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Abstract

Starch is the most important source of food endrpwever, the information about the
metabolic quality of starchy foods is scarce. lvisll known that native starches with a B-type
X-ray diffraction pattern are more resistant tohafamylase digestion than those starches with
an A-type X-ray pattern, but the underlying meckanis not well understood. It is not clear
whether the enzyme resistance of B-type starcluéstd its B-type crystalline structure or the
other structural features in starch granules. Thgaotive of this study was to compare the
structure and enzyme digestibility of highly pure ad B-type starch crystals, and understand
the roles of crystalline types in starch digestiilHighly pure A- and B-type starch crystals
were prepared from short linearglucans (short-chain amylose) generated from cetalyl
debranched waxy starches by manipulating the psotgsconditions such as starch solids
concentration, crystallization temperature andrchength. High concentration, high temperature
and short chain length favored the formation of Akype structure, whereas reverse conditions
resulted in the B-type polymorph. Digestion resultsing a mixture ofa-amylase and
glucoamylase showed that A-type crystals were mesestant to enzyme digestion than B-type
crystals. The A-type crystalline product obtaingmbm debranching 25% waxy maize starch at
50°C for 24 h gave 16.6% digestion after 3 h, wae@-type crystals produced by debranching
5% waxy maize starch at 50°C for 24 h followed biding at 25°C for another 24 h had 38.9%
digested after 3 h. The A-type crystals had a higheting temperature than the B-type crystals
as determined by differential scanning calorimetinnealing increased the peak melting
temperature of the B-type crystals, making it samilo that of the A-type crystals, but did not
improve the enzyme resistance. The possible refasdhese results was due to more condense
packing pattern of double helices in A-type crygt&s. It seems that the crystalline types are not
the key factor that controls the digestibility cdtive starch granules. The resistance of native
starches with B-type X-ray diffraction pattern isopably attributed to the other structural

features in starch granules.
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Chapter 1 - Introduction

Starch is one of the most abundant polymers inreaod consists of two types @D-
glucose polymers: amylose and amylopectin. Amylssemixture of lightly branched and linear
molecules with a molecular weight of approximateii-1x10 g/mol, whereas amylopectin is
a much larger molecule with a molecular weight 8f@’-1x10 g/mol and a highly branched
structure consisting of about 95841, 4- and 5%-1, 6- linkages (Hizukuri et al, 2006; Tester,
et al, 2004a). The ratio of amylose to amylopedatinstarch varies depending on botanical
sources. Normal starches consist of 20-30% amynde70%-80% amylopectin. Waxy starch is
comprised of essentially 100% amylopectin.

Native starches are biosynthesized as granulegiehplants. When the starch granules
are viewed under polarized light, a characteridfialtese cross with clear birefringence is
observed (Buleon et al, 1998). Based on the X-iffyadtion patterns, native starch granules
have been reported in A-, B-, C- and V-type forrdebel, 1988). A-type crystalline structure
occurs in cereal starches, while B-type structsrf@und in tuber, root and amylose-rich starches.
C-type polymorph is basically a mixture of A- andtBpe polymorphs and occurs in some tuber
and legume starches (Bogracheva et al., 1998) Vilype diffraction pattern could be observed
from amylose-lipids or iodine, alcohols complexBgiéderis and Galloway, 1989).

Starch is the most important source of food eneaggl there is growing interest in
understanding the relationships between digestiostarch and its impacts on human health
(Lehmann and Robin, 2007; Zhang and Hamaker, 2008¢. fundamental knowledge with
respect to the relationship of starch structure digestion is of particular interest to the food
industry and has been reviewed in the literaturesi@r et al, 2004b, 2006). It is known that
native starches with an A-type X-ray pattern, sasltorn starch, waxy corn starch, wheat starch
or rice starch, are less resistant to alpha-amydagestion than those starches with a B-type X-
ray pattern such as high-amylose cereal starclot@atg starch (Dreher et al 1984; Gallant et al,
1972; Gallant et al 1997; Jane et al, 1997; Mc@lead Monaghan 2002; Planchot et al, 1995;
Srichuwong et al, 2005a, b). However, the undegyireasons of different enzyme

susceptibilities of starch polymorphs are not dleanderstood and remained to be investigated.



Structure levels related to enzymatic hydrolysis
The susceptibility of starch granules to enzymes extent of enzymatic hydrolysis are
controlled by many factors such as starch botanicgjins, enzyme sources, enzyme and
substrate concentration, hydrolysis temperature @meé as well as the presence of other
components (Tester et al, 2004b). Within starcmyges, there are different structural levels
(granular structure, supramolecular structure aoteoular structure) that could impact on the

rate and extent of enzyme digestion (Buleon €1298).

Granular structure

Features of granular morphology such as shapeasideurface of starch granules could
affect diffusion of enzyme molecules, adsorptioneoizymes onto the solid substrates, and
hydrolysis of substrates (Colonna et al, 1992).0kdimg to Fannone et al (1992), pores along
with grooves were observed on the surfaces of ncangal starch granules. The pores may be
the site of initial enzyme attack and allow theyenes to penetrate into the granule interior. The
surface area of starch granule is another critecztbr in hydrolysis (Colonna et al, 1992). Large
granules (i.e. potato starch) showed a small seiréaea to volume ratio, thus limiting access of
enzymes and the hydrolysis of the granules (Tesitad, 2006). Noda et al (2005) studied the
effects of granule size on the physicochemical @riogs and amylopectin structures of potato
starches, and found that the hydrolysis rate otktAy glucoamylase increased as granule size
decreased.

For different granular structure, enzymes may hdifferent hydrolysis patterns (Bird et
al, 2009; Evans and Thompson, 2004; Helbert et396; Planchot et al, 1995; Sarikaya et al,
2000; Zhang and Hamaker, 2009). The erosion profilgtarch granules was normally obtained
by analyzing the internal granule structure afigestion using scanning electron microscopy or
transmission electron microscopy. Evans and Thomg2004) observed that partially digested
high-amylose maize starch showed a radial digegp@attern in the interior and an enzyme-
resistant layer near the surface. Helbert et al9g§)l9studied the diffusion oBacillus
licheniformisa-amylase into corn starch granules by analyzingritexnal degradation of starch
with a concomitant visualization of enzymes atghie of hydrolysis. They found thatamylase
molecules first proceed from the surface of gramutevard the center (centripetal hydrolysis)

and act by progressing along the polysaccharideshthen the core was completely degraded
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by even erosion of its periphery (centrifugal hygscs) with a more diffusive motion of the
enzymes. According to Planchot et al (1995), norarad waxy maize starch showed highly
eroded layered structure after digestion by alphglase, while potato and high-amylose maize
starches produced much less endo-eroded granulés pgonounced superficial porosity.
Sarikaya et al (2000) examined the degradationtiabilof a-amylases on raw granules and
observed thati-amylases showed both centrifugal and centripegdtdiysis on corn, rice and
wheat starch granules, but only centrifugal hyds@yyn potato starch granules.

The interaction of starch molecules with the mimomponents attached in granules
should be considered as well. In the case of cetaath with high amylose content (i.e high-
amylose maize starch), the presence of lipid apid-mylose complex could provide some
resistance to enzyme hydrolysis (Tester et al, R0Q&uro et al (2000) also reported that lipid-
complexed amylose appeared to be more resistatiteta-amylolysis than free amylose and

amylopectin.

Supramolecular structure

Native starch internal granules have been proptsembntain three different types of
regions: amorphous growth rings, amorphous andtally® lamella in a repeating stack
(Donald et al, 2001a, b). The crystalline lametiggresent the side chain clusters of amylopectin
whereas the amorphous lamellae contain branchgigne of amylopectin and amylose (Donald
et al, 2001a, b; Gallant et al, 1997). The supramgdar structure, such as arrangement of
crystalline and amorphous regions in the granude, af blocket that containing both amorphous
and crystalline lamellae, could have impacts on g¢ktent and rate of hydrolysis of starch
granules.

Generally, a slow rate of hydrolysis or even sossstance to the enzymes is observed
in the crystalline region. This is due to the deubtlices being present in crystalline area that
could inhibit the access of enzyme to starch maésc@liang and Liu, 2002; Planchot et al.,
1995; Tester et al, 2006). However, in the absefi@norphous lamellae structure, the extent of
hydrolysis of lintnerized starch (acid resistargidees) increased. It is suggested the removal of
the amorphous lamellae by acid could increase thessibility of enzyme to the substrate
(Srichuwong et al, 2005a). When heated in an aggieavironment, starch undergoes a process

known as “gelatinization,” which is manifested byeversible changes in properties such as
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granular swelling, crystallite melting, loss ofdfiingence. The gelatinized starch is then totally
amorphous and becomes digestible by enzymes (Calenal, 1992; Tester et al, 2006).
Spherical blocklets organized from amylopectin lhakave effects in the hydrolysis of

starch granules as well (Gallant et al, 1997). @heyme resistance of potato and high amylose
starch may be linked to their large blocklet sizhose starch granules appear to have a thick
peripheral layer of large stacked blocklets conipg®f the crystalline and amorphous lamellae
of the amylopectin that are organized into largaoye or less spherical structures (Gallant et al,
1997). However, as pointed out by Gallant et al9f)9 wrinkled pea starch has a smaller
blocklet size than smooth pea but is more resigtargnzyme digestion (Gallant et al 1992),

indicating that other factors besides blocklet sietermine resistance tcamylase.

Molecular structure

On the molecular level, the fine structure of amgl@nd amylopectin, crystal perfection
and interrelations as well as crystalline type® gllay an important role in the hydrolysis of
native starch granules.

Starches with B-type crystallinity are more resisten enzyme hydrolysis than starches
with A-type crystallinity (Dreher et al 1984; Gallaet al, 1972; Gallant et al 1997; Jane et al,
1997; McCleary and Monaghan 2002; Planchot et3351 Srichuwong et al, 2005a, b) and are
believed to be related to the fine structure of lapgctin and amylose (Jane et al, 1997; Jiang
and Liu, 2004; Srichuwong et al, 2005b; Zhang aate®, 1999). According to Jane et al (1997),
A-type starch had more short A-chains (Degree tymerization, DP 6-12) than B-type starch.
The short double helices derived from those chaamgl the branch linkages present in the
crystalline region were more susceptible to enzieraydrolysis and resulted in pinholes and
pits to the A-type starches. Jiang and Liu (200daracterized the residues from partially
hydrolyzed potato and high amylose corn starchepdmncreatianv-amylase and found that the
relative portion of short chains (DP <16) in theideles decreased for both starches. It was
suggested that the short chains in native staralees more susceptible to enzyme hydrolysis
and preferred to be digested first. According t@t&mwong et al (2005b), digestion of starch
granules was positively and negatively correlatath ihe proportions of amylopectin unit-
chains with DP 8-12 and DP 16-26. Crystalline ragipacked by high proportion of longer
chains were more stable and more resistant to estaymydrolysis than that of shorter chains.
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A- and B-type starch crystals

Native starch granules contain A- type, B-type aked (C-type) crystallites (Zobel,
1988). The main differences between these crytstsldre the packing way of double helices and
the amount of water molecules in the crystal ualt @mberty et al, 1988; Imberty and Perez,
1988; Popov et al, 2009; Takahashi et al, 2004yp&-structure is more dense and characterized
as a monoclinic unit cell (a=2.12 nm, b=1.17 nm1.6¢ nm andy=123.5°) with 8 water
molecules per unit cell. B-type polymorph displaysnore open hexagonal unit cell (a=b=1.85
nm, c=1.04 m ang=120.0°) with 36 water molecules per unit cell.

The crystallinity of native starches is approxinhate5 to 40% as measured by wide-
angle X-ray diffraction (Gidley and Bociek, 1985pk#l 1988). In order to prepare starch
crystals with high crystallinity, short linear chai (or short chain amylose, SCA) were first
prepared, followed by recrystallization of thosaicls into highly crystalline materials. (Buleon
et al, 2007; Cai et al, 2010; Cai and Shi, 201@tl&€yi and Bulpin, 1987; Helbert, 1993; Lebalil et
al, 1993; Pfannemuller, 1987; Planchot et al, 19RiAg et al, 1987; Whittam et al, 1990;
Williamson et al, 1992).

Preparation and crystallization of SCA

SCA is a short linear segment afl, 4-glucan and can be prepared by mild acid
hydrolysis, in vitro synthesis, and by enzyme debranching. Mild acidrdlysis, called
“lintnerization”, removes the amorphous region asalates the crystalline fraction of native
starch granules. For example, extensive hydrolysisative potato starch in 2.2N HCI at 35°C
extracts amylose chains of average DP equal t&Rd6if et al, 1974). The-glucan chains can
also be synthesizad vitro by phosphorylase (Gidley and Bulpin, 1989; Pfanuiéan 1987) or
amylosucrase (Potocki-Veronese et al, 2005).

Enzyme debranching of glycogen, maltodextrin aadcstis another way to release SCA
(Cai et al, 2010; Cai and Shi, 2010; Gidley andpByl 1987; Pohu et al, 2004). According to
Gidley and Bulpin (1987), enzymatically debranchgigcogen produced linear chains with
average DP=11. Pohu et al (2004) reported that eptstallization of A- and B-type starch
crystals occurred during debranching of high cotregions of maltodextrins by isoamylase.
Recently, the structure and digestibility of cryiste SCA from debranched waxy wheat, waxy

maize, and waxy potato starches were investigatdc&campared (Cai and Shi, 2010).

5



The branching points in starch, orl, 6-linkages, can be cleaved by debranching
enzymes such as isoamylase and pullulanase (Hizekual, 2006; Manners, 1989). For an
amylose-containing starch, debranching enzymeseldae branch points in both amylose and
amylopectin and produce a mixture of long and shoédar a-1, 4-glucan chains; for a waxy
starch, debranching releases short linear sidesligeom amylopectin (Shi et al, 1998). The type
of enzyme used in the debranching process hasferafif reaction pattern. Isoamylase and
pullulanase, the two commonly used debranching regy do not act the same on starch
(Hizukuri et al, 2006; Manners and Matheson, 198adkobaya et al, 1973). Compared with
pullulanase, isoamylase has superior activity &srdnching amylopectin (Hizukuri et al, 2006).
Pullulanase hydrolyzes amylopectin slowly by exgsevaction, whereas isoamylase hydrolyzes
both inner and outer branching linkages (MannedtsMatheson, 1981; Yokobaya et al, 1973).

Depending on crystallization conditions such asesa, chain length, concentration and
temperature, SCA can organize into different ctijsg@atypes. Generally, a shorter chain length
and a higher concentration of SCA and a highertallization temperature favor the formation
of A- type crystallites, while the reverse condisoinduce B- type crystallization (Buleon et al,
2007; Cai et al, 2010; Cai and Shi, 2010; Gidleg Balpin, 1987; Helbert, 1993; Lebail et al,
1993; Pfannemuller, 1987; Planchot et al, 1997;gRa&t al, 1987; Whittam et al, 1990;
Williamson et al, 1992). The exact conditions toduce pure A- or B- crystalline products were
different depending on the starting material ugeat. short chains prepared by extensive acid
hydrolysis of native starches, the B-type crystallistructure was obtained by cooling the
aqueous solution directly at a slow cooling rateermeas the A-type polymorph could only be
obtained by addition of water-ethanol mixture dgricooling ( Helbert, 1993; Planchot et al,
1997; Ring et al, 1987; Whittam et al, 1990; Witlison et al, 1992). Pohu et al (2004) studied
debranching of maltodextrins at 25% solids conegiatin by isoamylase. They found that the B-
type network was produced during the first 12 ldefranching, followed by formation of the A-
type lamellar crystals in the later reaction. $amiesults were observed during debranching of a
25% solids concentration of waxy maize starch (€aial, 2010). Pfannemuller (1987)
investigated the effects of chain length on thetatjization of pure short monodisperse amylose
from aqueous solution. She reported that maltosohigrs of DP10-12 gave crystalline materials
with the A-type X-ray diffraction pattern, chain DP13 and above gave crystals with the B-
type pattern, whereas chains with DP shorter tladid not crystallize. According to Gidely and
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Bulpin (1987), the A-type crystals could be prodiidegom debranched glycogen at 50%
concentration by crystallization at 30°C, and thayje structure could be obtained by

crystallization at 30% or 40% aqueous solution5a®Q.

