respectively, whereas decreased the molar fractions of chains with DP 18-26, DP 

27-39, and DP > 40 from 23.17 to 21.00%, 8.52 to 6.75%, and 6.36 to 4.94%, 

respectively. Also, it is noteworthy to mention that the starch at 28 DAA demonstrated 

more short chains than 35 DAA and 42 DAA starches (Fig. 5.4 and Table 5.2). 

Furthermore, there was a slight decrease in the average chain length of the whole 

amylopectin. When the changes in individual chain length fractions were considered, a 

slight increase in the DP of Afp and 17-39 fractions and a slight decrease in DP of 9-17 

and DP>40 fractions was observed. 

5.3.3  WAXS Analysis 

Polymorphic structure of developing wheat starch granules was studied by using WAXS 

and two representative diffractograms are shown in Fig. 5.5, while the calculated RC and 

polymorphic pattern of all starches are presented in Table 5.1. Starch granules at younger 

stages of maturity demonstrated major peaks at around 5˚, 15˚, 17˚, 18˚, 20˚, and 23˚ 2θ 

and a tail in the peak at ~23˚ 2θ. With increasing maturity of starch granules, the peak at 

~5˚ 2θ became smaller, the tail in the peak at ~23˚ 2θ disappeared, and the peak at ~18˚ 

2θ became more pronounced. In addition, peaks at 10º and 11º 2θ, which correspond to 

single helices, were also more pronounced at younger stages of maturity and gradually 

decreased with increasing maturity. RC of A or A+B-type crystallites were calculated by 
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excluding the peak at ~ 20˚ 2θ, which is the peak corresponding to the presence of V-

crystallites (Table 5.1). RC decreased from ~34% to ~23% with increasing maturity of 

starch granules.  The PW of finger print peaks (15˚, 17˚, 18˚, 20˚, and 23˚ 2θ) were also 

calculated. As shown in Fig. 5.6, the PW of all fingerprint peaks tended to decrease with 

increasing maturity, although they were not significant between consecutive maturities. 

5.3.4  SAXS Analysis 

SAXS patterns of all starches at ~ 60% hydration demonstrated a well-defined peak at 

about q ~ 0.062 Ǻ
-1

. However, there were subtle differences between maturities. The 

position of SAXS peaks (qmax) and the calculated lamellae repeat distance/Bragg spacing 

(d) are presented in Table 5.1. The d of 7 DAA starch was 9.82 nm, whereas, that of 

starch granules from other stages of maturity were at average of 10.14 nm. This is in 

agreement with values obtained by Yuryev and coworkers (Kozlov et al., 2007; Yuryev 

et al., 2004) for mature wheat starches of different amylose contents and developing 

maize starch. 

5.3.5  FTIR Spectroscopic Analysis 

Starch granules were scanned by FTIR spectroscopy and the ratio of the intensity of 

peaks at 1047 cm
-1

 (I1047) to 1022 cm
-1

 (I1022) was calculated (Table 5.1). The ratio of 

I1047/I1022 is an indication of the degree of molecular order near the granule surface. The 

peak at 1047 cm 
-1

 represents the amount of ordered structures while that at 1022 cm 
-1 

represents the amount of amorphous structures (Sevenou, Hill, Farhat, & Mitchell, 2002; 

Van Soest, Tournois, Wit, & Vliegenthart, 1995). As shown in Table 5.1, I1047/I1022 did 

not change during the growth of the granule and averaged to be 0.55 from 7 DAA to final 

maturity of starch. 
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Fig. 5.5 WAXS patterns of developing wheat starch granules: 7 DAA starch representing 

A+B-type polymorphic structure and 49 DAA starch representing A-type polymorphic 

structure. Presence of a peak at 5˚ 2θ and a tail in the peak at 23˚ 2θ, and the less intense 

peak at 18˚ 2θ, as shown by arrows, are the signs for the presence of B-type crystallites in 

7 DAA starch. 
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Fig. 5.6 Width at half height (PW) of 5˚, 15˚, 17˚, 18˚, 20˚, and 23˚ 2θ peaks in the X-ray 

diffractogram of developing wheat starch granules.  
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5.4  Discussion 

5.4.1  Granule Size Distribution and Surface Morphology 

Presence of one granule population in 7 DAA starch and two populations thereafter is in 

agreement with the observations by Bechtel and coworkers (Bechtel & Wilson, 2003; 

Bechtel et al., 1990), who reported an initiation of a first granule population from 4 - 7 

DAA and a second population at around 14 DAA in wheat starch. In addition to these 

two populations, an initiation of a third population of wheat starch granules was also 

observed by 21 DAA when imaged using light microscopy (data not shown), although it 

was not visible in Mastersizer data and SEM imaging. The presence of a third population 

in wheat starch was also observed by others (Bechtel et al., 1990; Wei et al., 2010). A 

gradual increase in size of both large and small granule populations could be seen 

throughout growth until 35 DAA. The ratio of small to large granule fractions reached to 

about 97:3 by number at 14 DAA and did not change after that, although the size 

distribution within the granule fractions changed. Morrison and Gadan (1987) also 

reported changes of wheat starch granules by size during growth, whereas the number of 

granules remained constant. 

The majority of starch granules at 7 DAA were spherical in shape, while there were only 

a minor fraction of lenticular granules. This observation suggests that (i) large granule 

fractions of wheat starch initiate as spherical granules and at later stages of growth 

assume lenticular shape, and (ii) the change in shape (spherical to lenticular) starts even 

before 7 DAA. The presence of wrinkle-like appearance on the surface of young starch 

granules is supported by the higher surface roughness observed at younger stages when 

they were scanned using AFM (Chapter 4). Immature large starch granules, which were 
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visible as thin plates with the equatorial groove surrounding them at 14 DAA, were filled 

and became thicker during the rest of the growth period. This is supported by the 

investigations carried out by some early researchers (Evers, 1971; Morrison & Gadan, 

1987; Sandstedt, 1946). Sandstedt (1946) and Evers (1971) suggested that initiated 

spherically shaped granules act as nuclei to developing granules. Features such as 

indents, grooves, and ring-like structures on the surface of developing large starch 

granules were also observed with immature wheat starch granules. Similar observations 

are reported in the literature (Blazek et al., 2009; Yoo & Jane, 2002). 

5.4.2  Amylose Content and Amylopectin Structure 

Amylose content increased with increasing maturity until 35 DAA, (at this point, the 

wheat grain is closest to its physiological maturity). Thereafter, the amylose content 

remained unchanged. Similar results were reported for wheat (Kulp & Mattern, 1973; 

Morrison & Gadan, 1987; Wei et al., 2010; Zhang et al., 2010), barley (McDonald et al., 

1991; Tester, Morrison, & Schulman, 1993), corn (Li et al., 2007), pea (Biliaderis, 1982), 

kidney bean (Yoshida, Nozaki, Hanashiro, Yagi, Ito, Honma, Matsui, & Takeda, 2003), 

and water caltrop (Chiang, Li, Huang, & Wang, 2007) starches. However, potato starch 

(B-type Crystallinity) exhibited a decreasing trend of amylose content with increasing 

maturity (Liu, Weber, & Yada, 2003). Increasing amylose content with increasing 

maturity suggests more of amylose tie-chains at the periphery of starch granules than that 

at the center (Yuryev et al., 2004).  

Changes in the amylopectin branch chain length distribution during the growth of the 

starch showed a relative increase in the amount of short chains with DP<18 (chain 

fractions of Afp and DP 9–17) with increasing maturity of starches. Because a pitch of an 
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amylopectin double helix contains 6 glucose residues (Imberty et al., 1988, 1991; Rundle 

& French, 1943), the length of a pitch is ~2.1 nm (Imberty et al., 1988, 1991) and few 

glucose residues are as the spacer in an amylopectin double helix, this short chain 

fraction represents a double helical distance of less than 6.3 nm. According to Cameron 

and Donald (1992), crystalline lamella is ~ 6.6 nm and amorphous lamella is ~ 2.2 nm. 

However, in wheat starch, branch points of amylopectin double helices are scattered 

within the crystalline lamellae (Jane et al., 1997). Thus, although there is a possibility that 

amylopectin chains with DP 9–17 contribute towards the crystalline lamellae formation, 

the Afp chains are too short. These amylopectin double helices which do not contribute to 

the crystallinity of starch granules, together with amylose tie-chains, can act as defects 

(Matveev et al., 2001). Furthermore, the decrease in average CL of amylopectin in 

starches from 14 DAA to 28 DAA would mainly be caused by the decreased molar 

fraction of chains with DP 18-26 and DP 27-39 which contribute about 30% of the 

population. In addition, the dramatic decrease in the molar fraction of chains with DP 27-

39 and DP>40 from 35 DAA to 49 DAA suggests the possible cleavage of these chains 

by endogenous enzymes which was activated during this growth period. According to 

Bertoft et al‟s grouping of starches (2008), wheat also belongs to group I, which has the 

possibility for amylopectin short chains with DP 27-39 to act as inter-cluster chain 

segments. Since inter-cluster chain segments are located in the amorphous lamellae of 

starch granules, endogenous enzymes can hydrolyze them into shorter chains. However, 

any visible proof, such as pinholes on the granule surface, for the activation of 

endogenous enzymes was not observed with 49 DAA starch as Li et al. (2007) observed 

for maize pericarp starch. 
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 5.4.3  Polymorphic Structure and Crystallinity 

WAXS observations (Fig. 5.5) suggested not only the development of crystalline 

structure as early as 7 DAA, but also the presence of B-type crystallites in wheat starch as 

evidenced by the observed peak at ~ 5˚ 2θ, the tail in the peak at ~ 23˚ 2θ, and the less 

pronounced peak at ~ 18˚ 2θ at young stages. However, the changes in these three peaks 

during maturity suggested that the contribution from B-type crystallites to the crystalline 

pattern of mature starch became masked. It further showed that B-type crystallites are 

formed at early stages of maturity together with the A-type crystallites, thereby 

contributing significantly to the WAXS pattern. Although it is not widely discussed, a 

small peak at 5˚ 2θ and lower intensities of the peaks at 18˚ and 17˚ 2θ in the WAXS 

patterns of mature cereal starches have been observed before (Gernat, 1993; Vermeylen 

et al., 2004; Waduge et al., 2006, 2010). Some researchers discussed this behavior and 

argued that there is a small proportion of B-type crystallites mixed with A-type 

crystallites in these mature cereal starches (Buléon et al., 1998; Gernat, 1993; Vermeylen 

et al., 2004; Waduge et al., 2006). The observations with the immature wheat starch 

granules support and extend this argument suggesting its presence at the center of the 

granule similar to the C-type starches that contain both A-type and B-type crystallites 

within the same granule (Bogracheva et al., 1998; Buléon et al., 1998b). Since the 

proportion of B-type crystallites in C-type starches is high, it contributes to its WAXS 

pattern significantly.  

As observed in the branch chain length distribution of amylopectin (Table 5.2) from 

developing starches, younger maturities contain a long chain fraction with higher DP than 

the mature granules. This is also supported by some other researchers who reported the 
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presence of relatively little of short amylopectin chains with DP ~ 6–12 in the granular 

core of corn starch (Kuakpetoon & Wang, 2007) and the presence of longer branch 

chains at the core of corn (Pan & Jane, 2000) and potato ( Jane & Shen, 1993) starches, 

than that at the periphery. Starches with shorter and longer amylopectin chains 

demonstrate A-type and B-type WAXS patterns, respectively (Hizukuri, 1985; Hizukuri, 

Kaneko, & Takeda, 1983; Pfannemüller, 1987). Therefore, the formation of B-crystallites 

at early stages of maturity may reflect the presence of longer long chains. The presence of 

single helices was also more pronounced at younger stages than at mature stages (Fig. 

5.5). Since younger maturities have lower amylose content than mature starches, the 

observed single helical fraction in younger maturities could come from longer long 

chains. 

The observed sharp decrease of RC from 7 to 14 DAA (Table 5.1) and little changes after 

that suggests rapid changes in the crystalline structure of wheat starch granules at early 

stages of maturity. Furthermore, the amylose content was negatively correlated with the 

RC (Table 5.3). Although it was not a strong correlation, RC was negatively correlated 

with Afp as well (Table 5.3). This suggests that increasing maturity increased the amount 

of amylose “tie-chains” and ordered molecular structures, i.e., amylopectin double helices 

that are not involved in crystallite formation, increasing the amount of defective 

crystallites in the starch reducing their RC (Fig. 5.7). Decreased RC of mature wheat 

starches with increasing amylose content has also been observed before (Bocharnikova et  
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Table 5.3 Correlation between apparent amylose content (AM), percentage relative crystallinity (RC), lamellae repeat distance (d), 

degree of order (I1047/I1022), and fractions of amylopectin branch chains. 

 

* Correlation is significant at the 0.05 level (2-tailed). 