Characterization and digestibility of A- and B-type crystals

The dissolution temperature of recrystallized SCi#hwhe A-type structure has always
been reported to be higher than that of its B-tymenterpart (Cai et al, 2010; Cai and Shi, 2010;
Planchot et al, 1997; Whittam et al, 1990; Williamset al, 1992). However, the results of
digestibility of the A- and B- type structures hayielded different results (Cai et al, 2010; Cai
and Shi, 2010; Planchot et al, 1997; Williamsomletl992). Planchot et al (1997) prepared A-
and B-type starch crystals from SCA obtained byeesive hydrolysis of native starches, and
found that the A-type structure was more susceptibli-amylase hydrolysis than the B-type
structure. Williamson et al (1992) prepared A- @8wlype spherulite crystals from lintnerized
potato starch, and observed that the B-type splesulvere more resistant teamylase,f-
amylase and glucoamylase-1 than the A-type sphesulit is worth noting that the A- and B-
spherulites prepared by Williamson et al (1992) &tahchot et al (1997) contained branch
points. The B-type spherulites were crystallizedviater whereas the A-type spherulites were
produced in a water-ethanol mixture. According & & al (2010), the A-type crystals formed
from 25% solids SCA aqueous solution at 50 °C diggd higher resistant starch content than the
B-type crystals prepared at 5% solids and 25 °G &3d Shi, 2010). The SCA used in those
studies (Cai et al, 2010; Cai and Shi, 2010) wasegded from debranched waxy starches and
was confirmed to be linear. Therefore, the relaiop between starch polymorphs and enzyme

susceptibility is still not fully understood andjteres further study.

Objectives
It is known that B-type native starches are mosgstant to digestion by alpha-amylase in
the small intestine compared to A-type starch gesiBut it is not clear whether the enzyme
resistance of B-type starches is due to its B-tgpsstalline structure or the other structural
features of starch granules. It is believed that side chains of amylopectin are primarily
responsible for the crystallinitiy of starch (Rolghal, 1974). In this study, waxy starches, which

consist of ~ 100% amylopectin, were used as startiaterials. The side chains of amylopectin



were released during debranching by isoamylasevieltl by assembling into the A- and B-type
structures. Those A- and B-type starch crystaletthe similar chain length distribution and
highly pure crystallinity as native starches, tiheigresent the crystalline region of native starch
granules and are good models to compare the digagtdf native starch granules. Our goals
are to understand the structure and morphologylyihporphic crystalline solids obtained from
debranched waxy starch, and to relate the crys¢aliolymorphs with their functional and
nutritional properties.

Our research interest has focused on investigatiagh molecular architecture during
crystallization,structural formation of different types of crystadsd providing new insights into
how these crystalline starches are digestediaynylases and glucoamylase. Specifically we
want to establish how crystallization conditionBuance the structure and morphology of starch
crystals and then their susceptibility to digestidmis work could help understanding the
molecular origins of resistant starch, and wouldubeful in designing better starch-based food
ingredients with health benefits.

The specific objectives of this work were to (ayestigate the debranching and
crystallization of waxy maize, waxy wheat, and waojato starches, (b) produce highly pure A-
and B-type starch crystals with different morphadsg (c) examine the digestibility of starches
with different crystalline structures and morphoésg and (d) establish the relationship between
starch polymorphs and digestibility. Using combiragtyanced analytical techniques, we could
study the crystallization of starch molecules ial tene, characterize the resulting materials, and
gain a thorough understanding of how starch moéscalre assembled into different types of

crystals and their impacts on the enzyme digegtibil



References

Biliaderis, C. G., & Galloway, G. (1989). CrystaHition behavior of amylose-V complexes-
structure property relationships. Carbohydrate Rete 189, 31-48.

Bird, A, R., Lopez-Rubio, A., Shrestha, A. K., &diy, M. J. (2009). Resistant starch in Vitro
and in Vivo: factors determining yield, structuagd physiological relevance. In Kasapis,
S., Norton, I. T., & Ubbink, J. B. (Ed.). Modern dpiolymer Science (pp.449-510).
Elsevier Inc.

Bogracheva, T. Y., Morris, V. J., Ring, S. G., &diey, C. L. (1998). The granular structure of
C-type pea starch and its role in gelatinizatiolmpBlymers, 45, 323-332.

Buleon, A., Colonna, P., Planchot, V., & Ball, 9998). Starch granules: structure and
biosynthesis. International Journal of Biologicaadiomolecules, 23, 85-112.

Buleon, A., Veronese, G., & Putaux, J. L. (2008lf-&ssociation and crystallization of amylose.
Australian Journal of Chemistry, 60, 706-718.

Cai, L., & Shi, Y-C. (2010). Structure and dige8ti of crystalline short-chain amylose from
debranched waxy wheat, waxy maize and waxy potatcles. Carbohydrate Polymers,
79, 1117-1123.

Cai, L., Shi, Y-C., Rong, L., & Hsiao, B.S. (201@ebranching and crystallization of waxy
maize starch in relation to enzyme digestibilitarbhydrate Polymers, 81, 385-393.

Colonna, P., Leloup, V., & Buleon, A. (1992). Limig factors of starch hydrolysis. European
Journal of Clinical Nutrition. 46, Supply.2, S17253

Dreher, M. L., Dreher, C. J., & Berry, J. W. (1988}arch digestibility of foods- A nutritional
perspective. Critical Reviews in Food Science antfiton, 20, 47-71.

Donald, A. M., Kato, K. L., Perry, P. A., & Waigf,. A. (2001a). Scattering studies of the
internal structure of starch granules. Starch/&t&58, 504-512.

Donald, A. M., Perry, P. A., & Waigh, T. A. (20018)he impact of internal granule structure on
processing and properties. In T.L. Barsby, A. MnBld, & P. J. Frazier. (Ed.). Starch:
Advances in structure and functionality (pp. 45-32ambridge, UK: The Royal Society
of Chemistry.

Evans, A., & Thompson, D. B. (2004). Resistancalftha-amylase digestion in four native
high-amylose maize starches. Cereal Chemistry3BB37.

Fannon, E. J., Hauber, J. R., & BeMiller, N. J.92P Surface pores of starch granules. Cereal
Chemistry, 69, 284-288.

Gallant, D. J., Bouchet, B., & Baldwin, P. M. (199Kilicroscopy of starch: Evidence of a new
level of granule organization. Carbohydrate Polysndg, 177-191.

Gallant, D.J., Bouchet, B., Buleon, A., & Perez,(8992). Physical characteristics of starch
granules and susceptibility to enzymatic degradati&uropean Journal of Clinical
Nutrition, 46, Suppl.2, S3-S16.

Gallant, D., Guilbot, A., & Mercier, C. (19J2Electro-microscopy of starch granules modified
by bacterial alpha-amylase. Cereal Chemistry, 58;358.

Gidley, M. J., & Bociek, S. M. (1985). Moleculargamization in starches-A C-13 CP MAS
NMR- study. Journal of the American Chemical SogiéD7, 7040-7044.

Gidley, M. J., & Bulpin, P. V. (1987). Crystallizah of malto-oligosaccharides as models of the
crystalline forms of starch: minimum chain-lengthguirement for the formation of
double helices. Carbohydrate Research, 161, 291-300



Gidley, M. J., & Bulpin, P. V. (1989). Aggregatiaf amylose in aqueous systems- the effect of
chain-length on phase-behavior and aggregatiortikgmdéflacromolecules, 22, 341-346.

Jane, J-L., Wong, K-S., & McPherson, E. A. (198Bhanch-structure difference in starches of
A- and B-type X-ray patterns revealed by their Ndiedextrins. Carbohydrate Research,
300, 219-227.

Jiang, G., & Liu, Q. (2002). Characterization o$iceies from partially hydrolyzed potato and
high amylose corn starches by pancreatiomylase. Starch/starke, 54, 527-533.

Helbert, W., Chanzy, H., Planchot, V., Buleon, A.Blonna,P. (1993). Morphological and
structural features of amylose shperocrystals ofypge. International Journal of
Biological Macromolecules, 15, 183-187.

Helbert, W., Schulein, M., & Henrissat, B. (199&Jectron miscroscopic investigation of the
diffusion of Bacillus licheniformisa-amylase into corn starch granules. International
Journal of Biological Macromolecules, 19, 165-169.

Hizukuri, S., Abe, J., & Hanashiro, 1. (2006). StarAnalytical aspects. In A-C. Eliasson (Ed.).
Carbohydrates in food (2nd ed., pp. 305-391). Boaton, FL: Taylor & Francis Group.

Imberty, A., Chanzy, H., Perez, S., Buleon, A., &, V. (1988). The double-helical nature of
the crystalline part of A-starch. Journal of MolesBiology, 201, 365-378.

Imberty, A., & Perez, S. (1988). A revisit to thedBnensional structure of B-type starch.
Biopolymers, 27, 1205-1221.

Lauro, M., Poutanen, K., & Forssell, P. (2000).€€ffof partial gelatinization and lipid addition
ona-amylolysis of barley starch granules. Cereal Clsegmi 77, 595-601.

Lebail, P., Bizot, H., & Buleon, A. (1993). B-tyge A-type phase-transition in short amylose
chains. Carbohydrate Polymers, 21, 99-104.

Lehmann, U.; & Robin, F. (2007). Slowly digestilsiarch-its structure and health implications:
a review. Trends in Food Science & Technology,34%-355.

Manners, D. J. (1989). Recent developments in oaerstanding of amylopectin structure.
Carbohydrate Polymer, 11, 87-112.

Manners, D. J., & Matheson, N. K. (1981). The fsteicture of amylopectin. Carbohydrate
Research, 90, 99-110.

McCleary, B. V., & Monaghan, D. A. (2002). Measumarhof resistant starch. Journal of AOAC
International, 665-675.

Noda, T., Takigawa, S., Matsuura-Endo, C., Kim,,34ashimoto, N., Yamauchi, H., Hanashiro,
l., & Takeda, Y. (2005). Physicochemical properta@sl amylopectin structures of large,
small and extremely small potato starch granulesb@hydrate Polymers, 60, 245-251.

Pfannemuller, B. (1987). Influence of chain length short monodisperse amyloses on the
formation of A- and B-type X-ray diffraction pattey. International Journal of Biological
Macromolecules, 9, 105-108.

Planchot, V., Cononna, P., & Buleon, A. (1997). #natic hydrolysis ofi-glucan crystallites.
Carbohydrate Research, 298, 319-326.

Planchot, V., Colonna, P., Gallant, D. J., & Bougclie (1995). Extensive degradation of native
starch granules by alpha-amylase from Aspergillusigatus. Journal of Cereal Science,
21, 163-171.

Pohu, A., Planchot, V., Putaux, J. L., Colonna, &Buleon, A. (2004). Split crystallization
during debranching of maltodextrins at high congidn by isoamylase.
Biomacromolecules, 5, 1792-1798.

10



Popov, D., Buleon, A., Burghammer, M., Chanzy, Mgntesanti, N., Putaux, J.-L., Potocki-
Veronese, G., & Riekel, C. (2009). Crystal struetwf A-amylose: A revisit from
synchrotron microdiffraction analysis of single tals. Macromolecules, 42, 1167-1174.

Potocki-Veronese, G., Putaux, J. L., Dupeyre, DbpAe, C., Remaud-Simeon, M., Monsan, P.,
& Buleon, A. (2005). Amylose synthesized in vitry lamylosucrase: Morphology,
structure and properties. Biomacromolecules, 60110M 1.

Ring, S. G., Miles, M. J., Morris, V. J., Turner,,R& Colonna, P. (1987). Spherulitic
crystallization of short chain amylose. InternasibnJournal of Biological
Macromolecules, 9, 158-160.

Robin, J. P., Mercier, C., Charbonn, R., & Guilb&t,(1974). Lintnerized starches gel-filtration
and enzymatic studies of insoluble residues fromlogmged acid treatment of potato
starch. Cereal Chemistry, 51, 389-406.

Sarikaya, E., Higasa, T., Adachi, M., & Mikami, 2000). Comparison of degradation abilities
of a- andp- amylases on raw starch granules. Process Bioshgn5, 711-715.

Shi, Y.-C., Capitani, T., Trzasko, P., & Jeffco&, (1998). Molecular structure of a low-
amylopectin starch and other high-amylose maizels¢s. Journal of Cereal Science, 27,
289-299.

Srichuwong, S., Isono, N., Mishima, T, & Hisamatsli,(2005a). Structure of lintnerized starch
is related to X-ray diffraction pattern and susdsfty to acid and enzyme hydrolysis of
starch granules. International Journal of BiologMacromolecules, 37, 115-121.

Srichuwong, S., Sunnarti, C. T., Mishima, T., Isphb, & Hisamatsu, M. (2005b). Starches
from different botanical sources I: Contributionashylopectin fine structure to thermal
properties and enzyme digestibility. Carbohydrailyfers, 60, 529-538.

Whittam, M. A., Noel, T. R., & Ring, S. G. (1990Yelting behavior of A-type and B-type
crystalline starch. International Journal of Biatmy Macromolecules, 12, 359-362.
Williamson, G., Belshaw, N. J., Self, D. J., No&l,R., Ring, S. G., Cairns, P., Morris, V. J.,
Clark, S. A., & Parker, M. L. (1992). Hydrolysis &f-type and B-type crystalline
polymorphs of starch by Alpha-amylase, Beta-amylased Glucoamylase-1.

Carbohydrate Polymers, 18, 179-187.

Takahashi, Y., Kumano, T., & Nishikawa, S. (2004rystal structure of B-amylose.
Macromolecules, 37, 6827-6832.

Tester, F. R.; Karkalas, J.; & Qi, X. (2004a). 8kacomposition, fine structure and architecture.
Journal of Cereal Science, 39, 151-165.

Tester, R. F.; Karkalas, J.; & Qi, X. (2004b). Shastructure and digestibility enzyme-substrate
relationship. Worlds Poultry Science Journal, 66;185.

Tester, R. F.; Qi, X.; & Karkalas, J. (2006). Hylgss of native starches with amylases. Animal
Feed Science and Technology, 130, 39-54.

Yokobaya, K., Akai, H., Sugimoto, T., Hirao, M., @motok, K., & Harada, T. (1973).
Comparison of kinetic parameters of Pseudomonasniglase and Aerobacter
pullulanase. Biochimica et Biophysica Acg83, 197-202.

Zhang, G. Y., & Hamaker, B. R. (2009). Slowly digjele starch: concept, mechanism, and
proposed extended glycemic index. Critical Reviéw$ood Science and Nutrioin, 49,
852-867.