** Correlation is significant at the 0.01 level (2-tailed). 

 
AM RC d I1047/I1022 Afp DP 9-17 DP 18-26 DP 27-39 DP > 40 

AM 1         

RC -0.89** 1        

d 0.33 -0.52 1       

I1047/I1022 -0.10 -0.19 0.36 1      

Afp 0.79** -0.63* -0.08 -0.10 1     

DP 9-17 0.58* -0.39 -0.03 -0.28 0.64* 1    

DP 18-26 -0.90** 0.75** -0.22 0.06 -0.82** -0.80** 1   

DP 27-39 -0.61* 0.37 0.20 0.38 -0.76** -0.96** 0.79** 1  

DP >40 -0.35 0.23 0.19 0.23 -0.64* -0.89** 0.57* 0.90** 1 
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Fig. 5.7 Schematic representation for AM-tie chains and ordered molecular structures in 

the crystalline lamellae 
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al., 2003; Cheetham & Tao, 1997). Changes in RC during the growth of the granule was 

discussed recently by Wei et al. (2010) who reported a decrease in RC of large and small 

granule fractions of wheat starch with increasing maturity. Although they studied 

separated large and small granule fractions, their observations are comparable with our 

observations obtained for the whole population.   

While RC accounts for the amount of crystallites in the starch, PW signifies the 

crystallite perfection, i.e., the lower the PW, the higher the crystallite perfection 

(Suryanarayana & Norton, 1998). Therefore, the decreased PW with increasing maturity 

suggests that there are less ordered crystallites at the center of the granule than at the 

periphery of the granule. Although the amylose content was low at early stages of 

maturity, the presence of V-amylose in starches from all maturity stages was evidenced 

by the peak at ~ 20˚ 2θ in the WAXS pattern. If longer long chains of amylopectin are in 

the amorphous lamellae of the granule (Bertoft et al., 2004a), and if they are at their 

developing/intermediate stages, it is possible that these chains or chain segments can 

form inclusion complexes with lipids.   

 5.4.4  Lamella Structure 

The lamella structure in wheat starch granules was well-developed as early as 7 DAA. 

The smaller lamellae repeat distance at 7 DAA (Table 5.1) than at later stages suggested 

the presence of narrower lamellae repeat units closer to the hilum of the granule than at 

the periphery. However, it should be noted that the value of d is calculated as an average 

value and therefore, the presence of a d value close to the average d value of mature 

starch by 14 DAA shows that the smaller lamellae repeat distances were developed only 

at very early stages of maturity. Waxy corn starch harvested from 16–50 days after 
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pollination (DAP) demonstrated no change in their lamellae structure during granule 

development (Waigh, Kato, Donald, Gidley, Clarke, Riekel, 2000). This is in agreement 

with the SAXS data shown in Table 5.1, in which the changes in lamellae repeat distance 

(d) and peak position (q) was differed only marginally from 14 DAA to 49 DAA. 

However, changes in d and q were more pronounced between 7 DAA and 14 DAA. 

Mature wheat starches with increasing amylose from 1.5% to 39.5% corresponded with 

increased size of lamellae repeating unit (Koslov et al., 2007; Yuryev et al., 2004). This is 

consistent with the observations for immature wheat starches between 7 DAA and 14 

DAA.  

5.4.5  Degree of Order  

FTIR is sensitive to the short-range order of starch, i.e., amount of double helices, but not 

the long-range order, which is the packing of double helices (Sevenou et al., 2002). The 

IR bands at 1047 cm
-1

 and 1022 cm
-1

 are affected by gelatinization and retrogradation 

(Wilson, Kalichevsky, Ring, & Belton, 1987), acid hydrolysis (Sevenou et al., 2002), and 

the percentage amorphous fraction (van Soest et al., 1995) of the starch. These authors 

suggested that the peak at ~1047 cm
-1

 is responsible for the ordered structure of the starch 

granule while the peak at ~1022 cm
-1

 is responsible for the amorphous structure. 

Therefore, the degree of order of a starch is calculated using the ratio of intensities of 

peaks at 1047 cm
-1

 and 1022 cm
-1

 (I1047/I1022). Starch granules from different origins have 

different ratios in I1047/I1022 (Chung, Hoover, & Liu, 2009; Sevenou et al., 2002) 

demonstrating different degrees of order. Since the ATR-FTIR technique measures the 

overall information from several growth rings (Sevenou et al., 2002), the values observed 

for developing wheat starch granules should represent average degree of order of several 
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growth rings from center of the granule to the periphery. As I1047/I1022 was similar at all 

stages of maturity, it suggested a unchanged degree of order from the center to the 

periphery of the granule.  

5.5  Conclusion 

Wheat starch granules at different stages of maturity demonstrate differences in 

molecular organization from center of the granule to the periphery, which shows that the 

biosynthesis changes during endosperm development. This is manifested by increased 

amylose content until physiological maturity and decreased relative content of 

amylopectin chains with DP >18, especially those with DP 18-26. However, V-amylose-

lipid complexes exist at all stages of maturity. The polymorphic structure and the 

lamellae structure are well-developed already at 7 DAA, but the lamellae repeat distance 

is shorter at the center of the granule compared to the periphery. A small proportion of B-

type crystallites mixed with A-type crystallites are formed at the center of wheat starch 

granules, but become masked by the A-type crystallites in the WAXS pattern later on 

during maturity and the relative crystallinity of the granules decreases. Despite this, the 

apparent degree of molecular order in the granules remains constant throughout maturity.  
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CHAPTER SIX 

MOLECULAR ORGANIZATION OF DEVELOPING SMALL AND 

LARGE WHEAT STARCH GRANULES  

6.1  Abstract 

Wheat starches isolated from seeds harvested at 14, 21, 28, 35, 42, and 49 DAA were 

fractionated into large (>8 µm) and small (<8 µm) populations and studied for their 

morphology, amylose content, amylopectin branch chain length distribution, polymorphic 

structure and RC, and the degree of order. The two populations of granules demonstrated 

several distinct differences. Small starch granules were spherical throughout maturation, 

while large granules had elongated shape and increased in thickness during growth. 

While the amylose content of both populations increased during maturation, large 

granules always possessed a higher value than its small granule counterpart. Small 

granules demonstrated a higher proportion of short amylopectin branch chains and a 

lower proportion of long chains. While both populations demonstrated similar 

polymorphic structure at all maturities, large granules had a higher proportion of B-type 

crystallites. Furthermore, small granules possessed a higher RC than its large granule 

counterpart. The degree of order of large granules was higher than that of the small 

granules at all maturities and decreased with increasing maturity, while that of the small 

granule fraction remained unchanged.   

6.2  Introduction 

Starch granules from wheat demonstrate a bimodal distribution: large, lenticular shaped 

granules which initiates at around 4-7 DAA and small, spherical granules which initiates 
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at around 12-14 DAA (Bechtel et al., 1990). While some researchers describe small 

granules as under-developed large granules (Bathgate & Palmer, 1972) due to the 

unchanged amylose content in the two populations they observed, others define them as 

two granule populations with different structural (Ao & Jane, 2007; Naguleswaran, Li, 

Vasanthan, Bressler, & Hoover, 2012; Peng et al., 1999; Sahlström et al., 2003; Shinde et 

al., 2003; Vermeylen et al., 2005) and functional properties (Liu et al., 2007; Sahlström et 

al., 2003). However, many studies on with the two granule populations support the latter 

idea. Controversy still exists with regard to the amylose content of the two granule 

populations. While most researchers found a higher percentage of amylose in large 

granules than in small granules from wheat (Ao & Jane, 2007; Duffus & Murdoch, 1979; 

Geera et al., 2006; Liu et al., 2007; Meredith, 1981; Morrison & Gadan, 1987; Peng et al., 

1999), barley (Ao & Jane, 2007; McDonald et al., 1991), and triticale (Ao & Jane, 2007), 

Shinde et al. (2003) reported lower amylose content in wheat large granules. In 

comparison to small granules, large granules have been shown to have a lower proportion 

of short chains and a higher proportion of long chains (Ao & Jane, 2007; Salman et al., 

2009), larger lamellae repeat distance (Salman et al., 2009), less dense crystalline 

lamellae (Vermeylen et al., 2005), higher B-type crystallinity and RC (Vermeylen et al., 

2005), and higher enthalpy and lower melting temperatures (Geera et al., 2006; Peng et 

al., 1999; Sahlström et al., 2003). In addition, it has been reported that some starch 

branching enzymes are preferentially associated with large granules in the wheat 

endosperm (Peng et al., 2000). Channels have been shown to exist in both large and small 

granules; However, those in large granules are fine and discrete as opposed to less-

defined voids in small granules (Kim & Huber, 2008). 
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Thus, there are differences in the structure and properties of small and large granule 

populations at maturity and changes in the molecular organization of the unfractionated 

granule population were observed during their growth. In this investigation the large and 

small granules from wheat at different stages of maturity were separated with the aim to 

gain further detailed information about the molecular deposition and the development of 

the granular architecture in the two populations. 

6.3  Results  

 6.3.1  Purity of Small and Large Granule Fractions and Their Morphology 

Granule size distribution of two representative samples (14 DAA and 49 DAA) is shown 

in Fig 6.1. Each fraction demonstrated high purity. Furthermore, the size distribution of 

small and large granule fractions shifted to higher values with increasing maturity.  

Morphology of separated small and large granule fractions were observed using SEM and 

images of large and small granule populations of 14, 21, and 28 DAA are shown in Fig. 

6.2. Large starch granules at early stages (14 DAA) were thin, and the thickness 

increased during the rest of the maturation. While the equatorial grove was observed in 

almost all granules from 14 DAA, circular indents on the surface of granules were 

observed only from 28 DAA onwards. Small granules from all maturities demonstrated a 

smooth surface with no grooves, albeit some small granules at 14 DAA exhibited 

wrinkle-like surfaces. Typically, the small granules possessed two or three circular 

indents. 
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Fig. 6.1 Number averaged granule size distributions of fractionated small and large 

granule populations of developing wheat starch. Only two representative maturities are 

shown.  
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Fig. 6.2 SEM images of small and large granule fractions of 14 – 28 DAA starches. 

Left and right figures are the large and small granule fractions, respectively.  
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6.3.2  Amylose Content and Branch Chain Length Distribution of Amylopectin 

Amylose content increased with maturity in both small and large granule fractions from 

~16.5 % to ~26.8 % and ~19.3 % to ~34.9 %, respectively (Table 6.1). However, the 

small granule population demonstrated lower values than the large granule population at 

all maturities. The starches were debranched and the unit chain distribution of the 

amylopectin component was analysed by HPAEC-PAD. As shown in Fig. 6.3 (left), both 

large and small granule fractions demonstrated two major peaks at DP ~ 12 and DP ~ 42-

45, and a shoulder at DP ~ 18 in their branch chain length distribution of amylopectin 

throughout maturation. However, there were differences between the distribution patterns 

of the two populations. As shown by the difference plots (Fig. 6.3 right), small granule 

fractions from all four maturities demonstrated more short chains with DP < 24 and less 

short chains with DP ~ 24 – 40 than their large granule counterparts, although there were 

different distributions among them. However within the shorter short chain fraction (DP 

< 24) of amylopectin, two chain populations i.e., DP 6-12 and DP 12-24, could be seen. 

Furthermore, the long chain fraction with DP > 40 demonstrated only a slight difference 

between two populations in 14 and 28 DAA starches, while that of large granules in 42 

and 49 DAA starches were higher than small granules and increased with increasing 

maturity. 