Zhang, T., & Oates, C.G. (1999). Relationship betwe-amylase degradation and physico-
chemical properties of sweet potato starches. Rjwnistry, 65, 157-163.

11



Zobel, H.F. (1988). Starch crystal transformatiand their industrial importance. Starch/ Starke,
40, 1-7.

12



Chapter 2 - Debranching and crystallization of waxymaize starch in

relation to enzyme digestibility

Abstract

Molecular and crystal structures as well as momgwl during debranching and
crystallization of waxy maize starch at a high dalontent (25%, w/w) were investigated, and
the results were related to the digestibility obi@ached products. The starch was cooked at
115-120°C for 10 min, cooled to 50°C and debrandhetoamylase. After 1 h of debranching,
wormlike objects with 5-10 nm width and ca. 30 nemdth were observed by transmission
electron microscopy. Further release of lineafrchand crystallization led to assembly of semi-
crystalline structures in the form of nano-parscénd subsequent growth of nano-particles into
large aggregates. After 24 h at 50°C, a debrandtacth product with an A-type X-ray
diffraction pattern, a high melting temperature°@@o 140°C), and high resistant starch content
(71.4%) was obtained. Small-angle X-ray scatterregults indicated that all debranched
products were surface fractal in a dry state (4%stae) but had a mass fractal structure when

hydrated (e.g., 45% moisture).

Introduction

Starch debranching techniques have been extensidetpumented in patents and
literature (Berry, 1986; Chiu et al., 1994; Chiwddfenley 1993; Chiu and Kasica 1995; Chiu
and Mason 1998; Gonzalez-Soto et al, 2004, 200Tayauet al, 2001a, 2001b; Hizukuri et al,
2006; Kettlitz et al., 2000; Lehmann et al, 2008phg et al, 2007; Manners and Matheson, 1981;
Onyango and Mutungi, 2008; Shin et al, 2004; Yok@bet al, 1973). However, the debranching
kinetics and structure changes during debranchawg mot been well studied. In this study, we
investigated structural changes during debranchimg) crystallization of waxy maize starch at

high concentration (25% solids). The specific otiyes of this work were to (1) investigate the

*Chapter 2 is published as a part of Cai, L. et(2010). Carbohydrate Polymers31,
385-393.
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debranching and crystallization mechanism of wagyze starch and (2) determine morphology,

structure, and physicochemical properties of deffrad products and impact on digestibility.
Materials and methods

Materials
Waxy maize starch was obtained from National Statah (Bridgewater, NJ, USA), and
isoamylase (EC 3.2.1.68) from Hayashibara Biochahiiaboratories, Inc. (Okayama, Japan).
The enzyme activity was 1.41x1@U/g, and 1 IAU was defined as the amount of isgkase
that increased reducing-power absorbance of thetioeamixture by 0.008 in 30 min under the
conditions of the isoamylase assay (FAO JECFA Maomplgs, 2007). All chemicals were

reagent-grade.

Debranching of starch

Waxy maize starch (150 g, dry basis) was mixed widter to give a 25 wt% solids
content. The slurry was adjusted to pH 4.0 by agl@i®»N HCI, cooked at 115-120°C in a Parr
reactor with mixing (Parr Instrument, Moline, 1L,S4) for 10 min, and cooled to 50°C. The
debranching reaction was started by adding 0.5 wt8&@mylase based on the dry weight of
starch. The mixture was kept at 50°C with stirridg.1, 2, 4, 8, 16, and 24 h intervals after
adding enzyme, sample slurries (about 40 mL) wekert, immediately frozen in a dry ice
acetone bath, freeze-dried, and saved for analyhis.precipitates after 24 h of crystallization
were filtered, washed with water, and dried in arero at 40°C overnight. In separate
experiments, after the starch was debranched asfatlized at 50°C for 24 h, the digestion
mixture was cooled to 25°C and held for anotheh 24 further increase the yield of crystallized
product.

To determine the yield of crystallized product, aiguot (1.0 mL) of starch slurry was
taken and centrifuged (x13,226 g) for 10 min. Thgohydrate concentration in the supernatant
was determined with a portable refractometer (FiSwentific Inc., Pittsburgh, PA, USA). The
blank reading was determined by the same proceolnirancooked starch slurry mixed with
isoamylase. The level of precipitation of carbolaydrwas calculated by reading difference.

Each measurement was done in duplicate.

14



Gel permeation chromatography (GPC)

Each starch sample (4 mg) was mixed with dimetlhjiogide (DMSO) (4 mL) and
stirred in a boiling water bath for 24 h. The saenplas filtered through a 2n filter and then
injected by an autosampler into a PL-GPC 220 syg$Rotymer Laboratories Inc., Amherst, MA,
USA) with three Phenogel columns (00H-0642-K0; 00%#4-K0; 00H-0646-K0; Phenomenex
Inc., Torrance, CA, USA), one guard column (03B-@&®, Phenomenex Inc., Torrance, CA,
USA), and a differential refractive index detectdhe eluenting solvent was 5 mM Napl®
DMSO, and the flow rate was 0.8 mL/min. The coluowen temperature was controlled at 80°C.
Standard dextrans (American Polymer Standards ®entor, OH, USA) with different

molecular weight (MW) were used for MW calibration.

Scanning electron microscopy
The isolated crystalline samples were coated wild-galladium by using a sputter
coater (Denton Vacuum, LLC., Moorestown, NJ) anewad at 1000X magnification with a
scanning electron microscope (S-3500N, Hitachi rB®eSystems, Ltd., Japan) operating at an

accelerating voltage of 20 kV.

Transmission Electron Microscopy (TEM)

A drop of starch suspension was deposited on ari¥h copper Formvar/carbon-coated
support film grid. Excessive liquid was wiped wiilter paper. A drop of 2% uranyl acetate
negative stain was added, and the suspension fdmleft to dry. The samples were observed
and images were recorded with a Philips CM100 trassion electron microscope (FEI
Company, Hillsboro, Oregon, USA) with 64,000x mdigation.

Differential scanning calorimetry (DSC)

A 25 wt% starch suspension in water was preparddaaled in a DSC pan and analyzed
with a TA Q5000 instrument (TA Instruments, New tgsDE, USA). An empty pan was used
as a reference. Samples were heated from 10°CORC1& 10°C/min. The onsetd)T peak (T),
and conclusion (J temperatures and enthalp¥H) were calculated from the DSC endotherm
(TA Instruments, New Castle, DE, USA). Experimemtse conducted in duplicate.
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Synchrotron X-ray scattering and diffraction measurements

Wide-angle X-ray diffraction (WAXD) and small-angl¥-ray scattering (SAXS)
experiments were carried out at the Advanced PalynBeamline (X27C) in the National
Synchrotron Light Source, Brookhaven National Labory, in Upton, NY. The details of the
experimental setup at the X27C beamline have beorted elsewhere (Chen et al, 2006; Chen
et al, 2007; Chu and Hsiao, 2001). The wavelengddwas 0.1371 nm. The sample-to-detector
distance was 155.6 mm for WAXD and 2018.5 mm foiXSArespectively. A 2D MAR-CCD
(MAR USA, Inc.) X-ray detector was used for datdexdion. In addition to native waxy maize
starch (ca. 11% moisture) and freeze-dried debexhphoducts (ca. 4% moisture), samples were
mixed (hydrated) with water to form starch pas#s24 moisture) and examined by the WAXD
and SAXS.

In vitro digestion method

The in vitro starch digestion profile was determined by a medifEnglyst procedure
(Englyst et al, 1992; Sang and Seib, 2006). San{pl@$ g) were mixed with guar gum (50 mg)
and pepsin (50 mg) in 0.05 M hydrochloric acid (dD). Then, sodium acetate solution (0.25 M,
10 mL) and 30 glass beads (~8.4 g) were added. Guar (50 mg) in 0.1 M sodium acetate
buffer (pH 5.2, 20 mL) and glucose standard sotutid0 mL) were used as the blank and
standard, respectively. After the enzyme (pananesiid amyloglucosidase) solution (5 mL) was
added, the mixture was shaken in a water bath (Md&teand 50, Precision, Winchester, VA) at
37°C and 90 strokes/min. The enzyme activity ofgpaatin from Sigma was 12.9x10eralpha
Units/g of solid, and the Ceralpha Unit was defirradthe amount af-amylase that releases
1 umol/min of p-nitrophenol at pH 5.4 and 40 °C from the non-redgcend-blockedp-
nitrophenyl a-glycoside of maltohepatose in the presence of ssxgducoamylase and-
glucosidase. The enzyme activity of amyloglucosdiem Sigma was 5000 Units/g of solid,
and one unit was defined as liberating 1.0 mg afcgte from soluble starch in 3 min
(2.85umol/min) at pH 4.5 at 55 °C. The levels efamylase and amyloglucosidase used in
modified Englyst method were about 14.5%@@ralpha Units/g starch and 150 Units/g starch,
respectively.

At 20 and 120 min intervals, a 2%Q aliquot of the mixture was taken and added into

66.6% ethanol solution (10 mL). After centrifugatjolOO uL of supernatant was taken, and
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glucose content was determined by a D-glucose gssagdure with a Megazyme glucose assay
kit (Megazyme International Ireland Ltd, Wicklowgeland). Percentages of rapidly digestible
starch (RDS), slowly digestible starch (SDS), aglstant (RS) were calculated by (% digestible
starch at 20 min), (% digestible starch at 120 n¥t digestible starch at 20 min) and (100% - %

digestible starch at 120 min), respectively.

I solation of resistant starch
At 120 min into then vitro digestion method, the entire digest of ~ 25 mL wased
with ethanol (100 mL). The sediment was collectgdfilbration and washed three times with
distilled water. The residue was dried under ro@nddions and was called isolated resistant

starch.
Results

Degree of debranching and Molecular weight distribution

The molecular weight distribution of waxy maizarsh at different debranching times is
shown inFigure 2.1 For samples debranched at 1, 2, 4 and 8 h, trwaks were observed.
Peaks 1 and 2 represent the unit chains releasel¢tinanching whereas Peak 3, ranged from
about 1.3x10g/mol(Degree of polymerization, DP 80) to 1¥1@mol(DP 6,000), corresponds
to branched molecules. Dividing the sum of area®edks 1 and 2 by the total area of the 3
peaks gave the percentage of debranched stardfieatist debranching timeg éble 2.7). From
1 to 24 h, Peaks 1 and 2, predominantly short ticbains (DP about 6-80), increased while
Peak 3 decreased and disappeared at 16 h. Thosgeliskar chains had similar molecular
characteristics to amylose and were mainly linkgd:i,4 linkage. Debranching of the starch
started very rapidly after the isoamylase was ad@lew-thirds of the debranching was achieved
during the first hour. No changes were detectedha molecular weight distribution curve
between 16 h and 24 h samples, indicating thatMiney maize starch was totally debranched
within 16 h Table 2.7).

Crystallization and precipitation
Crystallization occurred at the same time as thease of short-chain amylose (SCA, DP

about 6-80) from amylopectin during debranchinge Tercentages of starch precipitate as a
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function of debranching time are shownHigure 2.2A. The amount of starch precipitate was
initially low at 0-4 h, but increased significanty 4-24 h. The precipitate accounted for about
two-thirds of the weight of the initial starch af@4 h. If the temperature of the digestion mixture
was cooled from 50°C to 25°C and held for anotleh2the yield of precipitate increased to
more than 90%Higure 2.2A). The remarkable changes from the starch polymletien at the
beginning of debranching to the cloudy slurry agtérh of crystallization at 50°C are depicted in
Figure 2.2B. The aggregation and growth of crystallized SCédpiced particlesHigure 2.2C)
that could be recovered by filtration with a higklg.

The effects of incubation time on starch yield ¢cenexplained by the conformational
changes of linear SCA during crystallization. O timolecular level, amylose chains in the
agueous solution are known to behave as random @iihg et al, 1985), along with some single
helical structure, which could associate togetimer farm double helices. The further association
of double helices results in crystallites and aggtes of crystals. Therefore, coil-helix structure
and formation of double helices from short linelaaios appeared to predominate in the first 4 h,

whereas crystallization and aggregation took piadke following stage.

Morphology

The morphology of waxy maize starch at differenbrdaching times was analyzed by
TEM. Figure 2.3A shows the morphology of waxy maize starch debraedict the first hour.
The sample appeared to consist of wormlike objedtis 5-10 nm width and 30-80 nm length.
Aggregates (50-100 nm diameter) composed of seystalline units were detected in the
following hour Figure 2.3B). After 4 h of debranching, particles with 5-3@ nliameter were
evident, and double helices were probably aggreg&igure 2.3C). Larger particles or a long-
piece appearance of aggregates were observed &fterfFigure 2.3D-F). Therefore, the
morphology of the SCA during crystallization hadetl steps: (1) association of starch chains
into double helixes and forming clustering, worreliktructure, (2) rearrangement of semi-

crystalline units into nano-particles, and (3) gtlowf particles into large aggregates.

Thermal properties
The thermal properties of native waxy maize stanoth the freeze-dried digests of waxy
maize starch at different debranching times arevshio Figure 2.4andTable 2.2 Native starch

was characterized by a sharp endothermic peakaatt &5°C to 95°C with an enthalpy of 18.9
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J/g. After debranching for 1, 2, and 4 h, a broado¢hermic peak ranging from about 40°C to
100°C with enthalpy of 18.5, 18.3, and 20.6 Fgure 2.4 and Table 2.2, respectively, was
observed, indicating that the materials solidifymigthe early stage of debranching had weak
crystalline structure and a large variation in taysize and perfection.

Two endothermic peaks, one ranging from about 430°G0 °C and the other ranging
from about 99 °C and 138 °C, were observed in #mpde debranched for 8 h. After 16 h, only
one endothermic peak with melting temperature obati15°C and enthalpy of about 20 J/g was
detected. Moates et al. (1997) reported that tlssotlition temperature of SCA crystallites
increased form 57°C to 119°C with an increasingrchength in the range of 12 to 55 glucose
units. In the present study, from 1 h to 24 h,ghtpercentage of short chains (Peak FEigure
2.1A) released first and associated into weak crystaid, then more long chains (Peak 2 in
Figure 2.1A) released with increasing debranching time andhéat into crystals with high
melting temperature. In addition, the long incubiatiime (24 h) at 50°C also facilitated the

growth of crystals that required a high temperatanmelt.

Synchrotron SAXS results

Figure 2.5A and B shows SAXS patterns of native waxy maize starah fegeze-dried
digests of waxy maize starch at different debramghimes. As reported by Donald et al. (2001a,
2001b), the 9 nm lamellar peak of native waxy matsech was absent in a dry stafgg(re
2.5A) but appeared after hydratioRigure 2.5B). The presence of water molecules is thought to
solvate the amorphous region containing branchoigtp, which enables a decoupling between
the main backbone of the amylopectin moleculesthadide chains. The decoupling allows the
side chains to be reconciled into ordelowever, no lamellar peaks were observed for
debranched samples in dry or hydrated states sndthidy. This could be due to the lack of
cluster structure of debranched samples. The edeatarch chains could be crystallized but
lacked regularity between crystalline and amorplreggns.

The log-log plots of SAXS data of native waxy mastarch and freeze-dried digests of
waxy maize starch debranched at different timeshosvn inFigure 2.5CandD. According to
Suzuki et al (1997), the SAXS curves could be prited on the basis of fractals with the
scattering power law: | ~*gwhere | is the scattering intensity and q isgbattering vector. The

exponento, which can range from -1 to -4, relates to thetalcharacteristics of the scattering
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objectives. For -4 < < -3, the scattering source is classified as &searfractal. The surface
fractal dimension D= 6 +a. For -3 <o < -1, the scattering source is classified as asrfrastal.
The mass fractal dimension,> - a.