The changes in the branch chain length distribution of amylopectin in large and small 

granule populations during the growth of the grain are shown in Fig. 6.4.  As shown by 

these difference plots, there were two populations in the short chain fraction of 

amylopectin as DP < 18 and DP ~ 19-40 in both large and small granule populations and 

changes during the maturity was observed mainly in the short chain fraction of  
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Table 6.1 Apparent amylose content (AM), polymorphic pattern, relative crystallinity 

(RC), and the degree of order (I1047/I1022) of small and large granule populations of 

developing wheat starch.
1 

Granule maturation 

(DAA)
2
 

AM (%)
 Polymorphic 

Pattern 
RC (%)

 
I1047/I1022

3 

14 DAA 

     Small 

     Large 

21 DAA 

     Small 

     Large 

28 DAA 

     Small 

     Large 

35 DAA 

     Small 

     Large 

42 DAA 

     Small 

     Large 

49 DAA 

     Small 

     Large 

 

15.8
i
 

19.3
g
 

 

17.1
h
 

25.5
e
 

 

18.8
g
 

30.1
c
 

 

24.6
f
 

30.6
bc

 

 

24.7
f
 

31.4
b
 

 

26.6
d
 

35.4
a
 

 

A + B 

A + B 

 

A + B 

A + B 

 

A 

A 

 

A 

A 

 

A 

A 

 

A 

A 

 

27.0
a    

 

26.3
ab

 

 

26.2
abc 

 

24.2
bcde

 

 

24.7
bcd

 

24.6
bcd

 

 

24.5
bcde

 

23.7
de

 

 

23.6
de

 

22.3
e
 

 

22.9
de

 

24.0
cde

 

 

0.52
d
 

0.64
a
  

 

0.50
d
 

0.61
b
 

 

0.50
d
 

0.61
bc 

 

0.53
d
 

0.61
b
 

 

0.53
d
 

0.58
c
 

 

0.50
d
 

0.58
bc

 
1 

All data reported on dry basis and represent the mean of two determinations. Means 

within a column with different superscripts are significantly different (p<0.05). 
2
 Days after anthesis 

3
 Ratio of intensities of the peaks at 1047 cm

-1
 and 1022 cm

-1
 in FTIR spectrum. 
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Fig. 6.3 Amylopectin branch chain length distribution of small and large granule fractions 

at four different maturities measured by HPAEC-PAD (left) and the difference of 

percentage weight between large and small granule fractions (right). during the growth of 

grain.  Difference plots were obtained by subtracting the percentage weight distribution of 

small granule fraction from its large granule counterpart. Dark color – Large granule 

fraction; Light color – small granule fraction. 
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Fig. 6.4 Changes in the amylopectin branch chain length distribution of large and small 

granule fractions during the growth of the grain.  Difference plots were obtained by 

subtracting the percentage weight distribution of starch at one maturity from its 

subsequent maturity. 
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Table 6.2 Molar fraction distribution of chain lengths (CL) of amylopectin in large and 

small granules of developing wheat starch
1 

Granule 

Maturation 

(DAA)
2 

mol%  
Average 

CL Afp
3 

DP 9-17 DP 18-26 DP 27-39
 

DP >40  

14 DAA 
 

      

   Small 

   Large 

5.10
bc 

4.82
c
 

60.04
ab 

60.04
ab

 

22.41
a 

21.96
a
 

7.50
cd

 

8.04
bc

 

4.95
c 

5.13
c
 

 
17.61

cd 

17.79
bc

 

28 DAA        

   Small 

   Large 

6.46
a 

5.90
ab

 

60.93
ab 

60.66
ab

 

20.80
b 

21.36
ab

 

6.54
e 

7.06
de

 

5.26
c 

5.03
c
 

 
17.29

de 

17.40
de

 

42 DAA        

   Small 

   Large 

5.87
ab 

5.20
bc

 

57.73
c 

56.61
c
 

22.13
a 

22.37
a
 

8.11
b 

9.02
a
 

6.16
b 

6.80
a
 

 
18.14

b 

18.73
a
 

49 DAA        

   Small 

   Large 

6.78
a 

5.38
bc

 

60.98
a 

58.66
bc

 

20.55
b 

21.59
ab

 

6.80
e 

8.30
b
 

4.89
c 

6.08
b
 

 
17.09

e 

18.15
b
 

1
 All data reported represent the mean of two determinations. Means within a column 

with different superscripts are significantly different (p<0.05). 
2
 Days after anthesis  

3
 Finger print A-chains (DP ~ 6-8) 
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amylopectin. Increasing maturity increased the shorter short chain fraction (DP < 18) in 

amylopectin from both granule populations until 28 DAA, then decreased by 42 DAA 

and increased again by 49 DAA. In addition, difference plots demonstrated that at 28 

DAA, large granules had more short chains with DP < 18 than at 42 and 49 DAA, 

whereas 28 DAA small granules had more short chains than at 42 DAA, but slightly 

fewer than at 49 DAA.  

Depending on the changes to the chain length distribution at different stages of maturity, 

the chromatograms were divided into five fractions as DP 6-8, DP 9-17, DP 18-26, DP 

27-39, and DP>40 and calculated data are shown Table 6.2. Differences between the 

molar fractions of chain length categories of large and small granule populations were 

marginal. Nevertheless, at all maturities the proportion of chains with DP<17 were higher 

in small granules. During maturation, very small but statistically significant fluctuations 

in the relative proportions of the chain categories in both granule populations were seen. 

For instance, the shortest chain category (fingerprint A-chains - Afp) increased in relative 

number by 28 DAA, but decreased at 42 DAA, until it finally increased again at 49 DAA.  

This was more pronounced in small granules. In contrast, chains with DP 9–17 appeared 

indifferent throughout maturity, except at 42 DAA, when they were less abundant. 

Overall, however, the unit chain compositions were very similar at all maturity stages. 

Furthermore, average chain length of whole amylopectin fraction in small granule 

population demonstrated lower values than their large granule counterparts, but was 

significant only at 42 and 49 DAA. 
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6.3.3  WAXS Analysis 

The polymorphic structure of both large and small granule populations showed the 

presence of B-type crystallites mixed with A-type crystallites at early stages of maturity 

and then gradually changed into A-type crystalline pattern with increasing maturity (Fig. 

6.5). However, the two granule populations exhibited identical X-ray diffraction patterns 

at the same degree of maturity. The RC (Table 6.1) and PW of the fingerprint peaks (Fig. 

6.6) in the X-ray diffractograms of the small and large granules at different stages of 

maturity were calculated using a Gaussian curve fitting technique. Differences in RC and 

PW between the two populations were not significant. While RC of individual small and 

large granule fractions decreased with increasing maturity, the RC of small granule 

fraction at a given maturity was higher than its corresponding large granule counterpart at 

all maturities except at 49 DAA (Table 6.1). The PW of all finger print peaks, except 

peaks at ~ 17˚ and 18˚ 2θ, in small granule fractions was lower than in the corresponding 

large granule counterpart, although any trend was not observed with increasing maturity 

(Fig. 6.6). PW of peaks at ~ 17˚ and 18˚ 2θ changed only slightly and randomly.  

6.3.4  FTIR Spectroscopic Analysis 

Degree of molecular order in large and small granules was calculated using the ratio of 

intensities of FTIR peaks at ~1047 cm
-1

 to ~1022 cm
-1

 and is presented in Table 6.1. As 

shown, large granules had a higher degree of molecular order than their small granule 

counterparts at all stages of maturity. Furthermore, small granules demonstrated an 

unchanged degree of molecular order (~0.52) at all stages of maturity, whereas in large 

granules, the molecular order decreased from ~0.64 to ~0.58 with increasing maturity.  
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Fig. 6.5 WAXS patterns of small and large granule populations from developing wheat 

starch granules: 14 and 21 DAA starches representing A+B-type polymorphic structure 

and 49 DAA starch representing A-type polymorphic structure.  



 

 

 

 

 

 

3 8 13 18 23 28 33

Diffraction Angle (2θ) 

Light color - Small Dark color - Large 

49 DAA 

 
21 DAA 

 
14 DAA 



125 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.6 Peak width at half height (PW) of 15˚, 17˚, 18˚, 20˚, and 23˚ 2θ peaks in X-ray 

diffractograms of developing wheat starch large and small granule populations. Solid 

color fillings represent large granules while pattern filling represents small granules. L – 

Large; S – Small. 
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6.4  Discussion 

6.4.1  Granule Surface Morphology 

The fractionation of large and small granule populations using a concentration gradient of 

glycerol was a successful method with the ability to obtain fractions with high purity 

(Fig. 6.1). SEM images further confirmed the high purity of starch granule fractions and 

visualized some important features. The disk shaped feature at younger stages of maturity 

(14 DAA) of large granules and the increasing thickness during their growth in the mixed 

population study (Chapter 5) was confirmed by the observations of the isolated large 

granule fraction. Small granules remained spherical in shape at all stages of maturity. The 

indents observed in SEM images of large granules of maturity greater than 28 DAA may 

have been formed by either the growth of small granules (Sandstedt, 1946) or protein 

bodies (Bechtel & Barnett, 1986; Bechtel & Wilson, 2003) or by both present in the 

starch endosperm together with large granules sharing the available space.  

6.4.2  Amylose Content and Branch Chain Length Distribution of Amylopectin 

Starch granules grow by apposition (Badenhuizen & Dutton, 1956; Mukerjea et al., 2009; 

Sandstedt, 1946) and it has also been suggested that they develop one ring a day 

(Buttrose, 1960). Therefore, the observation of increasing amylose content and molar 

fraction of amylopectin Afp of both large and small granule populations with increasing 

maturity suggests the presence of more amylose and Afp at the periphery of both 

populations than that at the center. The presence of more amylose at the periphery of the 

starch granule has been reported in mature starch granules of corn or potato starches with 

different amylose contents (Atkin et al., 1999; Jane & Shen, 1993; Kuakpetoon & Wang, 
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2007; Pan & Jane, 2000). The presence of longer amylopectin chains at the center of the 

granule than at the periphery was reported by Hizukuri and coworkers (Hizukuri, 1985; 

Hizukuri et al., 1983). The findings in this study, i.e., increasing the amount of short 

chains with increasing maturity, also support above observations. However, different 

levels of changes in proportions of amylopectin chain fractions throughout the maturity 

probably reflected the complicated process of starch synthesis, which involves an array of 

enzymes in interplay to give rise to the final product at maturity. 

Higher amylose content and less amylopectin chains with DP < 17 in large granules 

compared to small granules at all stages of maturities suggests structural differences 

between these two populations. This suggests that different enzymes are involved in the 

synthesis of the two populations. This is supported by the observations by Peng and 

coworkers (2000), who reported that certain starch branching enzymes preferentially 

associate with large granules in the wheat endosperm. Furthermore, it is noteworthy to 

mention that both granule populations from 28 DAA demonstrated some deviations in 

their amylopectin molecular structure when compared to starches at other maturities. 

Higher amylose content in the large granule fraction compared to its small granule 

counterpart in developing wheat (Duffus & Murdoch, 1979; Meredith, 1981; Morrison & 

Gadan, 1987) and barley (McDonald et al., 1991) starches and mature wheat, triticale and 

barley starches (Ao & Jane, 2007; Geera et al., 2006; Liu et al., 2007; Peng et al., 1999) 

was reported earlier. However, Salman and coworkers (2009) found no differences 

between the amylose content of these two populations in mature wheat starch. The reason 

for their observation could be the less purity, i.e., large granules were contaminated with 

small granules and vice versa. Chain length distributions have also been reported to be 
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different between amylopectin molecules of mature large and small granule populations 

(Ao & Jane, 2007; Kim & Huber, 2010; Salman et al., 2009; Vermeylen et al., 2005).  

6.4.3  Polymorphic Structure, Crystallinity, and Degree of Molecular Order 

WAXS study suggests the presence of B-type crystallites mixed with A-type crystallites 

in both small and large granule populations of wheat starch (Fig. 6.5), but is likely 

masked by the higher proportion of A-type crystallites at final maturity. This was 

supported by the observations reported by Wei et al. (2010), with two granule 

populations of wheat starch following 18 days after flowering (DAF) to 40 DAF. 

Furthermore, the higher intensity in peak at ~5˚ 2θ and the lower intensity in peak at ~18˚ 

2θ in the X-ray diffractograms of large granules from 14 DAA starch suggest the 

presence of a higher proportion of B-type crystallites in large granules. Starches with B-

type crystallinity have higher proportion of amylopectin long chains than those of A-type 

(Cheetham & Tao, 1998a; Hizukuri et al., 1983; Hizukuri, 1985). Indeed, the amylopectin 

branch chain length distribution data revealed the presence of a higher proportion of long 

chains in the large granule population compared to the small granule counterparts (Table 

6.2). Vermeylen and coworkers (2005) reported a higher proportion of B-type crystallites 

in mature large granules of wheat starch compared to its small granule counterpart, and 

Salman and coworkers (2009) reported the presence of a higher proportion of longer 

amylopectin chains in large granules of wheat starch compared to its small granule 

counterpart.  

The decreasing RC of both small and large granules with increasing maturity and the 

higher RC in the small granules compared to large granules, both correlated negatively 

with the amount of amylose (Table 6.3 & 6.4). The main portion of amylose will occupy 
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the amorphous region of starch granule, while a part can traverse through the crystalline 

lamellae of the starch granule as amylose-tie chains, increasing the amount of defective 

crystallites (Matveev, Elankin, Kalistrova, Danilenko, Niemann, & Yuryev, 1998; 

Matveev et al., 2001). Increased crystallite defects will decrease the RC. A correlation 

between increasing amylose content and decreasing RC with increasing maturity of 

wheat starch is reported by Wei et al., (2010). Furthermore, a substantial effect of 

amylopectin branch chain fractions on RC was not observed (Table 6.3 & 6.4). Afp 

chains, which increased with increasing maturity and have the ability to produce 

defective crystallites and thereby reduce the crystallinity, did not correlate well with the 

RC, suggesting no contribution to the formation of defective crystallites. On the other 

hand, amylopectin chains with DP ~ 9-17 and DP>40 in large granule fraction had 

positive and negative correlations with RC, respectively; although the positive correlation 

of RC with amylopectin chains with DP ~ 9-17 is logical since they help in making the 

crystalline lamellae, the reason for the negative correlation of RC with long amylopectin 

chains with DP>40 is still not clear. When the long chain fraction increases, the short 

chain fraction decreases; therefore it is reasonable to assume that the lower amount of 

short amylopectin chains and higher amount of long amylopectin chains which is located 

in the amorphous lamellae caused to decrease the RC. However, amylopectin branch 

chains in small granule fraction did not show any significant correlations with RC. While 

RC accounts for the crystalline portion of the granule, PW signifies the crystallite 

perfection i.e., the higher the PW, the lower the crystallite perfection (Suryanarayana & 

Norton, 1998). Accordingly, the observations in this research study suggest not only a 
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Table 6.3 Correlation between apparent amylose content (AM), percentage relative crystallinity (RC), degree of order (I1047/I1022), and 

fractions of amylopectin branch chains of large granule population. 