In Figure 2.5C, the slopen of the straight lines in all curves was — 4.0, atthis a well-
known behavior described by Porod’s law (Porod,1)9%hea value of samples after 1, 4 and
16 h of debranching was also — 4.0 (curves not shoWhese results suggest that native starch
and debranched samples were “surface fractal” dmyastate and that scattering was reflected
from the surface or interface. The surface fracliahension () was 2.0 whem = -4.0,
indicating that the surface of native starch anbraleched samples was smooth (Suzuki et al,
1997).

In contrast, all debranched samples when hydrdiad,slopex of around -2.0Kigure
2.5D), suggesting that hydrated starch aggregates mass fractal and had self-similar structure
in nature. When water molecules were present, tiyghaced the air around the starch molecules.
Because the density of water was much closer tootfhidne starch than that of air, the scattering
reflected the inner structure of starch rather tila@ surface structure. The mass fractal
dimension () was 2 for all hydrated, debranched samples. Usinmll-angle neutron
scattering, Vallera et al. (1994) reported that lsg gels and sols had,Dof 2.6 and 2.0,
respectively. It is interesting that the,@f our hydrated debranched starches, which was 2.0
was close to that of amylose sols. Thg\&lue of our hydrated debranched starches wasasimi
to that of gelatinized corn and potato starch, Whias estimated to be 2.1 and 1.9, respectively
(Suzuki et al, 1997).

In contrast to the hydrated debranched produceshtidrated native starch obeyed the
power law at g value ranged from 0.06 to 0.2'nmith an exponent of = -3.7, which could still
be interpreted as surface fractal structure. Théase of starch granules was too rigid and
remained smooth in a hydrated state (Suzuki et%l7). The inner structure of starch granules

was masked by the surface scattering.

Synchrotron WAXD results
Figure 2.6 shows WAXD patterns of native waxy maize starcth aaxy maize starch at
different debranching times. In the dry state, th#fraction pattern of waxy maize starch

debranched at 1, 2, and 4 h was unclear. An A-typgstalline structure was detected for native
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waxy maize starch and 16 h and 24 h samples. IiyHeated state, a typical B-type structure
with a peak around 5° §2 was observed for samples debranched for 1, 24dndt seems that
B-type crystallization was preferred during thestfi8 h of incubation, followed by A-type
crystallization between 16 and 24 h. This dual-stexystallization phenomenon was also noted
during the crystallization of debranched maltodextPohu et al, 2004a).

Using line-broadening analysis (Cairns et al, 1998 estimated the size of crystallites
in the native waxy maize starch and products delhvech at different timeT@ble 2.3. At 1, 2, 4
h of debranching, the size of the crystallites wamll (< 5 nm in dry state), but dramatically
increased to ~ 10 nm in dry state (ca. 4% moistame))~ 12 nm in hydrated state (45% moisture)
after 8 h of debranching.

In vitro digestion profile

Table 2.4shows then vitro digestion profiles of native waxy maize starchxyanaize
starch at different debranching times, and isolatagtalline materials. Native waxy maize
starch had a very low RS content (<5%). After debinéng, RS content increased with time. The
rate of increase in RS content was slow from 0 tobtit significantly increased from 4 to 24 h.
After 24 h at 50°C, a product with 71.4% RS contelas formed. The results confirmed the
precipitate yield dataFfgure 2.2A). The long incubation time resulted in thick, dersystallites,
which were characterized as resistant starch. &2#en of crystallization, the isolated crystalline
materials had a RS content of 86.9Paljle 2.4.

It is interesting to note that the changes of RD8 &DS content were not linear with
debranching time. The SDS content decreased ifirténour of debranching but increased from
1 to 4 h. During the first 4 h of the reaction, tmgstallized particles were small in size and weak
in crystalline structureHigure 2.6 and Table 2.3. Alpha-amylase could digest these weak
crystalline materials, but at a slow rate. Afteh 4f reaction, aggregation and crystallization
increased and the crystallized particles becamek tand dense. Alpha-amylase has limited
access to double helices in the crystalline phes®&S was formed. Thus, RS formation could be
characterized as the aggregation and arrangemeiaubie helices from short linear chains in a
crystalline structure. The differences in enzymegesiion behaviors among debranched waxy
maize starches suggest that the debranching teahigmbined with controlled crystallization
could be used to design the structure of starchisdifferent digestibility.
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Molecular origin of RS

After in vitro digestion, the MW distribution of waxy maize stamebranched at 24 h
was slightly shiftedKigure 2.1B), suggesting that linear chains with a lower molacweight is
more susceptible to enzyme attack. The low MW liredeins (mostly DP <10) was too short to
form the stable double helices (Gidley and Buldifi87); thus, it failed to aggregate and was
easily digestible. Lopez-Rubio et al. (2008) repdrthat the average characteristic dimension of
RS crystals was ~ 5 nm, which corresponds to 2li& hans, with ~13 glucose per helix. For
waxy maize starch, the chain length (CL) distribntwas peaked at DP 16 as determined by
high-performance anion-exchange chromatography @ua Shi, 2010). The size of the
crystallites in the final crystallized product wa$4.5 nm Table 2.3. The nature of the RS
product in this work was attributed to its densgstalline structure and compact morphology.
Pohu et al. (2004b) suggested an epitaxial growleamentary crystalline A-type platelets for
the origin of thea-amylase resistance of debranched maltodextrin. adeessibility of double
helices ton-amylase was strongly limited by aggregation.

In this study, the RS product produced from theraething of waxy maize starch had a
relatively low DP which was assembled into a hightystalline structure. In contrast, high
amylose starch contains long linear molecules. kdpabio et al. (2008) noted a significant
increase in molecular order and crystallinity wieettruded high amylose starches were digested
by a-amylase and glucoamylase, suggesting that duhagdigestion process, amylose chains
were rearranged into enzyme-resistant structuresigiier crystallinity. In that case, two
competing factors, the kinetics of enzyme hydrayad the kinetics of amylose retrogradation,
determine the resistance to enzyme digestion @eaific processed starch (Lopez-Rubio et al,
2008).

Discussion
There are two challenges when waxy maize stardelisanched at high solids content
(25%, wiw). First, the slurry may become very visealuring gelatinization. In this study, a
pressure cooker coupled with mechanical stirring wsed to totally gelatinize the starch and
perform the debranching reaction. Second, amylasesther precipitate or form a gel (network).
When the amylose concentration is higher than 1&®%ylose gels can be formed (Gidley, 1989).
Therefore, conditions that led to crystallizatimstead of gelation were required. Increasing the
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mobility of starch chains at 50°C helped to achi¢vis goal. With continuous stirring, the
resulting products could be recovered by filtratiarich made them practical for large-scale
production.

Depending on CL, concentration, temperature andestl used, amylose can be
crystallized from solution to form gels, aggregai@®cipitates, spherulites or lamellar crystals
with A or B allomorphic type (Buleon et al, 2000Qombining debranching of starch with
controlled crystallization provides a practical way producing A- and B-type crystalline
starches with different morphologies. In this stuthe crystallization behaviors of debranched
waxy maize starch were investigated in a concexdrablution (25%, w/w). After crystallization
at 50°C, debranched starch with an A-type X-rafralition pattern and high RS content (71.4%)
was obtained. In contrast, when a low starch canaton (5%, w/w) was used, debranching of
waxy maize starch at 50°C followed by crystalliaatiat 25°C resulted in crystalline short-chain
amylose with a B-type X-ray pattern (Cai and SK1®@. Our results were in agreement with
previous findings on debranched glycogen (Gidley @ulpin, 1987) and amylodextrin
(Hizukuri, 1961) that A-type polymorph is favoreg bigh concentration and high temperature.
However, the exact solid concentration and crygtlbn temperature needed to produce A- or
B-type polymorph were different for different ma&ds. For instance, A-type crystals were
produced from debranched glycogen by crystalliza@d 30°C with 50% solids (Gidley and
Bulpin, 1987). The average CL of debranched glynoges 11.2 (Gidley and Bulpin, 1987),
much shorter than the debranched waxy maize s(anstrage CL 24.1) (Cai and Shi 2010).
Indeed, CL is of primary importance in determinitigge type of polymorph formed during
crystallization (Gidley and Bulpin, 1987; Hizukwet al., 1983; Pfannemuller, 1987). Moreover,
the yield of crystalline short-chain amylose in@em as the CL increases (Cai and Shi, 2010).
The yield of A-type crystalline debranched glycoge®2% after crystallization at 30°C for 10-
14 days (Gidley and Bulpin, 1987). In comparisarthis study, the yield of crystalline SCA was
greater than 90% after debranching and crystallizabf waxy maize starch at 50°C for 24 h
followed by precipitation at 25° for 6 lrigure 2.2A). The remarkable high yield and possible
recovery by filtration make the large productionQEA from debranched waxy maize starch

feasible.
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Conclusions

The simultaneous debranching of waxy maize starnth solidification of debranched
products at a high solid content were investigdtadthe first time by combined analytical
techniques. SCA crystallized upon release from apsdtin during debranching. A RS product
with an A-type crystalline structure, high meltitgmperature (90°C to 140°C), and high RS
content (71.4%) was obtained. The yield of the taiiized product was ca. 90% after the starch
was completely debranched at 50°C and further pitated at 25°C. Combining debranching
techniques with controlled crystallization may b&ed to design the structure of starch with
targeted digestibility. Further research is neetiedletermine health impact of starches with
different digestibility.
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Table 2.1 Percentage of debranched starch at diffent debranching times”

Time (h) 1 2 4 8 16 24

Percentage of debranching (%) 68+2.8 75+1.4 80+2.089+1.8 100 100

A Mean: standarddeviation values are reported.
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Table 2.2 Thermal properties of native waxy maizetarch and waxy maize starch debranched at differentimes as determined

by differential scanning calorimetry

samples Peak 1 Peak 2
To(°C) T,(°C) T(°C) AH(J/g) T(°C) To(°C) T(°C) AH(J/g)

native 64.3+0.3 73.5+0.1 94.610.1 18.940.1 - - -
1lh 42.310.1 73.4+1.9 86.9+0.6 18.5+0.2 - - -
2h 44.4+1.2 69.6+1.1 90.1+0.4 18.340.3 - - -
4h 42.7+0.1 73.6+0.3 99.5+0.5 20.60.1 - - -
8h 43.310.1 68.5+3.1 89.7+2.2 10.940.1 99.3+2.1 4.441.4 137.8+0.4 8.3+0.0
16 h - - - - 92.9+0.5 113.6+0.9 138.7+0.4 19.2+0.4
24 h - - - - 92.3+0.3 114.0 0.2 141.8+0.5 20+0.2

A Mean+ standard deviation values are reported.
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Table 2.3 Average size of polymorph crystallites ohative waxy maize starch and waxy

maize starch debranched at different times as detarined by wide-angle X-ray diffraction

Size (nm)
Samples
Powder (ca. 4% moisture) Hydrated (45% moisture)
Native starch' 8.1 9.4
Debranched

1h 3.8 9.7

2h 4.0 8.8

4 h 4.8 8.5

8h 10.3 12.4

16 h 9.5 14.8

24 h 9.8 14.5

& The moisture of native waxy maize starch powder aasut 11%.
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Table 2.4 Levels of rapidly digestible starch (RDS)slowly digestible starch (SDS), and

resistant starch (RS) content in native waxy maizstarch, debranched waxy maize starch

produced at different times at 50C and isolated crystalline materials®

Samples RDS (%) SDS (%) RS (%)
Native starch 29+0.4 66.7+0.4 4.3+0.8
Debranched

1h 59.8+0.3 32.9+1.4 7.3£1.7
2h 58.5+1.7 31.5+0.5 10+1.2
4h 43.5+0.3 38.9+0.6 17.6+0.9
8h 33.9+1.1 23.3£0.3 42.8+1.4
16h 25.1+0.4 8.310.9 66.6+0.5
24h 22.5+0.3 6.1+0.1 71.4+0.4
Isolated crystalline
4.9+0 8.2+0.8 86.9+0.8

materials

~ Mean = standard deviation values are reported.

%|solated crystalline materials were obtained kefihg debranched waxy maize starch

product after 24 h of crystallization and dryingd8€C in an oven over night.
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Figure 2.1 Molecular weight distribution of (A) waxy maize starch (25% solids)
debranched and crystallized at 50°C at different tnes, and (B) waxy maize starch

debranched and crystallized at 50°C for 24 h and $ corresponding isolated resistant starch
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Figure 2.2 (A) Yield of starch precipitate based orthe weight of waxy maize starch at
different debranching times; —#— crystallization at 50°C; —=— crystallization at 25°C after
the debranched starch was crystallized at 50°C fa24 h; (B) Starch polymer solution at the
beginning of debranching and cloudy slurry after 24h of crystallization at 50°C; and (C)
SEM images of waxy maize starch debranched and crgdlized at 50°C for 24 h recovered

by filtration and drying in an oven at 40°C
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Figure 2.3 Transmission electron microscopic imagesf waxy maize starch (25% solids)
debranched at different times at 50°C: (A) 1 h, (BR h, (C) 4 h, (D) 8 h, (E) 16 h, and (F) 24
h
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Figure 2.4 Thermal properties of native waxy maizestarch and waxy maize starch

debranched at different times as determined by diffrential scanning calorimetry
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Figure 2.5 Small-angle X-ray scattering of native waxy maize starch and freeze-dried
digests of waxy maize starch debranched and crystaded at 50°C at different times with (A)
4% moisture (except that native starch was 11% motare), (B) 45% moisture; (C) log-log
plots, 4% moisture (except that native starch was 126 moisture) and (D) log-log plots,

45% moisture
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Figure 2.6 Wide-angle X-ray diffraction of native waxy maize starch and freeze-dried
digests of waxy maize starch debranched and crystaded at 50°C at different times with (A)

4% moisture (except that native starch was 11% moiare) and (B) 45% moisture
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Chapter 3 - Structure and digestibility of crystalline short-chain
amylose from debranched waxy wheat, waxy maize anglaxy potato

starches

Abstract
The structure and digestibility of crystalline ghchain amylose (CSCA) from
debranched waxy wheat, waxy maize, and waxy patateches were investigated and compared.
The starches (5%, w/w) were cooked in acetate b(jfte 4.0) and debranched by isoamylase at
50°C. After 24 h, the mixture was cooled and hel@=C for another 24 h. Debranched waxy
potato starch had a longer average chain length deadranched waxy wheat and waxy maize
starches, resulting in a higher yield of crystatlzproduct. All CSCA products displayed a B-
type X-ray diffraction pattern, indicating that losolids concentration (5%) favored the
formation of B-type crystals. CSCA from debrancheaxy potato starch had a higher peak
melting temperature (116.2°C) and higher resisstatch content (77.8%) than that from
debranched waxy wheat and waxy maize starches,estigg that waxy potato starch is a
preferred starting material to prepare products Wwigh resistant starch content by debranching

and crystallization.

Introduction
Starch, an abundant natural polysaccharide, noyn@hsists of two types o#-D-

glucose polymers: amylose and amylopectin. Amyiesan essentially linear polymer with few
branches, whereas amylopectin has a highly brarstnecture in which branch chains are linked
to the linear chains by-(1, 6)-linkages (Hizukuri et al, 2006; Tester ket 2004). Under specific
conditions, amylopectin can be debranched in thesgmce of debranching enzymes (e.g.
isoamylase and pullulanse). The chain length (GEjribution of debranched amylopectin is
highly related to its crystalline polymorphs (Hizwk 1985). In general, B-type starches have

long branch chains of amylopectin, whereas A-tytaeches have a large amount of short chains

*Chapter 3 is published as a part of Cai, L., & SiC. (2010).Carbohydrate Polymers,
79, 1117-1123.
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with a degree of polymerization (DP) of 6-12 (Hdries et al., 1996). The distinct branch CL
distributions of amylopectin from A- and B- typesthes affect their functional properties, such
as gelatinization (Jane et al., 1999), retrogradatsilverio et al., 2000), pasting properties gan
and Chen, 1992; Srichuwong et al., 2005b), and actienzyme hydrolysis (Fredriksson et al.,
2000; Srichuwong et al., 2005a).

Compared with waxy maize and waxy wheat (Chibbad #&hakraborty, 2005;
Graybosch, 1998; Guan et al., 2009), waxy potagffddat et al., 2002; Visser et al., 1997a, b)
are relatively new and of great interest to thedfaand starch industries. However, the
crystallization behaviors of debranched waxy wherad waxy potato starches have not been
reported. In contrast, waxy sorghum (Shin et &04), waxy rice (Guraya et al., 2001a, b), and
waxy maize (Berry, 1986; Miao et al., 2009; Shiaét 2005a, b, 2006) starches have been
debranched and crystallized to prepare slowly diiglesstarch (SDS) and resistant starch (RS).
Waxy wheat and waxy maize starches are cereahs@mgith short branch chains and an A-type
X-ray diffraction pattern whereas waxy potato dtacontains long branch chains and displays a
B-type pattern (McPherson and Jane, 1999). Thectvgeof this work was to investigate the
effects of CL and starch sources on the propedieshort-chain amylose derived from waxy
wheat, waxy maize, and waxy potato starches. Tteethtarches were completely debranched
and crystallized. The CL distributions, crystallisgucture, thermal properties, and digestion
behaviors of the crystalline short-chain amylose&Ss@8) products were determined. This
information will be useful for better designing rstabased food ingredients with improved

health benefits.
Materials and methods

Materials
Waxy wheat starch was isolated from hard waxy wheat as described by Guan et al.
(2009). Waxy maize starch was obtained from Nati@tarch Food Innovation (Bridgewater,
NJ, USA). Waxy potato starch was provided by Pehféwod Ingredients Compan@éntennial,
CO, USA. Isoamylase (EC 3.2.1.68) was obtained from Haijpasa Biochemical Laboratories,
Inc. (Okayama, Japan) and had an enzyme activitg.4f x 16 isoamylase activity units

(IAU)/g. The enzyme activity was determined by ibating the enzyme with soluble waxy
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maize starch as a substrate in the presence afeiddir 30 min at pH 3.5 and 40°C and
measuring the absorbance of the reaction mixtud@tnm (FAO JECFA Monographs, 2007).
One IAU is defined as the amount of isoamylase thateased absorbance of the reaction

mixture by 0.008 in 30 min under the conditionsheff isoamylase assay.

Debranching of starch and preparation of CSCA

Starch (5 g, dry basis) was mixed with 95 mL aceti@ buffer (0.01 M, pH 4.0) in a
sealed glass bottle and cooked in a boiling waaén lvith stirring for 1 h. After the mixture was
cooled to 50°C, 1% isoamylase based on the dryhweifystarch was added. The mixture was
kept at 50°C with stirring. After 24 h, the mixtunas cooled to 25°C and held for another 24 h
to increase the yield of crystallites. The preei@s (CSCA products) were filtered, washed with
water, and dried at 40°C in an oven overnight. Jieé&d was calculated by dividing the weight
of the precipitates over the weight of the starstegch.

In separate experiments, each starch was debrarmshddscribed above and the whole
debranched product including solubles and prec¢gstavas freeze-dried. To confirm that the
starch was completely debranched, the freeze-de&danched starch (20 mg) was weighed into
a 10-mL vial, mixed with 2 mL of a mixture of DMSé&nd water (9:1, w/w), and cooked in a
boiling water bath with magnetic stirring for 15 miAfter the mixture was cooled to room
temperature, acetic acid buffer (6.98 mL, 0.01 M, 40) and isoamylase (&) were added
(Shi et al, 1998). The mixture was kept at 50°Chvatirring for 24h. After that, 2 mL of the
mixture was taken and mixed with 2 mL DMSO, andared by GPC.

Gel permeation chromatography (GPC)
The details of GPC were previously described inpgidra2.

High-performance anion-exchange chromatograph (HPAEC)

CL distributions of debranched waxy starches an€&£$®roducts were quantitatively
analyzed using a HPAEC (Dionex ICS-3000, DionexpGoBunnyvate, CA, USA) equipped
with a pulsed amperometic detector, a guard coliar@arboPad' PA1 analytical column and
an AS-DV autosampler. The eluents were prepareissribed previously (Shi and Seib, 1992).
Eluent A was 150mM NaOH and eluent B was 150mM Naidtaining 500mM sodium
acetate. The gradient program was as followed: 40&uent B at 0 min, 50% at 2min, 60% at
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10min, and 80% at 40min. The separations wereethrout at 25°C with a flow rate of 1
mL/min. The concentration of debranched starches @BCA products was 2 mg/mL in 1 M
NaOH solution. Maltohexaose and maltoheptaose (&igidrich, Inc., St.Louis, MO, USA)

were used as standards.

Average CL determination
Average CL was determined by the Nelson/Somogyuced) sugar method (Nelson,
1944; Robyt and Whelan, 1968; Somogyi, 1952). Bseahe CSCA products could not be
completely dissolved in boiling water, each stasagmple was dissolved in 1.25 N sodium

hydroxide, neutralized by hydrochloride acid, andlgzed for reducing sugar.

Wide-angle X-ray diffraction
X-ray diffraction was conducted with a Philips Xyradiffractometer with Cu-Ka
radiation at 35 kV and 20 mA, a theta-compensatlitgand a diffracted beam monochromator.
The moisture of all samples was adjusted to abd@% 1in a sealed dessicator at room
temperature before analysis. The diffractogramewecorded between 2 and 358)(Relative
crystallinity was estimated by the ratio of the lpaseas to the total diffractogram area (Komiya
and Nara, 1986).

Differential scanning calorimetry (DSC)

The parameters of DSC and sample scanning progeme adescribed in Chapter 2.

In vitro digestion method
The in vitro digestion test was determined by a modified Erighyscedure that was

described in Chapter 2.

Statistical analysis
Data were analyzed by an analysis of variance (ANDYrocedure with Tukey's
studentized range (HSD) test using SAS version(SAIS Institute Inc., Cary, NC, USA). Mean

values from the duplicated experiments were regdorte
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Results and discussion

Molecular weight distribution by GPC

The molecular weight (MW) distributions of debraadhwaxy wheat, waxy maize, waxy
potato starches and their CSCA products as detedrrty GPC are shown iRigure 3.1 A
bimodal distribution of low and high MW peaks, dgsted Peak 1 and Peak 2 respectively, was
observed for all debranched starches and CSCA ptediihe area and percentage of each peak
were calculated and reportedTiable 3.1 Waxy wheat starch had a large proportion of tve |
MW fraction (i.e. short side chains in amylopectiRigure 3.1A). Debranched waxy wheat and
waxy mazie starches had a similar ratio of are®Redk 1 to Peak 2, In contrast, debranched
waxy potato starch had a distinct MW distributiéingire 3.1A), and the proportion of the low
MW fraction was much lower compared with debranchveaty wheat and waxy mazie starches
(Table 3.1). These results are consistent with the factslus chains of amylopectin in a B-type
starch are longer than those in A-type starch (Blaina et al., 1996; Hizukuri, 1985; Jane et al.,
1999).

Compared with parent debranched starches, the MiWvildition curves of all CSCA
products shifted to higher molecular weigktgure 3.1B) and the proportion of the low MW
fraction (Peak 1) decreasebaple 3.1). CSCA products from debranched waxy wheat andywax
maize starches showed a similar MW distributionereas CSCA product from debranched
waxy potato starch had a distinct MW distributiéiiglire 3.1B) and a small proportion of the
low MW fraction (Table 3.7).

To confirm that the three waxy starches were cotafyledebranched, the freeze-dried
whole debranched starch samples were further defveanby isoamylase. No change in MW
distribution was observed (data not shown), indicpatthat the whole debranched starch

molecules were linear.

CL distribution
The CL distributions of debranched starches anat @8CA products as determined by
HPAEC are shown oRigure 3.2 The debranched waxy wheat starch had a high@opion of
chains with DP 6-19 and a lower proportion of ckaith DP 20-67 than its CSCA product
(Figure 3.2A). Similar trend was observed for debranched waaenand waxy potato starches
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and their corresponding CSCA produdig(re 3.2B and C). These results suggested that the
chain length of the CSCA products were longer ttheat of their parent debranched starches.
This increase in chain length of CSCA was attridute the preferential crystallization and
precipitation of long chains. According to GidelydaBulpin (1987), the minimum CL required
to form starch double helices is 10. During debhnamg and crystallization, a fraction of low
molecular amylose (mostly DP < 10) was too shorfdion the stable double helices and
remained in the solution. In this study, the Cltrilsition of the CSCA was peaked at around
DP 16 Figure 3.2.

Yield and average CL

The yields and average CLs of debranched starchdstleeir corresponding CSCA
products are listed iffable 3.2 Debranched waxy potato starch gave a higher Yi&kd6%)
than debranched waxy wheat (58.7%) and waxy md&@er¢) starches. The average CLs of
debranched waxy wheat, waxy maize, and waxy postdeches were 21.8, 24.1, and 32.1
glucose units, respectively. Our results suggetatiB-type starch with a longer CL yield more
CSCA than A-type starches. Using amylose with dzffiie average DPs ranging from 40 to 610,
Eerlingen et al (1993) reported that the yield nkyane RS was correlated with the DP of
amylose. However, the isolated RS fractions coedisf short chains (average DP between 19
and 26) and were independent of the CL of theistagmylose used.

The average CLs of CSCA products from debranchexlywéheat, waxy maize, and
waxy potato starches were 28.1, 29.2, and 35.50gianits, respectively, larger than those of
the whole starches. The results were in agreeméhttine MW distribution Figure 3.1 and
Table 3.7) and CL distributionKigure 3.2) data.

Crystalline structure
Native waxy wheat and waxy maize starches showedAthype crystalline structure,
whereas waxy potato starch displayed the B-typaydiffraction patternKigure 3.3). The
degree of crystallinity of all three native starshgas around 40%. Among the three CSCA
products, the one produced from debranched waxatpastarch gave a stronger peakto5°
and the two peaks between 13-1%°Were better resolved-igure 3.3, suggesting that long

chains form a stronger crystalline structure meaalily than short chains.
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After debranching and crystallization, a typicaltype structure was observed for all
CSCA products. The results followed the generale§tof short-chain amylose crystallization,
namely, shorter CL, higher concentration, and higemperature favor the formation of A-type
crystallites, whereas the reverse conditions indBigpe crystallization (Buleon et al., 2007;
Gidley and Bulpin, 1987; Lebail et al., 1993; Pfamuller, 1987; Ring et al., 1987; Whittam et
al., 1990). In this study, a dilute starting cortcation (5% solid) was used, which led to the
formation of B-type crystalline structure. In anetlstudy, short-chain amylose from debranched
waxy maize starch formed an A-type crystalline dite when debranched at 25% solids and
crystallized at 50°C (Cai et al, 2010). Continuedearch is being conducted to investigate the
debranching and crystallization of these waxy $tascat a high solid content and to manipulate
temperature, CL, and starch solid content to predughly pure A- and B-type crystallites and
then determine their digestibilitChapter 5).

Thermal properties

Native waxy wheat, waxy maize, and waxy potatocties were characterized with a
sharp endotherm peak at 67.8, 73.5, and 70.4°Caanenthalpy of 15.6, 18.9, and 18.3 J/qg,
respectively Figure 3.4and Table 3.3. An endothermic peak that ranged from 80°C to°C40
was observed for all three CSCA products, revedhegormation of crystalline structure during
the starch debranching. The large melting temperatange was due to the broad chain length
distributions in the CSCA products. In a study byadtes et al. (1997), the dissolution
temperature of short-chain amylose crystals ine@@dsom 57°C to 119°C with increasing CL
from 12 to 55 residues. In the present study, tlezame CL of the CSCA products from waxy
wheat, waxy maize and waxy potato starches was 28.2 and 35.5, respectiveljgble 3.2.
The CSCA from debranched waxy potato starch digplay higher peak melting temperature
(116.2°C) than those from debranched waxy whea7{@9 and waxy maize (99.9°C) starches
(Table 3.3. The difference in melting properties was dudh® longer chains generated from
debranched waxy potato starch, which formed stnodgable helices than the shorter chains in
debranched waxy wheat and waxy maize starches.

In vitro digestion
Thein vitro digestion profiles of waxy wheat, waxy maize, anakwpotato starches and

their corresponding CSCA products are giveifable 3.4 Native waxy wheat starch and waxy
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maize starch had high RDS (33.1% and 29.0%, respgot and low RS content (0.4% and
4.3%, respectively). In contrast, native waxy potstiarch contained very low RDS (1.2%) and
high RS content (88.5%). It is well known that matnormal potato starch and high amylose
maize starches, both having B-type X-ray diffractjmatterns, are more resistantat@mylase
digestion than those starches with an A-type paitereher et al., 1984; Evans and Thompson,
2004; Gallant et al., 1997; Gerard et al., 2001Chlary and Monaghan, 2002; Oates, 1997). In
the present study, it was observed again thatenatexxy potato starch, which had a B-type X-
ray diffraction pattern, was more resistant to emeydigestion than cereal waxy starches with an
A-type pattern. The underlying reasons of the abolvgervations, however, are still not well
understood. Gallant et al. (1997) noted that gesoff normal potato starch and high-amylose
maize starch appear to have a thick peripherak laf/éarge stacked “blocklets”. The enzyme
resistance of these B-type starches may be linkatidir large blocklet size. The “blocklets”
comprises of both crystalline and amorphous laraedfeamylopectin that are organized in larger,
more or less spherical structures. However, ast@obiaut by Gallant et al. (1997), wrinkled pea
starch has a smaller blocklet size than smooth lpgait is more resistant to enzyme digestion
(Gallant et al 1992), indicating that other factbesides blocklet size determine the resistance to
a-amylase. Zhang et al. (2006) suggested that thes@ond channels in waxy and normal cereal
starches are large enough for enzymes to enterthetstarch granules and allow enzymes to
digest starch granules in a side-by-side mechanitype starches without pores are more
resistant to enzyme digestion. In addition, waxyeathand waxy maize starches had a high level
of SDS contentTable 3.4. The supramolecular A-type crystalline structunejuding both the
crystalline lamellae and the amorphous lamellas degn linked to the slowly digestion property
of A-type cereal starches (Zhang et al., 2006).