 
AM RC I1047/I1022 Afp DP ~9-17 DP~18-26 DP~27-39 DP>40 AvgCL 

AM 1 
        

RC -0.73* 1 
       

I1047/I1022 -0.93** 0.86** 1 
      

Afp 0.54 -0.24 -0.34 1 
     

DP ~9-17 -0.43 0.84** 0.67 0.26 1 
    

DP~18-26 -0.20 -0.45 -0.07 -0.51 -0.78* 1 
   

DP~27-39 0.17 -0.59 -0.43 -0.61 -0.92** 0.81* 1 
  

DP>40 0.55 -0.86** -0.78* -0.24 -0.97** 0.61 0.89** 1 
 

AvgCL 0.34 -0.74* -0.61 -0.44 -0.97** 0.75* 0.97** 0.97** 1 

* Correlation is significant at the 0.05 level (2-tailed). 

** Correlation is significant at the 0.01 level (2-tailed). 

 

 



131 

 

 

  

Table 6.4 Correlation between apparent amylose content (AM), percentage relative crystallinity (RC), degree of order (I1047/I1022), and 

fractions of amylopectin branch chains of small granule population. 

 
AM RC I1047/I1022 Afp DP~9-17 DP~18-26 DP~27-39 DP>40 AvgCL 

AM 1 
        

RC -0.86** 1 
       

I1047/I1022 0.02 0.00 1 
      

Afp 0.57 -0.54 -0.28 1 
     

DP~9-17 -0.19 0.02 -0.82* 0.10 1 
    

DP~18-26 -0.39 0.49 0.75* -0.59 -0.74* 1 
   

DP~27-39 0.09 0.12 0.81* -0.45 -0.90** 0.84** 1 
  

DP>40  0.31 -0.28 0.54 -0.11 -0.72* 0.28 0.64 1 
 

AvgCL 0.01 0.10 0.76* -0.47 -0.87** 0.73 0.92** 0.85** 1 

* Correlation is significant at the 0.05 level (2-tailed). 

** Correlation is significant at the 0.01 level (2-tailed). 
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higher crystallinity, but also more perfect crystallites in small granules than in their large 

granule counterparts.  

The degree of order in large and small granule populations in developing wheat starch 

granules follows the values obtained for corresponding whole population (Chapter 5). 

However, the unchanged degree of order in small granule populations and decreasing 

trend for that of large granule populations with increasing maturity suggests possible 

changes that can occur in the double helical structures of large granules from center to the 

periphery. Having higher ordered structures in the large granule population than that of 

small granules at all maturities suggest a possible correlation with the amylopectin chain 

length distribution of those populations. 

6.5  Conclusion  

Large and small granule populations of wheat starch demonstrated differences in their 

molecular organization, which suggests different levels of involvement of starch 

synthesising enzymes or enzyme complexes. This was manifested as differences in 

granule morphology and the presence of less amylose but higher proportion of short 

amylopectin chains in small granules compared to their large granule counterpart. 

Although there were no differences in the polymorphic structure of the two populations, 

small granule fraction demonstrated higher RC and lower degree of order compared to 

their large granule counterparts. WAXS data further suggested the presence of B-type 

crystallites in both populations, but a higher proportion in large granules. These 

observations further suggested that these two populations are different not only at the 

final maturity, but also throughout their growth.  
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CHAPTER SEVEN 

USE OF IODINE AS A MARKER FOR REVEALING THE 

MOLECULAR ORGANIZATION OF DEVELOPING WHEAT 

STARCH GRANULES 

7.1  Abstract 

Fractionated and unfractionated wheat starches at different stages of maturities were 

evaluated for their iodine absorption properties by measuring the color development by 

using L*, a*, and b*, the ratio of absorption to reflection spectra (K/S), crystalline 

structure by using WAXS, and the lamellae structure by using SAXS. The color 

development and K/S spectral data demonstrated different levels of mobility of starch 

polymers at different stages of maturity and the mobility of more glucan polymers in the 

large granule population compared to their small granule counterparts. Iodine did not 

change the characteristic A-type crystalline pattern of starch, but increased RC. Iodine 

also decreased the lamellae repeat distance of starches from all maturities. However, the 

extent of the effect of iodine on starch crystallinity and perfection, and the lamellae 

repeat distance were different between maturities as well as between small and large 

granule populations. WAXS and SAXS data suggests the possibility of amylopectin inter-

cluster chain segments and branch chains to interact with iodine and form inclusion 

complexes.  

7.2  Introduction 

Iodine binds with linear glucan polymers of starch forming an inclusion complex. The 

structure of iodine-linear glucan polymer complex in non-granular condition is well 
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known (Bates et al., 1943; Géssler et al., 1999; Hayashi, Kiribuchi-Otobe, & Seguchi, 

2005; Knutson et al., 1982; Murdoch, 1992; Nimz et al., 2003; Rundle & Baldwin, 1943; 

Rundle & Edwards, 1943; Rundle & French, 1943a, 1943b; Teitelbaum et al., 1980; 

Thoma & French, 1960). The color and wavelength of the maximum absorbance of the 

iodine-glucan complex vary according to the length of the polymer chain involved 

(Banks et al., 1971). The reaction of iodine with linear polymers of starch is widely used 

for determining the amylose content of starches (Bates et al., 1943; Chrastil, 1987; 

Hoover & Ratnayake, 2001; McGrance, Cornell, & Rix, 1998; Morrison & Laignelet, 

1983).  

Saibene and Seetharaman (2006) pioneered in using iodine to study the architecture of 

the starch granule. They observed that, at moisture contents between 12 to 20%, iodine 

was able to form complexes with linear polymers or polymer segments and disrupt the 

crystalline arrangement of starch polymers within the granule. Rendleman (2003) 

reported that the source of iodine ion in this system comes from the hydrolysis of 

molecular iodine by water of hydration in the starch. This was supported by Saibene et al. 

(2008) who reported higher iodine binding in corn starch than that in potato starch under 

controlled moisture contents of 12-20%. They further observed a greater effect of iodine 

on the crystallinity of potato starch than of corn starch. More recently, Park et al. (2011) 

showed by AFM imaging, the presence of hair like projections on the surface of potato 

and corn starches exposed to iodine vapor in-situ. These projections were present on the 

top of blocklets in potato starch and on the top and around blocklets in corn starch. This 

led the authors to speculate that these hair-like projections had the ability to interact with 

iodine.  
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The interaction of iodine vapor with native granular starch is likely a surface reaction. 

Since the starch in this experimental system is in its granular form, the formation of 

inclusion complexes with iodine vapour depends on the accessibility of segments of 

glucan polymers to iodine, i.e., segments of amylose molecules which are not trapped in 

the crystalline lamellae or engaged in the double helices with amylopectin branch chains 

(shown as „a‟ in Fig. 7.1); or segments of amylopectin short chains extending out from 

the crystalline lamellae (shown as „b‟ in Fig. 7.1); or amylopectin branch chains located 

in the crystalline lamellae but did not form double helices (shown as „c‟ in Fig. 7.1); or 

amylopectin chains located in the amorphous lamellae as single heices (shown as „d‟ in 

Fig 7.1). Therefore, the ability of iodine to bind to the starch molecules depends on the 

organization of linear segments of glucan polymers within the granule. The ability of 

iodine molecules to penetrate the starch granule also depends on the surface area and 

molecular structure of the granule as well as surface features such as pores or penetrating 

channels (Manion et al., 2011).  

The purpose of this research was to take advantage of the previous investigations 

concerning starch-iodine interactions in granular systems to probe the molecular 

organization of wheat starch granules at different stages of maturity. 
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Fig. 7.1 Backbone model of amylopectin molecule demonstrating chain segments of 

amylose (a) and amylopectin (b) coming out from the crystalline lamellae, amylopectin 

chains which did not contribute for helix formation (c), and amylopectin chains located 

within the amorphous lamellae of starch granule (d). C - crystalline lamellae; A – 

amorphous lamellae. (adapted from Laohaphatanaleart et al, 2010). 
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7.3  Results  

 7.3.1  Color Development 

Pseudo color of starches which were exposed to iodine vapour following equilibration to 

0.97 aw and measured by using the K/S spectrophotometer are shown in Fig. 7.2. As seen 

in the figure, unfractionated 7 DAA starch demonstrated a significantly lighter color 

compared to other starches (Fig. 7.2a). The dark color was due to the predominating large 

granules, as shown by the fact that after fractionation, the small granule population 

showed lighter colors than their large granule counterparts at all maturities. Furthermore, 

there were slight differences in the color between maturities within a population. The 

color intensity of iodine exposed starches were also measured as L*, a*, and b*, defined 

as black (-) to white (+), green (-) to red (+), and blue (-) to yellow (+) color changes, 

respectively (Fig. 7.3). Although increasing maturity decreased the value of L* of 

unfractionated starch indicating the color shift from white to black, a*, and b* remained 

more or less indifferent. However, in the fractionated large and small granule 

populations, small granules showed higher L* and a*, and lower b* than their large 

unfractionated starch indicating the color shift from white to black, a*, and b* remained 

more or less indifferent. However, in the fractionated large and small granule 

populations, small granules showed higher L* and a*, and lower b* than their large 

granule counterparts. Increasing maturity decreased all three parameters in both 

populations. However, the changes in L* of small granule population with increasing 

maturity was comparatively high. 
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Fig. 7.2 Color of iodine exposed wheat starches at different developmental stages as 

measured by K/S spectral analysis in the order of increasing maturity. (a) unfractionated 

starch and (b) fractionated large and small granule populations. 
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Fig. 7.3 L* (white/black), a* (green/red), and b* (blue/yellow) of iodine exposed wheat 

starches of different developmental stages. Top figure is the unfractionated starch and 

bottom figure is the fractionated large and small granule populations. Solid lines in the 

bottom figure represents large granule fraction, while broken line represents small 

granule fraction. 
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7.3.2  K/S Spectral Analysis 

K/S spectra of iodine exposed unfractionated starches from seven maturity stages are 

shown in Fig. 7.4a, whereas those of fractionated large and small granule populations are 

shown in Fig. 7.4b & c. Increasing maturity increased the K/S of all the starch 

populations, although it did not follow the exact order of increasing maturity. The order 

of increasing K/S for unfractionated starch was 7 DAA < 14 DAA < 28 DAA < 21 DAA 

~ 35 DAA < 49 DAA < 42 DAA, whereas large granules possessed the order 14 DAA < 

21 DAA < 35 DAA ~ 42 DAA ~ 49 DAA < 28 DAA, and small granules 14 DAA < 21 

DAA < 28 DAA < 42 DAA < 35 DAA < 49 DAA. The large granule fraction 

demonstrated higher K/S than the small granules at all wavelengths (λ) (Fig. 7.4b).   

The wavelength at K/S maximum (λmax) in the K/S spectrum represents the chain length 

of the largest population of glucan polymers in the granular starch, which was available 

to interact with iodine and form the inclusion complex. λmax was 540 nm for 

unfractionated starches from all maturities, whereas that of fractionated large and small 

populations was 540 nm for starches from 14 - 35 DAA and 550 nm for starches from 42 

– 49 DAA. According to Banks and coworkers‟ calculation (Banks et al., 1971) for 

soluble glucan polymer system, λmax can be used to estimate the chain lengths of 

corresponding glucan polymers since the length of glucan polymers determines the color 

and absorbance values of the starch-iodine complex in dispersed systems. Furthermore, 

Teitelbaum et al. (1980) have shown by Mössbauer spectroscopy that the starch-iodine 

complex formed by granular starch and iodine vapor are not different from the complex 

formed in solutions.  Therefore, it is reasonable to use Banks et al.‟s calculation (1971) to 

estimate the length of glucan polymers which form starch-iodine inclusion complexes  
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Fig. 7.4 K/S spectra of iodine exposed wheat starches of different developmental 

stages. (a) unfractionated starches from 7 - 49 DAA; (b) fractionated large (L; solid 

line)  and small (S; broken line) granules from 14 – 49 DAA; (c) Small granule 

population from 14 – 49 DAA. 
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with iodine at that specific aw are in granular starch. The estimated chain lengths of the 

unfractionated and fractionated starches using the calculation above were about DP ~ 35 

and ~ 35-40, respectively.  

7.3.3  WAXS Analysis 

Polymorphic pattern of representative fractionated and unfractionated starches before and 

after iodine exposure are shown in Fig. 7.5. The formation of iodine-glucan polymer 

interaction when granular starches were exposed to iodine vapor did not change the 

characteristic A-type polymorphic pattern of starches. This is supported by the 

observations reported by Cheetham and Tao (1998a) for mature maize starches of 

different amylose contents and for mature potato starch even when they were exposed to 

iodine vapor for 4 months. However, when the granular wheat starches of seven different 

maturities were exposed to iodine vapor at 0.97 aw, the formation of iodine-glucan 

complex affected the crystallinity of the granules to different extents. Albeit peak 

positions were not changed, iodine decreased the intensity of peaks at around 15
°
, 17

°
, 

and 18
°
 2θ in all starches, except 7 DAA starch, and increased the intensity of peaks 

centered at 20
°
 and 23

°
 2θ. Previously, Saibene et al. (2008) reported a decrease in the 

intensity of peaks at around 15
°
, 17

°
, 18

o
 and 23

° 
2θ in corn starch and loss of resolution 

of peaks at around 23
° 

and 24
°
 2θ in potato starch after equilibration to 0.97 aw and 

exposure to iodine. Cheetham and Tao (1998a) reported that iodine vapour exposure 

decreased peak intensities in normal maize starches while some peaks in high amylose 

maize starch disappeared. Varatharajan, Hoover, Liu, and Seetharaman (2010), who 

studied the effect of iodine on normal and waxy potato starch before and after heat- 
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Fig. 7.5 WAXS patterns of three maturities of control (light color) and iodine exposed 

(dark color) wheat starches representing younger and mature stages. (a) unfractionated 

starch; (b) Small granule fraction; (c) Large granule fraction. 
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moisture treatment, also made similar observations, which support the results in this 

study. 

The effect of iodine exposure on RC (Fig. 7.6) and PW (Fig. 7.7) of the starches were 

determined using X-ray diffraction. RC was calculated by excluding the area of the peak 

at ~ 20
°
 2θ, because this peak is responsible for the crystallinity contributed by V-

amylose single helices, not A-type crystallites. Similarly, the formation of iodine-glucan 

polymer inclusion complexes increases the area of the peak centered at 20
°
 2θ. RC of all 

starches, i.e., both fractionated and unfractionated, increased on iodine complexation 

(Fig. 7.6). RC of starches from different maturities was affected by iodine to different 

extents; however, there were no trend in these changes observed between maturities. 

PW of 15
°
 and 18

°
 2θ decreased due to iodine-glucan polymer interaction in all 

unfractionated and fractionated starches, while PW of 17
°
, 20

°
 and 23

°
 2θ increased (Fig. 

7.7). However, these changes in PW were of different extents and there was no trend 

visible with increasing maturity. Furthermore, changes in PW of small and large granule 

populations demonstrated less crystallite perfection and more crystallite disruption in 

small granules than in large granules. Increase in PW of the peak at ~ 20
°
 2θ in small 

granules was higher than in large granules. 
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Fig. 7.6 Percentage increase of RC due to the interaction of iodine with granular starch of 

the (a) unfractionated starch and (b) fractionated large and small granule populations of 

developing wheat starch. 
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Fig. 7.7 Percentage difference in PW of finger print peaks in X-ray diffractograms 

because of the interaction of iodine with granular starch of the (a) unfractionated starch 

and (b) fractionated large (solid) and small (pattern) granule populations of developing 

wheat starch. %Difference in PW = (PW of control – PW of iodine exposed)/PW of 

control*100%. 
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7.3.4  SAXS Analysis 

SAXS investigation of unfractionated wheat starches at different stages of maturity were 

carried out before and after exposure to iodine vapour and their d values were calculated 

(Fig. 7.8). The formation of iodine-glucan polymer complex decreased the value of d in 

starches from all maturities, except at 28 DAA. However, the extent of the decrease was 

different between maturities and no trend was observed. Although the reason for 

unchanged d value in 28 DAA starch remained unclear, it is noteworthy to mention that 

28 DAA starch possessed deviated properties in several aspects in this study (Chapters 5 

& 6) as well as in the study with starches isolated from seeds harvested in 2008 (Waduge 

et al., 2010). 

7.4  Discussion 

7.4.1  Iodine-glucan Polymer Interaction in Granular Starch 

The color development of granular starches when they were exposed to iodine vapour is a 

visual demonstration for the formation of iodine-glucan polymer inclusion complex. 

Furthermore, the color and intensity depend on the length of glucan polymer segments 

that interacts with iodine. As such, the lighter color formed in 7 DAA starch compared to 

other maturities, and in the small granule fraction compared to their large granule 

counterparts, suggests the formation of fewer iodine-glucan polymer complexes. This is 

supported by the K/S spectra (Fig. 7.4) that demonstrated lower iodine binding in these 

starches, but not different shapes in their spectra. Since the extent of interaction of iodine 

vapour with glucan polymers in the granular starch at controlled humidity strongly 

depends on the organization of glucan polymers within the granule and to the  
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Fig. 7.8 Effect of iodine glucan polymer interaction on the lamellae repeat distance (d) of 

unfractionated developing wheat starch granules, as studied by SAXS. 
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accessibility of these polymers to iodine vapour, differences in the color of the complex 

is a visual evidence for the different levels of molecular organization within the granule.  

Although it was expected that a higher level of interaction would occur in small granules 

compared to large granules - since the former have a larger surface area - they still 

exhibited lighter colors. Besides granule size, surface channels also increase the surface 

area of a granule. Kim and Huber (2008) reported the presence of channels in both small 

and large mature granules. However, these channels in large granules extend to the 

interior of the granule, while those in small granules are mostly less-defined voids. This 

suggests that surface channels that extend into the granule interior of large granules 

fraction of wheat starch play an important role in increasing the surface area, thereby 

facilitating iodine-glucan polymer interaction. Furthermore, as these interior channels 

have the possibility to pass through lamellae structures inside the granule, they would 

have a significant impact on the accessibility of glucan polymer segments in the 

amorphous lamellae to interact with iodine.  

K/S spectral analysis also supported the existence of differences in the molecular 

organization between starches from different maturity stages as well as between small 

and large granule populations. The most obvious correlation of increase in K/S with 

increasing maturity or higher K/S in large granules than that in small granules could also 

be due to the increasing/higher amylose content. On the other hand, the amount of long 

amylopectin chains present in these starches could partly be the reason for higher K/S 

values, because the chain length distribution study demonstrated that 7 DAA starch and 

small granules in fractionated starch have proportionally fewer amylopectin chains with 

DP>24 than others (Fig. 5.4 & 6.3). However, not just the presence but the availability of 
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glucan polymers determines the extent of interaction in a granular starch-iodine vapour 

system. If these polymers are trapped within the granule matrix or crystalline lamella and 

therefore are less accessible, they will not be able to form inclusion complexes. This 

argument is supported by the calculated lengths of glucan polymer segments (based on 

λmax values) that mostly interacted with iodine. Thus, although the amylose content and 

amylopectin branch chain length distribution changed with maturity and between the two 

granule populations, the largest population of glucan polymer segments which interacted 

with iodine had DP ~ 35-40.  

7.4.2  Effect of Iodine on the Crystalline and Lamellar Structure of Starch Granule 

The iodine-glucan polymer complex formation did not change the polymorphic structure 

of the starch granules, but it affected RC. The amorphous growth rings, lamellae, and the 

matrix between blocklets are the most probable locations for the iodine-glucan polymer 

interaction to occur within the starch granule. However, the fact that complex formation 

affected the RC of starch suggests several possibilities for iodine to form the inclusion 

complex: (i) with amylose chain segments with one end extending out the crystalline 

lamellae (shown as „a‟ in Fig. 7.1); (ii) with amylopectin chain segments which are long 

enough for complex formation and that extend out from the crystalline lamellae (shown 

as „b‟ in Fig. 7.1); (iii) with amylopectin single helices within the crystalline lamellae but 

not participating in crystallite formation (shown as „c‟ in Fig. 7.1); (iv) with amylopectin 

inter-cluster chain segments (Fig. 7.9) which are located in the amorphous lamellae 

(shown as „d‟ in Fig. 7.1) according to the backbone model (Laohaphatanaleart,  

Piyachomkwan, Sriroth, & Bertoft, 2010). However, possibilities (i) and (ii) become 

unacceptable because when amylose or amylopectin chain segments that are connected  
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Fig. 7.9 Inter-cluster chain segments and spacers in an amylopectin molecule according 

to the backbone model (adapted from Laohaphatanaleart et al., 2010). 
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with the crystalline lamellae form complexes with iodine, they would disrupt the 

crystalline lamellae, thereby decreasing the RC rather than increasing it. The possibility 

of iodine to interact with a single chains of amylopectin located within the crystalline 

lamellae as proposed in (iii) depends on its location; 1) if it is located within a cluster, the 

probability is low to access iodine; but in the unlikely event it forms a complex, it will 

disrupt the crystallite, and 2) if it is located outside clusters it has more opportunity to 

interact with iodine, but will not disrupt or have no effect on crystallites. The last 

argument for possible locations of glucan chains that can interact with iodine and 

increase RC is the inter-cluster chain segments of amylopectin located in the amorphous 

lamellae according to the backbone model proposed by Laohaphatanaleart et al. (2010). 

Thus, when iodine interacts with inter-cluster chain segments, it will shorten the distance 

between clusters thereby, (i) bringing two clusters closer to form larger crystallites, or (ii) 

bringing two amylopectin linear chains close together to form a double helix, and 

increase RC. This implies that these inter-cluster chain segments already are in loose 

helix form, and in the presence of iodine become more compact. This argument is further 

supported by the PW change (Fig. 7.7) because, as shown in Fig. 7.10, by forming 

iodine-inter-cluster chain segment inclusion complexes, iodine can bring amylopectin 

clusters closer together and transform crystallites which were previously contributed to 

the crystallinity but were not perfectly aligned into more ordered/perfectly aligned 

crystallites or completely disordered crystallites, depending on the level of steric 

hindrance. The consistent decrease in lamellar repeat distance following iodine-glucan 

polymer inclusion complex formation suggests a possible interaction of amylopectin  
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Fig. 7.10 Schematic representation for the crystallite perfection and crystallite disruption 

that occurs because of the interaction of iodine with inter-cluster chain segments of 

amylopectin. Red color boxes represent more ordered/aligned crystallites while green 

color boxes represent less ordered/aligned crystallites, but with the ability to contribute 

to crystallinity of starch. 
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spacer segments with iodine. However, this argument also will hold true only if these 

spacer segments pre-exist as loose helices. 

7.5  Conclusion  

Iodine can be used as a marker to investigate the organization of glucan polymers within 

the starch granule because the extent of the interaction is determined not by the amount 

of amylose or amylopectin, but rather by the organization of these polymers within the 

starch granule. The formation of the inclusion complex is proved by the color formed. 

The color and K/S spectral investigations demonstrated that the increasing maturity 

increased the availability of glucan polymers or polymer segments to interact with iodine. 

Furthermore, large granules possessed more glucan polymers or polymer segments to 

interact with iodine than small granules. However, at all maturities, in both small and 

large granules, the largest population of glucan polymers or polymer segments which 

interact with iodine were in the range of DP 35-40. Furthermore, iodine increased the RC 

and decreased the lamellae repeat distance, suggesting that the segments available to 

interact with iodine were the inter-cluster chain and spacer segments of amylopectin. This 

research further proposes the possible presence of pre-formed V-helices within these 

chain segments and supports the backbone model of amylopectin, which was proposed by 

Laohaphatanaleart et al. (2010). It also suggests possible locations in starch granules for 

interactions to occur with food ingredients in low moisture systems affecting their 

gelatinization temperatures.  
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CHAPTER EIGHT 

SUMMARY AND DIRECTIONS FOR FUTURE RESEARCH 

8.1  Summary  

The data showed that the blocklet structure, lamellae structure and polymorphic structure 

of starch granules were well-developed at very early stages of maturity suggesting their 

presence at the center of the granule. It further demonstrated that; (i) the blocklets present 

at the center of starch granules were larger and fuzzier than those at the granule 

periphery; (ii) the lamellae repeat distance at the center was smaller than at the periphery; 

(iii) there are B-type crystallites at the center of the granule mixed with A-type 

crystallites; (iv) the center of the granule contained more crystallites but it included less 

perfect crystallites too, whereas the periphery consisted of less crystallites but they are 

more perfectly aligned; (v) the periphery of the granule contained more amylose and 

amylopectin short chains than at the center, suggesting the presence of more defects in 

the crystalline lamellae which reduced RC. The presence of more amylopectin long 

chains at the center of the granule may also be the reason for fuzzy appearance of 

blocklets at the center of the granule. A schematic representation for the above changes 

observed from the center of the starch granule to the periphery is shown in Fig. 8.1. 
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Fig. 8.1 A schematic representation of changes in molecular organization observed 

from center of the granule to the periphery. 
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The surface of granules observed using AFM exhibited interesting differences that 

suggest the presence of two types of features - potentially amorphous and semi-

crystalline growth rings. Compared to the granule surface with blocklets, nodules, 

depressions, and different levels of stiffness at different locations, the other surface which 

is proposed as amorphous growth ring of starch granule had no blocklets and had a softer 

texture. This surface was also comparatively smooth and had significantly larger island-

like structures that were embedded in a softer background with stiffer depressions. 