Comparing the digestibility of the native starclasl the CSCA productd éble 3.4
reveals interesting results. The CSCA products fdehranched waxy wheat and waxy maize
starches contained a much higher RS content (6a78068.1%, respectively) than the native
cereal starches, which were not resistant to enzjigestion. In the case of waxy potato starch,
both native waxy potato starch and its CSCA prodhact high RS content but they belong to
different types of RS (Englyst et al., 1992) angehdifferent thermal stabilityHigure 3.4 and
Table 3.3. Native potato granular starch is classified aypme 2 RS whereas CSCA has no
granular structure and is considered a type 3 @band crystallized) RS product. The enzyme

45



resistance was due to the granular structure inenataxy potato starch but largely attributed to

the dense crystalline structure in the CSCA praglutis known that even though native normal

potato starch has greater than 70% RS conteriRStgontent is reduced to less than 1% after
boiling (Evans and Thompson, 2004). Similarly resulould be expected for waxy potato starch
because its gelatinization temperature was belc ¥hd the granular structure would be lost
during cooking. In contrast, the CSCA from waxygiotstarch had a much higher peak melting
temperature (116.2°C), suggesting that the prodoctid have better thermal stability and more

potential applications because of its high meltemgperatureRigure 3.4andTable 3.3.

Among the three CSCA products, the one from delbrashavaxy potato starch had the
lowest RDS content and highest RS contdiatb(e 3.4). Those results were consistent with the
yield and chain length datdgble 3.2, indicating that double helices formed from longkains
were more resistant to enzyme digestion.

Lopez-Rubio et al (2008) reported that the averaggracteristic dimension of the RS
crystals was about5 nm, suggesting that enzyme resistant crystalfoamed from chains with
a maximum DP of13 for double helices (2.2 helix turns) with poteh&émorphous fringed ends.
In this study, the CL distribution of the CSCA wasaked at around DP 1Bigure 3.2). As a

result, a highly dense crystalline structure wamfsd and became resistant to enzyme digestion.

Conclusions

CSCA prepared from debranched waxy wheat, waxy enand waxy potato starches
were studied and compared for the first time is $tudy. Waxy potato starch is the preferred
starch to make a product with high RS content dyraleching and crystallization. Debranched
waxy potato starch had a higher average CL thamadebhed waxy wheat and waxy maize
starches, which resulted in a higher yield of alied product with stronger crystalline
structure, higher peak melting temperature, andhdridRS content. These differences suggest
that the double helices formed from the longer mhan waxy potato starch are stronger, more

resistant to enzyme hydrolysis, and have bettentakestability.
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Table 3.1 Molecular weight distributions of debranbied waxy wheat, waxy maize, waxy

potato starches and their crystalline short-chain enylose (CSCA) products

Waxy wheat Waxy maize Waxy potato
Starch samples
Peak 1 Peak 2 Peak 1 Peak 2 Peak 1 Peak 2
Peak area (%)

Debranched starch 79.8 20.2 74.2 25.8 56.5 43.5
CSCA 63.9 36.1 64.4 35.6 45.6 54.4
DPMaxa

Debranched starch 8 9 10 35
CSCA 13 11 12 35

®DPnax = degree of polymerization at the peak.
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Table 3.2 Yields and average chain lengths (CL) afebranched waxy wheat, waxy maize,
waxy potato starches and their corresponding crystane short-chain amylose (CSCA)

products *®

Average CL Average CL Yield of CSCA
Debranched Starch samples
(whole starch) (CSCA products) (%)
Waxy wheat starch 218 28.7 58.7
Waxy maize starch 241 29.2 60.7
Waxy potato starch 321 35.5 72.6

~Yield of CSCA (%) = (Wrecipitate/ WStarcI*) % 100.

®Values with the same letter in the same colummatssignificantly different§ < 0.05).
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Table 3.3 Thermal properties of waxy wheat, waxy mae, waxy potato starches and

debranched crystalline short-chain amylose (CSCA)npducts as determined by differential

scanning calorimetry”™ ®

Native starches

CSCA products

Samples
To(°C)  Ty(°C) To(°C) AH@/G)  To(°C) T,(°C) T(°C) AH(/g)
Waxy wheat  59.7 67.8 929 156 83.4 99.7 1364 18.3
Waxy maize 64.3 735 946 189 76.7 999 1359 18.6"
Waxy potato  62.8 704 89.r 183 80.8° 1167 133.8 19.7

A The ratio of sample (dry basis) and water was 1:3.

B Values with the same letter in the same colummatssignificantly different§ < 0.05).
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Table 3.4 Levels of rapidly digestible starch (RDS)slowly digestible starch (SDS), and
resistant starch (RS) in waxy wheat, waxy maize, w§ potato starches and debranched

crystalline short-chain amylose (CSCA) product$" ®

Native starches CSCA products
Samples
RDS (%) SDS (%) RS (%) RDS (%) SDS (%) RS (%)
Waxy wheat starch 331  66.5 0.4 18.6' 13.7 67.7
Waxy maize starch 290  66.7 4.3 17.5 14.4 68.7
Waxy potato starch 1°2 10.3 88.5' 13.8 8.7 77.8

"RS% = 100% - RDS% - SDS%.
®Values with the same letter in the same colummatssignificantly different§ < 0.05).
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Figure 3.1 Molecular weight distributions of (A) cebranched waxy wheat, waxy maize, and
waxy potato starches; (B) crystalline short-chain mylose (CSCA) products from

debranched waxy wheat, waxy maize and waxy potatdesches
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Figure 3.2 Chain length distributions of (A) debranched waxy wheat starch and its CSCA
product; (B) debranched waxy maize starch and its SCA product; (C) debranched waxy

potato starch and its CSCA product
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Figure 3.3 X-ray diffraction patterns of waxy wheat waxy maize, waxy potato starches and
debranched crystalline short-chain amylose (CSCA)pducts

waxy wheat

W waxy maize
ey /e

waxy potato

CSCA-waxy wheat

CSCA-waxy maize

Intensity

CSCA-waxy potato

w
oo

13 18 23 28 33
Bragg angle (°3)

56



Figure 3.4 Differential scanning calorimetry thermagyrams of waxy wheat, waxy maize,
waxy potato starches and debranched crystalline shischain amylose (CSCA) products
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Chapter 4 - Study on melting and crystallization ofshort-chain

amylose byin situ synchrotron wide-angle X-ray diffraction

Abstract

In-situ melting and crystallization of short-chain amyldS€A) from debranched waxy
starches were investigated by synchrotron wideeaxgray diffraction (WAXD). Amorphous
SCA was prepared by dissolving completely debrathclieaxy wheat, waxy maize and waxy
potato starches into alkaline solution and newtedliby hydrochloric acid. When hydrated with
about 50% water at 25°C, all amorphous SCA cryz&llimmediately and gave a B-type X-ray
diffraction pattern. The hydrated SCA paste waddte&dom 25 to 100°C at 10°C/min, held for
5min, and cooled to 25°C at 10°C/min. The wholetingaand cooling process was monitored by
WAXD. The SCA from debranched waxy potato starcth hgher average chain length, higher
melting temperature, but relatively lower crystaty upon hydration. It was not completely
melted at 100°C and remained its original B-typ&/morph during rapid cooling. In contrast,
the SCA from debranched waxy wheat and waxy maiaects had a large portion of low
molecular weight fraction, a higher crystallinitgan hydration but a lower melting temperature.
These differences suggest that amylopectin shaainshcrystallized more readily but their
crystals were weaker than those of long chainserAfe SCA from waxy wheat and waxy maize
starches was melted, it reformed into an A-typeymaolrph under rapid cooling. The thermal
properties as determined by differential scann@grametry showed that the A-type polymorph
of debranched waxy wheat and waxy maize starchdsahhigher melting temperature (ca.
120°C) than their B-type structure (ca. 90°C).

Introduction
Wide-angle X-ray diffraction (WAXD) using synchrofr radiation has been developed
as a tool for analysis of polymers (Riekel and Bay005). This method has advantages over
the conventional WAXD such as high intensity ofiaéidn and short acquisition time, and
enables experiments under real-time conditions {Ezq et al, 2009). Synchrotron WAXD has
been applied to study ultrastructure of starch €Bal et al, 1998), gelatinization behaviors
(Gebhardt et al, 2007), and amylose-lipid inteawti (Derycke et al, 2005). Monitoring

structural changes of starch during heat treatn{@atgiao et al, 2004), and allomorphic
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transition of native starch and amylose spheroalyqiNishiyama et al, 2010) by usiiy situ
synchrotron WAXD were also reported.

In present work, melting and crystallization of ghthain a-glucans from debranched
waxy wheat, waxy maize and waxy potato starcheg wesestigated in real time by synchrotron
WAXD. Waxy wheat, waxy maize and waxy potato stasclhave different unit chain length
distributions (Cai and Shi, 2010). The objectivesravto study effects of crystallization
temperature and chain length on the dynamic chaog8€A polymorphs and gain insight into
the mechanism of starch retrogradation.

Materials and methods

Materials
Waxy wheat starch was isolated from hard waxy wheat as described by Guan et al.
(2009). Waxy maize starch was provided by Natiogtrch LLC (Bridgewater, NJ, USA).
Waxy potato starch was obtained from Penford Fowgedients CompanyCgntennial, CO,
USA). Isoamylase (EC 3.2.1.68, enzyme activity: 1.410IAU/g, 1 IAU is defined as the
amount of isoamylase that increased absorbancheofeaction mixture by 0.008 in 30 min
under the conditions of the isoamylase assay) wdaired from Hayashibara Biochemical

Laboratories, Inc. (Okayama, Japan).

Starch debranching and preparation of SCA
Starch (5 g, dry basis) was mixed with 95 mL aceti buffer (0.01 M, pH 4.0) in a
sealed glass bottle and cooked in a boiling waaén lvith stirring for 1 h. After the mixture was
cooled to 50°C, 1% isoamylase based on the dryhwefystarch was added. The mixture was
kept at 50°C with stirring. After 24 h, the mixtunas freeze-dried and saved as SCA product.
This product was confirmed to be linear and congyedebranched (Cai and Shi, 2010).

Preparation of amorphous SCA
SCA (0.5g, db) was dissolved in 5 mL 1M NaOH salntand neutralized by 5 mL 1M
HCL acid. The mixture was slowly added into 150 ethanol with continuous stirring. The
beaker was put into the refrigerator overnightatailitate the precipitation. After centrifuge three

times, the supernatant was decanted and the pegeipvas collected and vacuum dried. The

59



dried amorphous SCA was then gently ground wittestlp and mortar. In order to prove that
salts have no effects on the products, 5 mL 1M Na@id neutralized by 5 mL 1M HCI, and
added to 150 mL ethanol with continuous stirringd astored at 4°C, no precipitation was

observed.

Synchrotron WAXD

Synchrotron WAXD experiment was carried out at Advanced Polymers Beamline
(X27C) in the National Synchrotron Light Sourcep8khaven National Laboratory, in Upton,
NY. The details of the experimental setup at th& XDbeamline have been reported elsewhere
(Chen et al, 2006; Chen et al, 2007; Chu and H&@01). The wavelength used was 0.1371 nm.
The sample-to-detector distance was 94.8 mm. A 2BRNCCD X-ray detector (MAR USA,
Inc., Norwood, NJ, USA) was used for data colletctio

Amorphous SCA was mixed with water to make ca.=¥ds. The mixture was put
into a sample holder, sealed and placed into astagfe (Instec Inc., Boulder, CO, USA). The
sample was heated from 25 to 100°C at 10°C/mirg B&el100°C for 5min, and cooled from
100°C to 25°C at 10°C/min. Thie-situ melting and crystallization was monitored by using
synchrotron WAXD. No weight changes were obsenagdle sample before and after heating,
indicating that no moisture was lost during theezkpent.

The relative crystallinity of samples was estimalgdthe ratio of the peak areas to the
total diffractogram area (Komiya and Nara, 1986y. i&ing X-ray line-broadening technique
(Cairns et al, 1997), the approximate average @@ein nm of crystallites in samples was
calculated from Scherrer formula: D= B/ficod®, where) is wavelength used} is peak
broadening given by full width at half maximum idians of diffraction peak minus full width
at half maximum in radians of a peak from a stathdample is half of angular position of

peak in radians.

Differential scanning calorimetry (DSC)

Amorphous SCA suspension in water (50% solids) pvapared and sealed in a DSC pan
and analyzed with a TA Q200 instrument (TA Instratse New Castle, DE, USA). Samples
were heated from 10°C to 160°C at 10°C /min to wttie melting behavior. To study the
crystallization of SCA during cooling, samples wheated from 10 to 100 °C at 10 °C/min, held

at 100 °C for 5 min, cooled from 100 °C to 10 °A@at°C/min, and rescanned from 10 to 160 °C
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at 10 °C/min. An empty pan was used as a referéifee onset (To), peak (Tp), and conclusion
(Tc) temperatures and enthalpxH) were calculated from the DSC endotendotherm (TA

Instruments, New Castle, DE, USA). All experimewtse conducted in duplicates.
Results

Synchrotron WAXD of powder and hydrated SCA

The synchrotron WAXD results of powder and hydida8CA from debranched waxy
starches are shown Figure 4.1 In the powder state, all SCA from debranched wstayches
showed amorphous X-ray diffraction pattern, indigthat the crystalline structure of SCA was
completely disrupted after dissolving in the alkalsolution; however, all SCA gave a typical B-
type diffraction pattern when hydrated with aboO#&bwater Figure 4.1). This phenomenon
was attributed to the rapid crystallization of SGZomparing to rigid long-chain amylose and
amylopectin with highly branched architecture, S6#s greater mobility and could associate
together immediately to form the double helicespeeglly under such a high solids
concentration condition (50%). At the low temperat(?5°C), B-type rather than the A-type
structure was formed.

Interestingly, SCA from debranched waxy wheat amdkyvmaize starches had a higher
crystallinity (58.7% and 55.6%, respectively) andrger average crystal size (11.5 and 10.9 nm,
respectively), as compared to SCA from debranchagywpotato starch, which had a lower
crystallinity of 53% and a smalleverage crystal size of 10.4 nffiable 4.1) This result was
related with the chain length (CL) of SCA. The ag CLs of debranched waxy wheat, waxy
maize, and waxy potato starches were 21.8, 24d 3arl glucose units, respectively (Cai and
Shi, 2010). Debranched waxy wheat and waxy maiaectsés contained larger portion of low
molecular weight fraction than debranched waxy feottarch. Small chains possess higher
mobility than large chains, and could have a graateraction with each other, resulting in more

crystalline materials.
Melting and crystallization of SCA from waxy starches

Waxy wheat starch
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The dynamic synchrotron WAXD results of SCA frambranched waxy wheat starch
during heating and cooling is given Bigure 4.2 The peaks of B-type X-ray diffraction pattern
remained intact between 25 to 60°C, but startegletaken from 70°C, and almost disappeared at
100°C figure 4.2A). During cooling Figure 4.2B), a weak A-type diffraction pattern was
observed at 100°C and became evident with the dseren temperature. Notably, a small
residual peak occurred aroun@ & 5°, which is mostly characteristic of B-typeustture pattern.
One explanation for this is that the original Béypolymorph was not completely melted.
Another hypothesis is that a small amount of B-tgpymorph accompanied with the formation
of A-type polymorph, but this residue structure dmt affect the predominant A-type structure
of SCA formed during cooling.

Waxy maize starch

Similarly, the B-type polymorph of SCA of debrandheaxy maize starch was disrupted
above 70 °C, and almost melted at 100FRyre 4.3A). An A-type diffraction pattern was
detected at 100°C and became clear when tempegareasedsigure 4.3B). Unlike the SCA
from debranched waxy wheat starch, the small p€&Ca from debranched waxy maize starch
around 5°B was stronger and better resolved during coolinggssting that a little B-type

structure was accompanied by A-type structure durooling.