Furthermore, the in-situ AFM imaging of the granular surface while exposing to iodine 

vapor revealed that glucan polymers or polymer segments in between blocklets and on 

top of blocklets have the ability to complex with iodine. The complexes were initiated 

between the blocklets and were then outspread to the top. The length of the complex was 

~ 2 nm. Complex formation of glucan polymers on the surface of starch granules 

supported the “hairy billiard ball” concept brought by Lineback in 1986. 

Data on fractionated large and small granule populations revealed that differences 

between them were evident as early as 14 DAA. Both granule populations started as 

spherical shaped granules; and as development progressed, the small granules remained 

spherical, while large granules morphed into lenticular shape. At all maturity stages, 

small granules exhibited larger blocklets than those of large granules, but the size of 

blocklets in both populations decreased with increasing maturity. Although both 

populations demonstrated similar polymorphic structures from center to the periphery, 

large granules possessed a higher proportion of B-type crystallites and lower RC than 

small granules, suggesting an influence of the higher proportion of amylose and long 

chain fraction of amylopectin in the former. Differences in the molecular organization of 
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these two granule populations were also evident when they were exposed to iodine vapor. 

Small granules demonstrated lower intensity of color and with lower K/S than large 

granules, but λmax in both populations was the same, suggesting the presence of fewer 

available/accessible glucan polymers or polymer segments to interact with iodine. This 

was further supported by the different extent of the effect of iodine on the crystalline 

order between the two populations. 

Observations based on iodine exposure also facilitated the investigation of the amorphous 

matrix/lamellae of the granules. Interaction of iodine with glucan polymers or polymer 

segments (i) increased the RC of starch granules of all maturity stages suggesting the 

possible interaction of inter-cluster chain segments (in amorphous lamellae) of 

amylopectin that form iodine inclusion complexes; (ii) decreased the lamellae repeat 

distance of starch granules suggesting the possible interaction of spacer segments of 

amylopectin with iodine forming inclusion complexes. These observations support the 

backbone model of Laohaphatanaleart et al. (2010).  

8.2  Directions for Future Research 

This dissertation has just scratched the surface of the knowledge related to development 

of granular architecture. Such focus has not been given in the past to this topic - largely 

because the knowledge related to starch synthesis, the genetics of synthesis and other 

biochemical aspects are just coming to the forefront. Detailed aspects of the structure of 

the developing granule will inform future researchers to assemble the mechanism of 

starch granule development. In the near future, research can address some of the 

following questions; 
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1. Environmental factors such as rain, temperature, and air quality can affect the 

molecular structure and organization within the starch granule. Therefore, a study 

with starches isolated from seeds grown in successive years in the field or under 

controlled conditions in a greenhouse would help to generalize the observations. 

However, for the greenhouse study, starches isolated from seeds harvested at two 

maturity stages, i.e., before and after physiological maturity, would be enough. 

2. Chain length distribution of amylopectin demonstrated differences in their 

structure from center of the granule to the periphery and also between large and 

small granule populations. In addition, (i) the presence of B-type crystallites 

mixed with A-type crystallites at the center of granules, (ii) K/S spectra of iodine 

exposed starches, and (iii) increased RC and decreased lamellae repeat distance of 

starches by iodine suggest possible differences in the internal structure of 

amylopectin molecules from center to the periphery. Therefore, exploring the 

internal structure of amylopectin such as inter-cluster and inter-block chain 

lengths and cluster sizes would be an added value. 

3. Amylose content, amylopectin chain length distribution, and relative crystallinity 

of starches were different from center of the granule to the periphery. 

Furthermore, differential calorimetric analysis data, which are not included in the 

thesis, demonstrated differences in gelatinization temperature and enthalpy. 

Therefore, it would be worthy to explore the crystalline lamellae thickness of 

starches, to reveal differences in this structural level from the center of the granule 

to the periphery, as well as between two granule populations. 
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4. Since iodine penetrate through the surface of starch granules to interact with 

glucan polymers in granular starch, increasing surface area should facilitate the 

extent of interaction. Although small granules have a larger surface area than 

large granules, data in this research demonstrated that (i) increasing maturity 

increased the granule size, but increased the complex formation as well, and (ii) 

the large granule population had higher iodine complexation than small granules. 

This suggests that starch granules from younger maturities may have fewer 

channels than mature starches, and large granules may have more channels than 

small granules. Therefore, it would be interesting to investigate the internal 

channels of starch granules by using confocal laser scanning microscopy (CLSM). 

5. Although the molecular organization of starch granules were studied at different 

levels (granular, blocklet, lamellae, and crystalline) using SEM, AFM, SAXS and 

WAXS techniques, none of the data from these techniques provided information 

about the double helices except the clues given by FTIR about differences in the 

degree of molecular order of small and large granule populations at the granular 

surface. Although FTIR measures stretching and vibrations of bonds in molecules, 

it does not have the ability to provide information about the double helical 

content. To calculate double helical content 
13

CCPMAS/ NMR can be used. 

Therefore, it would be interesting to calculate the double helical content of 

starches to further complement the molecular level organization of starch granule. 
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A-1 Waduge, R. N., Xu, S., & Seetharaman, K. (2010). Iodine absorption properties and 

its effect on the crystallinity of developing wheat starch granules, Carbohydrate 

Polymers, 82, 786-794. 

Abstract  

Wheat starches at different stages of maturities were evaluated for their iodine absorption 

properties by measuring the ratio of absorption to reflection spectra (K/S) and crystalline 

structure by using wide angle X-ray scattering (WAXS). The surface of starch granules 

were also visualized by using atomic force microscopy (AFM). The K/S spectral data 

demonstrated different levels of mobility of starch polymers at different stages of 

maturity and the mobility of longer chain polymers with increasing moisture contents. 

Iodine did not change the characteristic A-type crystalline pattern. However, the extent of 

effect of iodine on starch crystallinity was affected by maturity and moisture content of 

starches. AFM images of iodine exposed starches supported the interaction of iodine 

molecules with starch polymers. Differences in surface features were observed for 

different maturities.  

 

Key words: Starch, Premature starch, Granule architecture, iodine, WAXS, K/S spectra, 

AFM 
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1. Introduction 

In mature wheat endosperm, there are two distinct populations of starch granules: large 

disc-shaped A-granules and small spherical-shaped B-granules (Peng et al., 1999). The 

granules of different sizes and shapes are initiated in the endosperm during different 

stages of grain development. Large granules appear at about 4-7 DAA (days after 

anthesis) and continue to increase in size throughout the grain filling period, while small 

granules are initiated at about 12-14 DAA and remain considerably small at final 

maturity (Bechtel et al., 1990, Langeveld et al., 2000; Bechtel & Wilson, 2003). At 

maturity, A-granules have an average diameter of 10-35 µm and B- granules range from 

1 to 10 µm average diameter. Starch granules are mainly composed of two types of 

glucose polymers – amylose (AM), which is essentially a linear chain molecule, and 

amylopectin (AMP), which is branched. The AM content in starches of wheat and barley 

increases during grain development (Kulp & Mattern, 1973; Morrison & Gadan, 1987; 

McDonald et al., 1991) and at all maturities, the AM content of A-type granules is higher 

than in B-type granules ( Morrison & Gadan, 1987; McDonald et al., 1991). In the 

semicrystalline starch granule, these polymers are packed in a pattern such that branch 

chain polymers of AMP forms double helices, and occupy the crystalline area of the 

granule, while AMP branch points and AM are located in the amorphous area of the 

granule. The currently accepted model to describe the semicrystalline structure of the 

starch granule is the “Blocklet model” (Gallant et al., 1997). This model is supported by 

studies carried out by using AFM (Baldwin et al., 1997, 1998; Juszczak et al., 2003a, b) 

Iodine binds with linear glucan polymers of starch forming an inclusion complex. The 

structure of iodine-linear glucan polymer complex in non-granular condition is well 
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known (Bates et al., 1943; Rundle & Baldwin, 1943; Rundle & Edwards, 1943; Rundle & 

French, 1943a, b; Thoma & French, 1960; Teitelbaum et al., 1980; Knutson et al., 1982; 

Murdoch, 1992; Gessler et al., 1999; Nimz et al., 2003; Hayashi et al., 2005). The color 

and wavelength of the maximum absorbance of the complex vary according to the degree 

of polymerization (DP) of the polymer chain (Banks et al., 1971). The reaction of iodine 

with linear polymers of starch is widely used for determining the AM content of starches. 

However, Saibene and Seetharaman (2006) used iodine to study the architecture of the 

starch granule for the first time. They observed that at moisture contents between 12 to 

20%, iodine was able to form complexes with linear polymers and disrupt the crystalline 

arrangement of starch polymers within the granule. Rendleman (2003) reported that the 

source of iodine ion in this system comes from the hydrolysis of molecular iodine by 

water of hydration in the starch. This was supported by Saibene et al. (2008) who 

reported higher iodine binding in corn starch than in potato starch under controlled 

moisture contents of 12-20%. They further observed a greater effect of iodine on the 

crystallinity of potato starch than that of corn starch. The interaction of iodine vapor with 

native granular starch is likely a surface reaction. Since the starch in this experimental 

system is in its granular form, the formation of inclusion complexes with iodine vapour 

depends on the accessibility of segments of glucan polymers i.e., segments of AM 

molecules which are not trapped in the crystalline lamellae or those that are not in the 

double helices with AMP branch chains; or longer segments of AMP branch chains, to 

iodine. Therefore, the ability of iodine to bind depends on the organization of linear 

glucan polymers within the granule. The ability of iodine molecules to penetrate the 

starch granule also likely depends on the surface features of the granule such as pores or 
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penetrating channels. Existence of pores and channels on the surface of wheat starch 

granules has been reported (Kim & Huber, 2008). 

Complex formation of iodine with granular starch has been studied by using K/S spectra 

(Saibene & Seetharaman, 2006; Saibene et al., 2008) and WAXS (Rendleman, 2003; 

Saibene & Seetharaman, 2006; Saibene et al., 2008). K/S spectra gives information about 

the intensity of the color developed in granular starch when it is bound with iodine, while 

WAXS is used to measure the effect of iodine binding to the crystallinity of the granule. 

AFM has been used to study the starch granule surface (Baldwin et al., 1997; Ohtani et 

al., 2000; Juszczak, 2003; Juszczak et al., 2003a; Ayoub, et al., 2006;), internal structure 

of the granule (Baker et al., 2001; Ridout et al., 2002, 2004; Szymonska & Krok, 2003), 

starch components ( Liu et al., 2001; Gunning et al., 2002; Dang et al., 2006), enzymatic 

degradation of starch granule ( Thomson et al., 1994; Morris et al., 2005), retrogradation 

(Tang & Copeland, 2007), and gelatinization (An et al., 2008). 

The objective of this research was to probe the molecular organization of wheat starch 

granules at different stages of maturity by studying their iodine binding properties and its 

effect on the crystallinity of starch granules. 

2. Materials and methods 

2.1  Materials 

Hard red spring wheat at three different maturities-17, 28, and 47 days after pollination 

(DAP)-were harvested in Elora, Ontario, Canada in 2008.  Grains were sampled directly 

from the field and stored at -20 °C to prevent any enzyme activity. All chemicals used 

were in ACS certified grade. 
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2.2  Starch isolation  

Starches were isolated according to the method of Park, et al. (2006) with some 

modifications. 100 g of the grain was frozen in liquid nitrogen and ground in a coffee 

grinder for 1 min.  The resulting flour was stirred with sodium borate buffer (12.5mM, 

pH 10, containing 0.5% SDS (w/v) and 0.5% Na2S2O5 (w/v)) for 5 min, transferd into 

280 mL centrifuge bottles, and the residue was recovered by centrifugation at 900 g for 5 

min. These three steps were repeated once again. The residue was washed once with 

distilled water, neutralized with 0.01M HCl and recovered by centrifugation. Then the 

residue was suspended in distilled water, passed through four layers of cheesecloth and 

then through 70 µm nylon mesh (step A). The resulting residue was stirred overnight with 

water to recover any remaining starch while the purification process was continued with 

the slurry. The slurry was centrifuged and the brown layer, formed on the top of the 

starch layer, was scraped using a spatula and transferred into a beaker. Then the starch 

was suspended again in water and centrifuged in 50 mL centrifuge tubes at 1600 g for 10 

min. These steps were continued until all the brown particles were removed from the 

starch fraction. All the brown fractions were combined in a beaker. Starch granules 

mixed with the brown layer were recovered by gravity settling and added back to the 

purified starch fraction. The residue which was stirred overnight was continued as from 

step A. The purified starch was washed once with acetone and air dried. Amylose content 

of starches was determined using the method described by Chrastill (1987) and was 17.4, 

23.2, and 23.2% for 17, 28, and 47 DAP starches, respectively. The nitrogen content of 

all starches was less than 0.05% as determined by using Dumas combustion method 

(Leco EP 528, Leco Instruments Ltd. Canada) (Simonne et al., 1997). 
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2.3  Sample preparation 

Starches were equilibrated to 0.33, 0.75 or 0.97 water activity (aw) in desiccators 

containing saturated solutions of MgCl2, NaCl, and K2SO4, respectively, at room 

temperature. The final equilibrated moisture contents were about 11, 15.5, and 20 % at 

0.33, 0.75, and 0.97 aw, respectively. Equilibrated starches (0.2 g) were spread over a 

plastic weighing pan and exposed to iodine vapor generated from 2 g of iodine crystals 

placed in a desiccator at the corresponding water activity for 24 h at room temperature 

(Saibene & Seetharaman, 2006). Fresh samples were prepared for each experiment. 

2.4  Colorimetric analysis 

The color (L* (white/black), a* (green/red), and b* (blue/yellow)) and the K/S value of 

starch-iodine complex were evaluated by using CM 3500-d spectrophotometer (Konica 

Minolta Sensing Inc., Mahwah, NJ, USA) equipped with SpectraMagic NX CM-S 100 

software. Measurements were taken over a wavelength range from 400 to 700 nm and 

using starch which was equilibrated to the same aw but not exposed to iodine vapor as the 

reference. The granular starch (0.2 g) was spread over the sample cell as a thick layer and 

the measurements were taken. The K/S, which was derived by Kubelta and Munk, is 

defined as follows: 

 

 
 
(  𝑅) 

 𝑅
 

Where, K is the absorption coefficient, S is the scattering coefficient, and R is the 

reflectance of the sample expressed as a fraction between 0 and 1 (Billmeyer & 

Saltzman, 1981).  
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2.5  WAXS analysis 

X-ray diffractograms were obtained for starches, packed tightly into a 1”x1” square 

shape area of a quartz plate, by using the radiation produced by the copper (Kα1 = 

0.154 nm) X-ray tube in the Rigaku X-ray diffractometer (Rigaku-Denki, Co, Tokyo, 

Japan). The operating conditions were as follows: target voltage 40 KV, current 40 mA, 

scan speed 1°/min, sampling width 0.02
o
, divergence slit width 0.5°, scatter slit width 

0.5°, receiving slit width 0.3 nm, and scanning range 3-35°. Data were smoothed using 

Jade software (version 6.5, Material Data Inc., California, USA) and normalized to equal 

total scattering in 3-35
o
 2θ range. Peak width at half height (PWHH) and percentage 

relative crystallinity (%RC) were calculated by using the curve fitting procedure 

described by Lopez-Rubio et al., (2008) using Igor Pro software (version 6.0.5.0, 

WaveMetrics Inc. Oregon, U.S.A.). The PWHH was calculated after subtracting the 

amorphous background*. Only the finger print peaks (15
o
, 17

 o
, 18

 o
, 20

 o
, and 23

 o
 2θ) 

were considered for the %RC calculation. Equations (1) and (2) were used to 

calculate %RC and the percentage difference in PWHH (%Diff. in PWHH), respectively.   

 𝑅   
∑    
 
   

∑     
 
     

        eq. (1) 

Where, ACk is the area under each crystalline peak with index k and Aa is the area under 

the amorphous peak. 

   𝑖   𝑖𝑛        
     (         )       (      )

     (      )
        eq. (2) 

Where, PWHH (starch + I2) is the peak width of iodine exposed starch and PWHH 

(starch) is the peak width of control starch.  
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Percentage V-crystallinity (%RCV) was calculated by dividing the area under the peak at 

20
o
 2θ over the total area of the diffractogram.  Percentage A-crystallinity (%RCA) was 

calculated by taking the difference of %RC and %RCV. 

2.6  AFM analysis 

AFM analysis was performed with the Agilent Technologies model 5500 instrument 

(UPPSALA, Sweden). All images were obtained with silicon cantilevers with nominal 

spring constant of 48 N/m and resonance frequency of around 300 kHz (Nanoworld AG, 

Switzerland). Scanning rates were typically 1~2 Hz. Images of the starch surface were 

mostly acquired with AC mode at a slightly repulsive force region of the tip-sample 

distance, however, images of the very soft polymer brush protrusions were acquired at 

attractive force region with low cantilever oscillation amplitude of around 1~2 nm with 

low scanning speed of around 0.5 Hz. The observation was performed inside a chamber 

at room temperature. Starch granules were spread over a double-sided tape on a 

microscopic slide without any preliminary preparations. The exposed surface of the 

starch was placed on the sample holder and the image was directly scanned from the 

granule surface. 

3. Results and discussion 

3.1  Color development in iodine exposed starches 

Photographs of starches from three different maturities which are exposed to iodine 

vapour following equilibration to 0.33, 0.75, and 0.97 aw are shown in Fig. 1. The change 

in color of samples is evident with increasing moisture content. Differences between 

color intensities of starches from different maturities were visible at lower moisture  
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Fig. 1.      Photographs of starches exposed to iodine following equilibration to different 

aw. (a) 0.33 aw, (b) 0.75 aw, (c) 0.97 aw, (1) 17 DAP, (2) 28 DAP, and (3) 47 DAP. 

difference between them. Furthermore, color intensity measurements which are taken by 

the spectrophotometer (L*, a*, and b*) for the same set of starches are shown in Fig. 2. 

As seen in Fig. 2a, L* was not significantly different between starches from different 

maturities which were equilibrated to the same aw. However, increasing moisture content 

decreased L* of each starch indicating the color shift from white to black. The decrease 

in a* followed the order of 0.75 > 0.97 > 0.33 aw in starches of all three maturities (Fig. 

2b). Furthermore, a* of 28 DAP starch was lower than other two starches at all moisture 

   

   

   

1a 1b 1c 

2a 2b 2c 

3a 3b 3c 
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Fig. 2.    Color development of starches exposed to iodine following equilibration to different aw. (a), (b), and (c) show L* value 

(white/black), a* value (green/red), and b* value (blue/yellow), respectively, as a function of maturity; (◊) 0.33, (□) 0.75, and (∆) 0.97 

aw. (d) shows the comparison of L* (          ), a* (          ), and b* (          ) values of iodine exposed starches of 17 DAP (●), 28 DAP 

(■), and 47 DAP (▲) as a function of aw.  
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contents indicating its low intensity in the red spectrum. Furthermore, the b* of all three 

starches was decreased with increasing moisture content (Fig. 2c). At 0.97 aw, 28 DAP 

starch showed the minimum b* indicating highest intensity in blue spectrum, while it is 

slightly lower than other two starches at lower moisture contents. However, this 

difference was not observable visually. L*, a*, and b* as function of aw is shown in Fig. 

2(d). 

3.2  K/S spectral analysis  

Starches were studied as populations of mixed large and small granules. K/S spectra of 

three iodine exposed starches (17 DAP, 28 DAP, and 47 DAP) following equilibration to 

0.33, 0.75 and 0.97 aw were measured. Fig. 3 shows data obtained for starches 

equilibrated to 0.75 and 0.97 aw. Increasing moisture content increased the intensity of 

the colour developed in the starches at all three maturities. A similar effect had been 

observed for mature potato and corn starches (Saibene & Seetharaman, 2006; Saibene et 

al., 2008). At all three maturities, starches which were equilibrated to 0.33 aw did not 

show a peak K/S maxima (data not shown). However, starches equilibrated to 0.75 aw 

exhibited multiple maxima values (λmax) as 520, 530, and 530 nm for 17, 28 and 47 DAP 

starches, respectively. The intensity of the color developed in 28 DAP starch was always 

lower than that of the other two starches, while the 47 DAP starch showed the highest 

K/S at all wavelengths (Fig. 3a). This was further visualized by the color development of 

starches equilibrated to 0.75 aw which demonstrated that 28 DAP starch has the highest 

L* and lowest a* compared to its other counterparts while 47 DAP starch has the lowest 

L* and b* compared to its other counterparts (Fig. 2d). This suggests that at 0.75 aw, the 

population of glucan polymers available to form inclusion complexes with iodine in 28  
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Fig. 3.  Absorption spectra of 17 DAP (           ), 28 DAP (            ), and 47 DAP 

(            ) iodine-exposed starches following equilibration to (a) 0.75 aw, and (b) 0.97 aw. 

K/S is the ratio of absorption/scattering coefficients. 

DAP starch is lower than that of 17 DAP starch indicating different molecular 

organizations at different stages of maturity. Furthermore, Starches equilibrated to 0.97 
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aw had the following trend for the K/S maxima: 17 DAP < 28 DAP ~ 47 DAP (Fig. 3b) 

demonstrating the availability of more glucan polymers in 28 DAP starch to interact with 

iodine vapor at higher moisture contents than that in 17 DAP starch. This suggests that it 

is not just the presence of glucan polymers in the starch granule that determines the level 

of interaction with iodine, but their ability to form the single helices in the presence of 

iodine. Since glucan polymers are in their rubbery state at 0.97 aw, there will be longer as 

well as higher population of glucan polymers that can form inclusion complexes with 

iodine. The λmax were 540, 560, and 550 nm for 17, 28 and 47 DAP starches, 

respectively. In addition, at wavelengths higher than λmax, 28 DAP starch showed higher 

K/S values than the 47 DAP starch when equilibrated to 0.97 aw, while this effect was not 

observed in starches equilibrated to 0.75 aw. This indicates that at 0.97 aw, 28 DAP starch 

has a higher population of longer segments of starch polymers which is mobile and can 

form complexes with iodine than other two maturities.  

Table 1. Degree of polymerization (DP) of starch linear polymer chains that are likely 

mobile and complexed with iodine at 0.75 or 0.97 aw at different stages of maturity.  

Maturity 

level 

0.75 aw  0.97 aw 

λmax (nm) DP
1
  λmax (nm) DP

1
 

17 DAP 520 28.1  540 34.9 

28 DAP 530 31.1  560 45.0 

47 DAP 530 31.1  550 39.4 
1
 Values represents the mean of three determinations and were extrapolated from Banks 

et al., 1971. 

The likely degree of polymerization of the linear polymers at the corresponding K/S 

maxima for the starches is listed in Table 1, based on the calculations by Banks et al. 

(1971) for solution systems. The length of glucan polymers determines the color and 
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absorbance values of the starch-iodine complex in dispersed systems (Banks et al., 1971). 

In granular starches, we have demonstrated that, it is the mobility of glucan polymers that 

determines the extent of complex formation with iodine, but not directly the amount of 

amylose or amylopectin present (unpublished data; manuscript in review). Furthermore, 

Teitelbaum et al. (1980) have shown that starch-iodine complex formed by granular 

starch and iodine vapor are not different from the complex formed in solutions, using 

Mössbauer spectroscopy.  Therefore, we believe that it is reasonable to use Banks et al.‟s 

calculation to determine the length of glucan polymers that are mobile in granular 

starches to form starch-iodine inclusion complex with iodine at that specific aw. 

Different behaviors of starches from different maturities at the same moisture content 

together with the same starch at different moisture contents demonstrate differences in 

their molecular organizations during maturity. Compared to the K/S spectral data 

obtained for corn starches by Saibene and Seetharaman (2006), in our observations, 

wheat starch exhibited lower K/S values at all corresponding aw values, although both 

corn and wheat have similar A-type crystallinity. Furthermore, these researchers have 

reported K/S maxima for corn starches at water activity as low as 0.33, while in our study 

K/S maxima was only observed for wheat starches equilibrated to 0.75 aw. On the other 

hand, potato starch, which has the B-type crystallinity, did not exhibit K/S maxima below 

0.97 aw (Saibene & Seetharaman, 2006). Sevenou and coworkers have demonstrated that 

external regions of potato starch granules are more ordered than that of corn or wheat 

starch granules using Fourier transform infrared spectroscopy (Sevenou et al., 2002). 

Therefore, it is likely that wheat and corn starch granules have less tighter packing 

compared to potato starch, such that the external polymers likely have higher mobility of 
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at a specific aw. Similarly, the differences observed in K/S spectra of starches from 

different maturities and at different moisture contents could be attributed to different 

packing arrangements of starch polymers within the granule.  