Waxy potato starch
Figure 4.4 shows the dynamic synchrotron WAXD results of SGénf debranched

waxy potato starch during heating and cooling. Thestallinity of SCA started to decrease
above 70°C, but most B-type polymorph was retaiaed00°C Figure 4.4A). The hydrated
SCA from debranched waxy potato starch appearedat® a lower degree of cyrstallinity
(Table 4.1, Figure 4.1@, but was more resistant to heat than those frebrahched waxy
wheat and waxy maize starchdsgure 4.2A and 4.3A. The difference suggested that long
chains, despite their lower mobility, could form mastable double helices and be more resistant
to thermal heating.

Unlike debranched waxy wheat and waxy maize staictiee original B-type X-ray
diffraction pattern remained in SCA from debranclveaky potato starch and no significant
structural change was observed during cooliRgure 4.4B). Notably, those melted SCA,

although in small amount, were not rearranged Atype (or B-type) structure as expected.
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There are two possible explanations for this phesrmn: (1) The remaining B-type structures
may act as nuclei, and those melted chains cartiagsonto double helices, but present in the
amorphous region; and (2) the remaining B-typecstines may act as barriers to inhibit the
formation of B-type structure from free SCA, sinte formation of B-type polymorph is a
reversible equilibrium (kinetic event). It is hata prove which explanation is good at current
point.

Thermal properties of SCA from waxy starches

Interestingly, a broad melting endotherm and a dre@othermic peak were observed
when directly heating samples from 10 to 160T@kje 4.2 and Figure 4.5 The broadness of
the curves indicated that SCA samples had a laagation in crystal size and perfection. The
melting peak of SCA from debranched waxy wheat, ywapaize and waxy potato starches was
centered at 87.3, 87.3 and 91.0°C, respectivelgreds the crystallization peak was centered at
118.9, 119.3 and 121.5°C, respectively. Similarngimeena in amylose-lipid complexes were
observed by Biliaderis et al (1985), who proposkdt ttwo thermal events were involved:
melting of the original crystallites and recrystation during heating. Thus, one possible
explanation for our results was that part of theASqelted at a lower temperature (~55-105°C),
but readily recrystallized at a higher temperat{##£05-150°C). Debranched waxy wheat and
waxy maize starch melted around 100°C with a higihalpy (~13.5 J/g), whereas debranched
waxy potato starch was disassociated at slightghdn temperature (~105°C) with a lower
enthalpy of 10.6 J/gT@ble 4.2 and Figure 4.% This observation was consistent with the
WAXD results that debranched waxy wheat and waxizenstarch had a higher crystallinity but
almost completely melted at 100°C, whereas debexhataxy potato starch showed a lower
crystallinity and was not completely melted at 10QTable 4.1,Figures 4.1-4.3. Because the
moisture used in DSC study was 50%, limited hydratf the sample could have affected the
thermal behaviors of SCA. To eliminate this impat#pranched waxy starches (adjusted to a
moisture of 75%) were heated from 10 to 160°C &CIfin; similar results were observed
(Figure 4.5, indicating that the melting followed by the imdnate crystallization during heating
was the nature of SCA, not because of the low watetent used (50%).

To further understand the recrystallization obsérkg WAXD, SCA from debranched

waxy wheat, waxy maize, and waxy potato starchesheated to 100 °C, cooled and rescanned
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by DSC {Table 4.3 and Figure 4.5 All debranched waxy starches displayed an omsting
temperature of 60-70°C when heated from 10 to 10&°C0°C/min, which was in agreement
with the synchrotron WAXD data, indicating that theterials started melting around 70°C. The
enthalpy of debranched waxy wheat, waxy maize aaxyvpotato starches was 8.9, 8.4 and 7.6
J/g, respectively. After cooling from 100°C at 10%h, an endotherm with a melting
temperature ranged from about 100°C to 150°C weserobd at the second scan for all
debranched waxy starches. The enthalpy of debrdnalaxy wheat, waxy maize and waxy
potato starches was 13.0, 15.7 and 17.2 J/g, ragplgc The shift of melting peak from lower
temperature to higher temperature after coolingratethed waxy wheat and waxy maize
starches at 10°C/min could be explained by thetallimation behaviors of SCA. Based on the
synchrotron WAXD dataHigure 4.2 and 4.3, an A-type structure was formed during cooling
melted B-type structure of debranched waxy whedtvaaxy maize starches. SCA with A-type
structure was reported to have a higher meltingogature than those with B-type polymorph
(Cai et al, 2010; Cai and Shi, 2010; Planchot £1297; Whittam et al, 1990; Williamson et al,
1992). In this study, the peak melting temperatirA-type structure of debranched waxy wheat
starch was 119°C compared to 87.9°C of B-type siracSimilarly, the melting peaks of A-type
and B-type structure of debranched waxy maize Istarere centered at 128.1°C and 87.2°C,
respectively; however, the debranched waxy potaticls was an exception. After cooling, the
remained B-type structure was centered at arouddLiG, which may be attributed to its longer
chain length and stronger double helices.

Our data showed that SCA could crystallize duriithee cooling (WAXD and DSC
results) or heating (DSC results). Due to safetycemns, the temperature was not heated above
100°C in our WAXD experiments; therefore, no infation was available regarding the
polymorph of the recrystallized materials above “@OFurther studies are needed to heat
samples to higher temperatures in a sealed pressilrand elucidate the mechanism behind
such changes.

Discussion
Compared to complex architecture of amylopectinA$Ca short linear segment ofl,4
-glucans and may retrograde into crystalline stmgctmore readily (Cai et al, 2010). Depending

on crystallization conditions such as solvent, gsHangth, concentration and temperature, SCA
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could be rearranged as different crystalline tyjBageon et al, 2007; Cai et al, 2010; Cai and Shi,
2010; Gidley and Bulpin, 1987; Lebail et al, 1988annemuller, 1987; Planchot et al, 1997;
Ring et al, 1987; Whittam et al, 1990; Williamsdna¢ 1992). Generally, shorter chain length,
higher concentration and higher temperature faverformation of A- type crystallites, whereas
the reverse situations induce B- type crystallaatiThe main differences between A- and B-
structure are the packing of double helices (manimcand hexagonal arrangement, respectively)
and the water amount (8 and 36 water moleculepeotively) in the crystal unit cell (Imberty et
al, 1988; Imberty and Perez, 1988; Takahashi &04l4; Popov et al, 2009).

In this study, we observed formation of A-type pobrph from a melted B-type
crystalline structureFigure 4.6 depicts the melting and crystallization of SCAdsta using
synchrotron WAXD. The A-structure was formed frohe trapid cooling of a hot solution of
SCA from high temperature, whereas B-structure wlatsined with hydration of amorphous
SCA at low temperature. The A-type structure waggssted to be a thermodynamic product
whereas the B-type polymorph is a kinetic eventd(€, 1987). Thus, A-type structure is
favored at high temperature and is more thermalesthan the B-type polymorph.

Crystallization or retrogradation of starch is imjat in bakery products such as bread
staling. After baking, starch is partially gelatied and formed B-type crystalline structure
during staling (Ribotta et al, 2004); however, thiarch crystal polymorph formed upon
retrogradation is largely dependent on the conditiat which the recrystallization proceeds and
the storage time of retrogradation. Obtaining Aetymather than B-type polymorph after
retrogradation is possible. Lionetto et al (200bpeed the retrogradation of concentrated wheat
starch systems. They observed that wheat starchdatés (both 37% and 51% water content)
predominantly crystallized into the A-polymorpheafstored at 25 °C for 7 days. Ottenhof et al
(2005) compared the retrogradation behaviors ofudetd waxy maize, wheat and potato
starches with intermediate water content (34%)eAfibout 3 days of storage at 25°C, waxy
maize and wheat starch essentially crystallizedhto A-type polymorph while potato starch
crystallized into the B-type polymorph. Bello-Peretzal (2005) found that extruded banana
starch retrograded from its native mixture of Add@ytype polymorphs to the A-type polymorph
after stored at 25 °C and at 30% water contentingen et al (1993) prepared enzyme resistant
starch (RS) by incubation of autoclaved wheat btatdifferent temperatures. RS formed at 100
°C showed A-type X-ray diffraction pattern, wherdasype polymorph was observed for RS
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incubated at 0 or 68 °C. According to Farhat €28D1), extruded potato starch retrograded to
B-type, C-type (mixture of pure A- and B- polymojmnd A-type polymorphs, when stored at
22 °C, 40 °C and 60 °C respectively, at 35% maistantent. Investigating the possibility of
holding bakery products at high storage temperdturg enough or cooling rapidly from high
temperature after baking to induce an A-type stmactwould be interesting, as would

determining the texture and digestibility of thegucts with an A-type X-ray diffraction pattern.

Conclusions

Melting and crystallization of SCA were investigatir the first time by synchrotron
WAXD in-situ. All amorphous SCA from debranched waxy starcimemediately crystallized
into B-type polymorph when hydrated (moisture cahtz.50%) at 25°C. SCA from debranched
waxy potato starch with higher average chain lestiibtwed a relatively low crystallinity and a
higher melting temperature; it did not completelyelmat 100°C and its original B-type
polymorph remained during rapid cooling. In contr&CA from debranched waxy wheat and
waxy maize starch contained a large portion of te@lecular weight fractions, thus had a higher
crystallinity and a lower melting temperature. Whealted, it could predominantly reform into
an A-type polymorph under rapid cooling. The refedvA-type polymorph of debranched waxy
wheat and waxy maize starches had a higher maimgerature (ca. 120°C) than their original

B-type structure (ca.90°C).
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Table 4.1 Relative crystallinity and approximate aerage size of polymorph crystallites of
short-chain amylose from debranched waxy wheat stah, debranched waxy maize starch
and debranched waxy potato starch as determined bygynchrotron wide-angle X-ray
diffraction *®

Samples Relative Crystallinity (%) Average sizenfstallites (nm)
Debranched waxy wheat 58.7+0.3 11.5+0.3
Debranched waxy maize 55.6+0.1 10.9+0.1
Debranched waxy potato 53.0£1.0 10.4+0.1

~ The relative crystallinity was estimated by theiadadf the peak areas to the total
diffractogram area (Komiya and Nara, 1986).

® The approximate average crystal size was calallbie using X-ray line-broadening
technique (Cairns et al, 1997).
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Table 4.2 Melting and crystallization of short-chan amylose from debranched waxy wheat starch, debramed waxy maize

starch and debranched waxy potato starch as determéd by differential scanning calorimetry”™ ®

Melting Peak

Crystallization Peak

Samples
To(°C)  TH(°C) To(°C) AH@J/9)

B(°C)  T(°C)  To(°C)  AH(/g)

Debranched waxy wheat  52.7+0.87.3+1.5 100.7+0.9 13.4%0.8
Debranched waxy maize  54.0+0.87.3+0.7 101.3£1.3 13.5#0.1
Debranched waxy potato  59.2+0.91.0+0.2 104.3+0.6 10.6+0.4

103.6+0.6 118.9+0.8 144.3+1.7 15.1+0.2
103.9+1.0119.3+1.7 148.4+1.2 15.0+0.6
106.0+0.3121.5+0.8 148.8+0.3 15.2+0.6

" The ratio of sample (dry basis) and water was The. samples were heated from 10 to 160°C at 1GfC/m

® Mean + standard deviation values are reported.
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Table 4.3 Thermal properties of short-chain amylosérom debranched waxy wheat starch, debranched waxgnaize starch and
debranched waxy potato starch as determined by difential scanning calorimetry” &

First Scan Second Scan
To(°C)  Tp(°C)  To(°C)  AH(QJ/g) T(°C) T(°C)  To(°C) AH(@I/g)
Debranched waxy wheat  62.5+0.87.9+0.4 97.9+0.3 8.9+0.5 101.440.8 1194+0.5 148.2+1.213.0+0.4
Debranched waxy maize  63.7+0.87.2+0.6 98.8+0.1 8.4+0.3 105.1+1.0128.1+0.9 153.5+0.6 15.7+0.3
Debranched waxy potato  69.4+0.86.6+1.1 97.9+0.2 7.6%0.7 101.5+0.2 134.1+0.4 151+0.9 17.2+0.7

Samples

 First scan was heated from 10 to 100°C at 10°G/amid second scan was heated from 10 to 160°C°&¢Yrhh, after heating

from 10 to 100°C at 10°C/min, holding at 100°C %onin, and cooling from 100°C to 10°C at 10°C/miheTratio of sample (dry
basis) and water was 1:1.

® Mean + standard deviation values are reported.
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Figure 4.1 Synchrotron wide-angle X-ray diffraction of short-chain amylose (as is and
hydrated) from (A) waxy wheat starch; (B) waxy maiz starch; and (C) waxy potato starch
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Figure 4.2 Dynamic synchrotron wide-angle X-ray difraction results of short-chain

amylose from debranched waxy wheat starch during (Aheating and (B) cooling
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Figure 4.3 Dynamic synchrotron wide-angle X-ray difraction results of short-chain

amylose from waxy maize starch during (A) heating ad (B) cooling
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Figure 4.4 Dynamic synchrotron wide-angle X-ray difraction results of short-chain
amylose from waxy potato starch during (A) heatingand (B) cooling
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Figure 4.5 Thermal properties of short-chain amylos from (A) debranched waxy wheat
starch, (B) debranched waxy maize starch and (C) deanched waxy potato starch as
determined by differential scanning calorimetry: (8 Samples (50% moisture) were heated
from 10 to 160°C at 10°C/min; (b) Samples (75% maisre) were heated from 10 to 160°C
at 10°C/min; (c) Samples (50% moisture) were heatefilom 10 to 100°C at 10°C/min; and

(d) Samples (50% moisture) were heated from 10 to60°C at 10°C/min, after heating from

10 to 100°C at 10°C/min, holding at 100°C for 5minand cooling from 100°C to 10°C at
10°C/min
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Figure 4.6 The diagram of melting and crystallizaton of short-chain amylose studied by

using synchrotron wide-angle X-ray diffraction
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Chapter 5 - Manipulation of A- and B-type crystalsfrom short-

chain amylose in relation to their digestibility

Abstract

Starch is the most important source of food eneltgg. well known that native starches
with a B-type X-ray diffraction pattern are moresistant to alpha-amylase digestion than those
starches with an A-type X-ray pattern, but the ulyiteg mechanism is not well understood. It is
not clear whether the enzyme resistance of B-tyge!s is due to its B-type crystalline structure
or the other structural features in starch grandleg objective of this study was to compare the
structure and enzyme digestibility of highly pure ad B-type starch crystals, and understand
the roles of crystalline types in starch digestiilHighly pure A- and B-type starch crystals
were prepared from short linearglucans (short-chain amylose) generated from cetalyl
debranched waxy starches by manipulating the psotgsconditions such as starch solids
concentration, crystallization temperature andrchength. High concentration, high temperature
and short chain length favored the formation of Akype structure, whereas reverse conditions
resulted in the B-type polymorph. Digestion resultsing a mixture ofa-amylase and
glucoamylase showed that the A-type crystals weseemesistant to enzyme digestion than the
B-type crystals. The A-type crystalline productabed upon debranching 25% waxy maize
starch at 50°C for 24 h gave 16.6% digestion &tey whereas the B-type crystals produced by
debranching 5% waxy maize starch at 50°C for 2dllbvied by holding at 25°C for another 24
h had 38.9% digested after 3 h. The A-type crydtatsa higher melting temperature than the B-
type crystals as determined by differential scagrgalorimetry. Annealing increased the peak
melting temperature of the B-type crystals, makingimilar to that of the A-type crystals, but
did not improve the enzyme resistance of the B-tgpestals. The possible reason for these
results was due to more condense packing pattedousble helices in A-type crystallites. Our
observations are opposite to the fact that B-typive starches are more enzyme resistant. It
seems that the crystalline types are not the ketpifahat controls the digestibility of native
starch granules. The resistance of native starohs a B-type X-ray diffraction pattern is

probably attributed to the other structural featurestarch granules.
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Introduction

Native starches with a B-type X-ray diffraction feah are known to be more resistant to
alpha-amylase digestion than those starches witA-type X-ray pattern (Dreher et al 1984;
Gallant et al, 1972; Gallant et al 1997; Jane 1297; McCleary and Monaghan 2002; Planchot
et al, 1995; Srichuwong et al, 2005a, b); howewdrether the enzyme resistance of B-type
starch is due to its B-type crystalline structuréhe other structural features of starch granisles
unclear.