3.3  WAXS analysis 

X- ray diffractograms of wheat starches of three different maturities equilibrated to 0.97 

aw are shown in Fig. 4a. Starches from all three maturities showed the characteristic A-

type X-ray pattern. This suggests that organization of starch polymers into the A-type 

polymorphic structure of wheat starch is established at very early stages of the granule 

development and does not change during maturity. This is supported by previous studies 

carried out with potato (Liu et al., 2003), water caltrop (Chiang et al., 2007), and soybean 

(Stevenson et al., 2007) starches which, exhibited unchanged B-type, A-type, and CB-

type polymorphic structures, respectively, during their maturity. Furthermore, there were 

no differences between peak positions of starches of different maturities whereas, small 

differences were observed in intensities of all fingerprint peaks (15
o
, 17

o
, 18

o
, 20

o
 and 23

o
 

2θ). Minor differences in peak intensities have been observed in potato (Liu et al., 2003) 

and water caltrop (Chiang et al., 2007) starches also. The 20
o
 2θ peak, which is the peak 

responsible for V-type crystallites, demonstrated the following trend in peak intensity: 28 

DAP <17 DAP ~ 47 DAP. Morrison and Gadan (1987) have reported that the lipid 

content of wheat starch increase during maturity. Furthermore, the X-ray peak at 20
o
 2θ is 

only indicative of V-crystallites which was organized into an ordered array (Morrison, 

1988). Therefore, according to our observations with X-ray diffractograms that shows 

less V-type crystallites in 28 DAP starch than starches from the other two maturities, it is 

likely that although 28 DAP starch has more lipids than17 DAP starch, not all of them 
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Fig. 4. X-ray powder diffraction pattern of 17, 28, and 47 DAP starches, following 

equilibration to 0.97 aw. (a) Effect of the maturity; increased color intensity of 

diffractograms represent the increased maturity. (b) Effect of iodine exposure; light color 

represent the control starch while dark color represents the iodine exposed starch; arrows 

highlight fingerprint peaks of X-ray diffractograms that has been affected by iodine; the 

graphs are offset for clarity. 
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were complexed with starch polymers in its native state or they were complexed with 

starch polymers but were not organized into an ordered structure reflected by X-ray 

crystallinity. Morrison (1988) has reported that lipid-amylose complexes can only form at 

elevated temperatures. Since this study was conducted at room temperature, it can 

therefore be assumed that the complex formation of starch polymers with iodine is not 

interrupted by lipids present in native starch at experimental conditions used. 

Fig. 4b shows the effect of iodine exposure to the polymorphic pattern and the 

crystallinity of starches at the three different maturities following equilibration to 0.97 aw. 

Iodine did not change the polymorphic pattern of starches of all three maturities. The 

same behaviour had previously observed by Cheetham and Tao (1998) for mature maize 

starches of different amylose contents and for mature potato starch even when they were 

exposed to iodine vapour for 4 months. The formation of iodine-glucan complex, when 

granular starches of three different maturities are exposed to iodine vapour, affected the 

crystallinity of starches to different extents depending on their moisture content. While 

there was no effect of iodine exposure on the X-ray diffractograms of starches 

equilibrated to 0.33 aw, iodine exposure slightly changed the intensity of finger print 

peaks in starches from all three maturities when equilibrated to 0.75 aw (data not shown). 

The effect of iodine binding on the crystallinity of starches was strong and clearly visible 

in starches equilibrated to 0.97 aw (Fig. 4b). At this aw, peak positions were not changed; 

however, iodine decreased the intensity of peaks at around 15
°
, 17

°
, and 18

°
 2θ and 

increased the intensity of the peak at around 20
o  

and 23
o
 2θ. Furthermore, the increased 

intensity of the peak at around 23
o
 2θ was only slightly. This effect was more pronounced 

with the increasing maturity of starch. Previously, Saibene et al. (2008) have reported a 
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decrease in the intensity of peaks at around 15
°
, 17

°
, 18

°
 and 23

o
2θ in corn starch and lost 

resolution in peaks at around 23
o
and 24

o
 2θ in potato starch, when they were equilibrated 

to 0.97 aw and were exposed to iodine. Cheetham and Tao (1998) reported that iodine 

vapour exposure decreased peak intensities in normal maize starches while disappeared 

some peaks in high amylose maize starch. These observations further support 

observations presented in this study. 

Percentage relative crystallinity (%RC) of A-type crystallites (%RCA) and V-type 

crystallites (%RCV), as well as peak widths at half height (PWHH) in diffractograms was 

calculated using the curve fitting technique. A Gaussian fitting was used. Fig. 5a shows 

the effect of iodine on %RCA and %RCV of starches of all three maturities. 

Typically, %RC is calculated by dividing the area under crystalline peaks by the total 

area under the diffractogram. Therefore, the %RC is a combination of %RCA and %RCV 

for cereal starches. However, this traditional method of calculating %RC does not 

provide a meaningful interpretation for samples exposed to iodine, due to the formation 

of V-crystallites reflected at 20
o 

2θ. Therefore, in this study A-crystallinity and V-

crystallinity were calculated individually. “A-crystallinity” is the crystallinity that comes 

from AMP double helices and “V-crystallinity” is the crystallinity that comes from V-

crystallites that is formed by starch-lipid and/or starch-iodine inclusion complexes 

(Buleon et al., 2007). As expected, %RCV increased when starches were exposed to 

iodine (Fig. 5a). %RCA of 17 DAP and 28 DAP starches were decreased while that of 47 

DAP starch was slightly increased due to the iodine exposure. Although there were 

differences in the level of the effect, no relationship between maturities could be found.  
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Fig. 5.    Effect of iodine on the crystallinity (a), and the peak width at half height (b) of 

starches equilibrated to 0.97 aw; increasing color intensity represents the increasing 

maturity. In figure (a), %RCA denotes the percentage difference in A-crystallinity 

and %RCV denotes the percentage difference in V-crystallinity.  In figure (b) percentage 

increase in PWHH was calculated using the equation: % Diff = [(width of iodine-exposed 

starch – width of control starch) / width of control starch] x 100. 
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Furthermore, the different behaviour of 28 DAP starch could also be seen. PWHH of all 

finger print peaks of all three maturities, except peaks at around 17
o
 and 20

o
 2θ, were 

decreased by the interaction with iodine whereas, that of latter two peaks were increased 

(Fig. 5b). However, the increase in the width of the peak at around 20
o
 2θ was more 

pronounced compared to the peak at 17
o
 2θ. Iodine also increased the area of peaks 

around 10
°
 and 13

°
 2θ, indicating the increased contribution from single helices to the 

crystallinity of the starch granule.  

In X-ray diffractograms, the intensity of the peak measures the amount of ordered 

crystallites, while the width of the peak measures the crystallite perfection; i.e., the size 

of crystallites (Suryanarayana & Norton, 1998). Accordingly, changes in intensities and 

widths of peaks at around 15
°
, 17

°
, 18

°
 and 23

o
2θ in X-ray diffractograms of wheat 

starches of three different maturities discussed above, most likely represent the disruption 

of A-type crystallites which was in the boundary of order/disorder into completely 

disorder/amorphous state. Therefore, the starch samples likely have relatively more 

ordered, but lower amount of crystallites. This is further confirmed by the 

observed %RCA reduction when the starch was exposed to iodine (Fig. 5a). Furthermore, 

the increased intensity of the peak at around 20
o
 2θ represents the formation of new V-

type crystallites by iodine. The increased PWHH of the peak at around 20
o
 2θ can be 

attributed to the disruption of V-type crystallites which was already in the starch and/or 

formation of less ordered crystallites by iodine. The formation of iodine-glucan complex 

was evident in the color intensity measurements, photographs and K/S spectra of 

starches.  
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Linear polymers or linear segments of branched polymers have the ability to bind with 

iodine. Although the AM content of wheat starch was increased during grain 

development, it is the mobility of these polymers that is the determining factor in iodine 

binding of native granular starches (Saibene & Seetharaman, 2006). Results obtained in 

this research, i.e., the finding that increasing aw increased the iodine binding, were 

demonstrated in starches from all three maturities. However, the mobility of starch 

polymers is determined not by the amount of either AM or AMP, but rather by the 

architecture, i.e., the organization of these polymers within the granule. This explains 

why the changes in peak intensities and widths in starches of three different maturities 

demonstrated differences in their architecture.  

3.4  AFM analysis 

Surfaces of randomly selected starch granules from three different maturities were 

studied using AFM (Fig. 6). Several granules were imaged before selecting one that is 

presented. While it is not easy to identify if the image presented is from a large or small 

granule, the overall observations were evident on all granule surfaces imaged. Blocklets 

which were of ~30 nm in size were visible in topographical images of all three starches. 

This is comparative to what is presented in the literature that have been reported to be of 

~30 nm in mature corn, potato, rice, sweet potato and wheat starches (Ohtani & Yoshino, 

2000) and of 10-50 nm in both large and small granules of mature wheat starch (Baldwin 

et al., 1998). These blocklets had organized into nodules on the surface of the granule and 

exhibited differences in their height (see arrows labelled as „N‟ in Fig. 6). Furthermore, 

three dimensional structures of these substructures demonstrated a pointy shape in 28 

DAP starch and a rounded shape in 17 DAP and 47 DAP starches (data not shown). This
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Fig. 6. Topographic and phase AFM images of the surface of native starch granules of different maturities equilibrated to 0.97 aw. (a) 

17 DAP, topographic; (b) 17 DAP, phase; (c) 28 DAP, topographic; (d) 28 DAP, phase; (e) 47 DAP, topographic; (f) 47 DAP, phase. 

The scan size is 1x1 µm. Depressions are shown by arrows labelled as ‘D’ and nodules are shown by arrows labelled as ‘N’.  
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Fig. 7. Topographic AFM images of the surfaces of starches exposed to iodine vapor following equilibration to 0.97 aw. (a) 17 DAP; 

(b), 28 DAP; (c) 47 DAP. The scan size is 1x1 µm. 
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demonstrates different levels of organizations of glucan polymers on the surface of starch 

granules at different stages of maturities. Depressions were also observed in starches of 

all three maturities (see arrows labelled as ‘D’ in Fig. 6). Depressions and protrusions on 

the granule surfaces of wheat, triticale, maize, potato and tapioca starches have been 

previously observed (Juszczak, 2003; Juszczak et al., 2003a, b). These depressions can be 

surface pores or the ends of penetrating channels (Juszczak et al., 2003a, b). Furthermore, 

the phase images of these starches demonstrated that there are some structures in the dark 

areas of topographical images that were not resolved. 

Fig. 7 shows topographic images of iodine exposed starches of all three maturities. Iodine 

made the granule surface more crowded and it was clearly visible on the surface of 28 

DAP starch granule. This crowding could be because of the complex formation of linear 

polymers or linear segments of branched polymers which were on the surface of the 

starch granule with iodine molecules. This has been clearly seen in the in situ study 

which was carried out with potato starch in our laboratory (unpublished data; manuscript 

in review). Furthermore, round shaped nodules observed on the 17 DAP or 47 DAP 

starch granule surfaces became more pointy shaped after exposure to iodine. This 

transformation is likely because the linear polymers that were not rigid and did not lay 

down on the granule surface earlier had become rigid and stood up on the granule surface 

as a result of the formation of helical complexes with iodine. However, in the 28 DAP 

starch, iodine caused nodules to lose their pointy shape. The 28 DAP starch also behaved 

differently from the 17 DAP and 47 DAP starches in the K/S spectra. Furthermore, 

nodules which were on valleys were more visible after exposure to iodine. Lineback, in 
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1986, introduced the concept of the ‘Hairy billiard ball’ to describe the surface of the 

starch granule. He suggested that it is unlikely that starch granules have smooth surfaces 

since there are AM and AMP molecules of different lengths that are radially oriented 

within the granule. Later in 1992, this concept was used to explain the enzyme 

degradation of the starch granule (Lynn & Stark, 1992; Stark & Lynn, 1992). Although 

our observations support the above concept, more intensive study is necessary before 

generalizing the observations.  

4  Conclusion 

Based on this research following conclusions could be obtained for hard red spring wheat 

starches at different stages of maturity. *Iodine binding properties of starches at different 

stages of maturity were not similar. 28 DAP starch had the longest polymer chains 

available to bind with iodine even at moisture content as low as at 0.75 aw, while 47 DAP 

starch had equal chain lengths (at 0.75 aw) or shorter chains (at 0.97 aw) than 28 DAP 

starch. Furthermore, the effect of iodine on the crystallinity (%RCA) of these starch 

granules increased with the maturity of starch. Iodine disrupted crystallites of these 

starches which were only at the boundary of order/disorder packing into completely 

disorder/amorphous state. Iodine further increased the contribution from single helices to 

the crystallinity (%RC). The morphology of 28 DAP starch was also different from the 

morphology of starch at the other two maturities. Interaction of iodine with starch 

polymers and its effect to the surface morphology were evidenced by AFM images. 
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Different levels of interaction of iodine with starches equilibrated to the same aw indicate 

that starches at different maturities have different architecture.  
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A-2 Standard curve for amylose determination as glucose at 620 nm.  
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A-3 SEM images of unfractionated starch granules from 21, 35, and 42 DAA. 
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A-4 SEM images of small and large granule fractions of 35 – 49 DAA starches. Left and 

right figures are the large and small granule fractions, respectively.  
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A-5 Amylopectin branch chain length distribution of unfractionated wheat starches 

determined by using HPAEC-PAD. DP – degree of polymerization. 
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A-6 Polymorphic pattern of unfractionated developing wheat starch granules. 
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A-7 Polymorphic pattern of unfractionated developing wheat starch granules before and 

after exposure to iodine. 
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A-8 Polymorphic pattern of fractionated developing wheat starch granules. Dark color 

represents large granules, while light color represents small granules. 
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A-9 Polymorphic pattern of developing small (top) and large (bottom) starch granules 

before and after exposure to iodine. 
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A-10 SAXS pattern of developing wheat starch granules from 7 – 49 DAA. 
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A-11 Effect of iodine on the SAXS pattern of developing wheat starch granules from 7 – 

49 DAA. 
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