Studies that compare enzyme digestibility of pureafd B-type crystals are limited.
Williamson et al (1992) and Planchot et al (1998pared A- and B-type spherulite crystal from
lintnerized potato starch and found that B-typeesplites were more resistantdeamylase than
A-type spherulites. In contract, Cai et al (2016ye@rved that the A-type crystals formed from
25% solids SCA solution at 50 °C had higher restssarch (RS) content than the B-type
crystals prepared at 5% solids and 25 °C (Cai &nd2810).

In this study, both highly pure A- and B-type starystals were prepared from short
linear chains (short-chain amylose, SCA) gener&tma completely debranched waxy starches
in an aqueous environment. The overall objectives wacompare the structure and enzyme
digestibility of highly pure A- and B-type starchrystals and to understand the roles of
crystalline types in starch digestibility. Our sifiecgoals were to (1) prepare highly crystalline
materials with A- and B-type polymorphs by manipug the processing conditions such as
starch solids concentration, crystallization terapgne, and chain length (starch sources), (2)
characterize the properties and digestibility af thsulting materials, and (3) relate the starch
polymorphs to enzyme digestion.

Materials and methods

Waxy maize starch was gained from National Stadc@ (Bridgewater, NJ, USA), waxy
potato starch was provided by Penford Food Ingregi€ompany (Centennial, CO, USA) and
isoamylase (EC 3.2.1.68) was obtained from HayashitBiochemical Laboratories, Inc.
(Okayama, Japan). The enzyme activity was 1.41%A0/g, where 1 IAU of activity was
defined as the amount of isoamylase that increasgucing-power absorbance of the reaction
mixture by 0.008 in 30 min under the conditions tbé isoamylase assay (FAO JECFA
Monographs, 2007). All chemicals were reagent-grade
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Manipulation of A- and B- type crystals from short-chain amylose (SCA)

Three approaches were used to produce A- and Bstygpeh crystals from SCA-(gure
5.1). The first approach was to use different solidscentrations of starch. Three different
solids levels (5%, 15% and 25%) were used. To aehratarch, waxy maize starch was mixed
with acetic acid buffer (0.01M, pH4.0) in a pressibottle and heated in a boiling water bath
with stirring for 30 min followed by heating at 1°ZD in an oven for 30 min. After the mixture
was cooled to 50°C, the debranching reaction wargest by adding 1% isoamylase based on the
dry weight of starch. For the 25% solids sample, pinecipitates were filtered after 24 h of
debranching reaction. For the 5% and 15% solidkssnthe mixture was reacted at 50°C for
24 h, then cooled to 25°C and held for another .ZBhe precipitates were filtered, washed with
water, dried in an oven at 40°C overnight, and gy a mortar and pestle.

The second approach to favor A- or B-type crystas to manipulate the crystallization
temperatures. Waxy maize starch (25% solids corattont) was debranched for 24h as
described above. Then, the mixture was heated@f@4n an oven for 1 h to completely melt
the crystals. The clear solution was held at 490250°C for 24 h to induce crystallization. The
precipitates were filtered, washed with water, diiie an oven at 40°C overnight, and ground by
a pestle and mortar.

The third approach to prepare A- or B- type crystads to use SCA with different chain
lengths (CL). Waxy potato starch (25% solids coteion), which has longer unit chains than
waxy maize starchyas debranched for 24h as described above, thenprécipitates were
filtered, washed with water, dried in an oven atG@®@vernight, and ground with a mortar and
pestle. The yield of all crystallized product watetmined as previously describeddhapter 2.

To compare the results in the literature, the S#nfdebranched waxy maize starch was

used to prepare A- and B-type crystals by the ntetdid’lanchot et al (1997).

Annealing of starch crystals
Immediately after debranching for 24 h, waxy potatarch slurry (25% solids) was
annealed at 100 °C in a water bath for 4 h withtiooous stirring. The mixture was filtered,

dried at 40 °C in an oven overnight, and savedudher digestion analysis.
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Gel permeation chromatography (GPC)
The starch samples were examined by GPC as préyidescribed in Chapter 2.

Scanning electron microscopy (SEM)
The morphology of starch samples were viewed by SEVpreviously described in
Chapter 2.

Particle size distribution
Crystalline samples of SCA were suspended in aqdda sodium azide, and after
sonication, several drops of the suspension wetedathto a Beckman Coulter LS 13 320 Laser
Diffraction Size Analyzer (Beckman Coulter, Inc.eBr CA, USA) equipped with the universal
liquid module. Each sample was measured twice.

Wide-angle X-ray diffraction

Wide-angle X-ray diffraction was conducted as poagiy described in Chapter 3.

In vitro digestion method
The in vitro starch digestion profile was determined by a medifEnglyst procedure
(Englyst et al, 1992; Sang and Seib, 2006) as pusly described in Chapter 2.

Results and Discussion

Formation of A- and B- starch crystals

Wide-angle X-ray diffraction patterns of SCA pregérfrom different approaches are
shown inFigure 5.2 All samples displayed a diffraction pattern wgharp peaks that were
associated with a crystalline structure. A highlygA-type crystal was obtained by debranching
and crystallization of 25% solids waxy maize staattb0 °C for 24 h. Debranching 5 % solids
waxy maize starch and crystallization at 50 °C2Zér followed by holding at 25 °C for another
24 h resulted in a B-type polymorph. A mixture cfaad B-type starch crystal was observed for
15% solids sampld~(gure 5.2A). At the same starch concentration (25% solidsjam@orphous
sample of SCA was transformed into A-type stargtstads at 50 °C, whereas B-type crystalline
materials were formed at 4 or 25 %dure 5.2B). In contrast with waxy maize starchigure

5.2A), 25% solids waxy potato starch debranched anstallized at 50 °C showed the B-type X-
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ray diffraction patternKigure 5.3C). Our results agree with the general findings thigher
solids and crystallinzation temperature, and loalsin length favor the formation of A-type
crystallites, and the reverse conditions induceietcrystallization (Buleon et al, 2007; Cai et al,
2010; Cai and Shi, 2010; Gidley and Bulpin, 1987ellddrt, 1993; Lebail et al, 1993,
Pfannemuller, 1987; Planchot et al, 1997; Rind,et@87; Whittam et al, 1990; Williamson et al,
1992).

The underlying mechanism of these phenomena caxplained as follows. According
to Gidely (1987), the A-type crystal is a thermoaymc product and the B-type structure is a
kinetic product. A thermodynamic product is formleg an equilibrium reaction through an
intermediate stage to form a stable structure wfflee energy, whereas a kinetic event involves
a rapid precipitation of a less stable, less pédeacture. At a high temperature, thermodynamic
products are favored. The B-type structure may fesmporarily, but this structure is not stable
and melts to form the more stable A-type struc{@ai et al, 2010; Pohu et al, 2004). At high
concentrations of SCA, more double helices candrmeigated, which favor the A-type structure
because it has a denser packing pattern of doghieeb. For SCA with a long average CL, the
double helices formed will be larger and tend fmidby precipitate from solution to yield the less
stable and imperfect B-type crystalline product.

The vyields of A- and B-type starch crystals ar¢etisin Table 5.1 Debranching 5%
solids waxy maize starch at 50 °C for 24 h gavemzipitate, but 59.2% crystalline material
was obtained after holding the mixture at 25 °Cdoother 24 h. Debranching 15% and 25%
solids waxy maize starch at 50 °C for 24 h yiel@8#% and 65.8% precipitates, respectively, and
77.4% and 89.8% products, respectively, after ingldat 25 °C for another 24 h. Cooling
debranched waxy maize starch that has been prehieaielO °C for 1 h to 4, 25, and 50 °C for
24 h generated 90.4, 88.0, and 72.4% starch csystdpectively. The yield of waxy potato
starch debranched at 50°C for 24 h was 72.8%. é&ats showed that yield was increased as
solids concentration and chain length increased, a crystallization temperature decreased.

The high yields of crystalline SCA indicated thgieat potential for industry applications.

Molecular weight distribution of A- and B- starch crystals
The molecular weight distributions of A- and B-rstacrystals are presentedkigure

5.3 A bimodal distribution with a low molecular weigbeak and a high molecular weight peak
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was observed for all samples. Crystals preparad #6% solids had a higher proportion of low
molecular weight fraction than those from 5% solf@igure 5.3A). Molecules with short chains
seem favored to crystallize at higher solids cotre¢ion. At the same solids concentration, the
distribution pattern of SCA crystallized at 4, 256da50 °C was essentially the sanfeg(re
5.3B). Compared to samples prepared from debranchey maxze starch, those generated from
debranched waxy potato starch had a higher pegendflarge molecular weight molecules
(Figure 5.3C). The average CL of waxy maize and waxy potatochtavas 24.1 and 32.1
glucose units, respectively (Cai and Shi, 2010).

Morphology and particle size distribution of A- and B- starch crystals

All A- and B- starch crystals contained particlegiva coarse surface and irregular shape
(Figures 5.4-5.6. No starch granules were observed in the micplgrauggesting that the
granular structure has been completely disruptedtizat a new crystalline structure was formed.
Small isolated particles (gin) along with large pieces of particle clustersQuh) existed in
the same sample, revealing a wide distributionastigle size in the samples. The observations
were in agreement with particle size distributi@sults, as shown ifigures 5.7-5.9 The
average particle sizes of SCA prepared from debehavaxy maize starch at 5, 15 and 25%
solids were 9, 7.4 and 4ufn respectively. The average dimension of SCA pesiproduced
from debranched waxy maize starch at 4, 25, amtC5@ere 8.9, 10.1 and 13ubn, respectively
(Table 5.1). There was no correlation between the partide and thén vitro digestibility of A-

and B-type starch crystals discussed below.

Thermal properties of A- and B- starch crystals

The thermal properties of A- and B-type starch taigsare given irFigure 5.10 and
Tables 5.2-5.4The B-type starch crystals obtained from 5% sosldowed an endotherm with a
melting temperature ranging from 67 to 104 °C amckrthalpy of 15.9J/g, whereas the A-type
starch crystals displayed a melting peak rangiogh 88 to 140 °C with an enthalpy of 20.5 J/g.
For samples prepared from 15% solids, two endothemith a low melting peak and a high
melting peak were observed, reflecting the preserica mixture of A- and B-type structure
(Figure 5.10AandTable 5.2. Under the same concentration of 25% solidsAtitgpe structure
prepared at a higher temperature had a highernmgekimperature than the B-type polymorph

formed at lower temperaturdsigure 5.10BandTable 5.3.
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The melting temperature of recrystallized SCA icess water with the A-type structure
was always reported to be higher than that of itg#® counterpart (Cai et al, 2010; Cai and Shi,
2010; Planchot et al, 1997; Whittam et al, 1990llig¥nson et al, 1992). With the same B-type
polymorph, crystals generated from debranched waotato starch displayed a higher peak
melting temperatureF{gure 5.10C and Table 5.4. This phenomenon could be explained by
stronger double helices formed from debranched vpatgto starch with longer unit chains than
that in debranched waxy maize starch (Cai and281i0).

Due to the concern that less thermal stability ef/Be structure may result into its high
susceptibility to the digestive enzymes, which we&sussed in the next section, the debranched
waxy potato starch was annealed to achieve a higtedting peak centered around 120 °C,
similar as that of A-type structur€igure 5.10andTable 5.4. This annealed sample retained
predominant B-type X-ray diffraction patterrFigure 5.2C), similar molecular weight
distribution EFigure 5.3C), morphology Figure 5.6) and patrticle size distributiorFigure 5.9),
thus was used as samples with the B-type struetadeimproved thermal stability to compare
the digestibility with that of A-type crystals.

In vitro digestibility of A- and B- starch crystals
The rate and extent of hydrolysis of A- and B- tygtarch crystals by a mixture of

amylase and glucoamylase is shownFigure 5.11 The A-type crystals prepared from 25%
solids displayed a lower digestibility than the ypéd crystals and the B-type crystals prepared
from 15% and 5% solids, respectivelidure 5.11A). The A-type crystalline product obtained
from debranching of 25% waxy maize starch at 5@C2# h gave 16.6% digestibility after 3 h
incubation. In contrast, the B-type crystals ol#diby debranching 5% waxy maize starch at
50°C for 24 h followed by holding at 25°C for arestl24 h, gave 38.9% digestion after 3 h
incubation. Similarly, A-type crystals crystallizedl 50 °C had a lower hydrolysis extent (28.0%
digested after 3 h hydrolysis) than B-type crysfalsned at 4 and 25 °C (41.7% and 44.5%
hydrolysis after 3 h digestion respectiveligure 5.11B. The B-type crystals formed from
debranched waxy potato starch with higher CL wess Iresistant to enzyme digestion (27.6%
hydrolyzed after 3 h digestion) than the A-typestals prepared from debranched waxy maize
starch Figure 5.11AandC). Our results suggested that the A-type crystedpgred from linear

SCA were always more resistant to the enzyme dagetitan their B-type counterparts.
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On the molecular level, A- and B-type starch crgstdiffer in the packing pattern of
double helices (monoclinic and hexagonal geomegpectively) and the number of water
molecules (8 and 36, respectively) in the crystad cell (Imberty et al, 1988; Imberty and Perez,
1988; Popov et al, 2009; Takahashi et al, 2004usTkhe A-type structure is comprised of a
denser and tighter structure than the B-type siradfigure 5.12. This feature may inhibit the
access of enzyme to the starch molecules and redede/drolysis.

The B-type crystals had a lower melting temperatuexcess water than A-type crystals
(Figure 5.10andTables 5.2-5.4. Was the high digestibility of B-type crystalsedto their low
thermal stability and imperfect crystals? To eliatenthis effect, debranched waxy maize starch
with a B-type structure (5% solids debranched atG@or 24 h and held at 25 °C for another 24
h) was annealed at 60 °C and 80 °C respectiveiyctease its thermal stability; however, the
peak melting temperature of the sample was incdeasly slightly from 87 °C to 90.6 °C after
annealing at 60 °C for 8 h. Upon annealing at 80tP€ sample displayed a peak melting
temperature of 98.0 °C, but with a significantlci@ased enthalpy of 4.1J/g. Debranched waxy
maize starch with a B-type polymorph was concluttetiave a weak crystalline structure that
was difficult to strengthen by annealing.

Thus, the crystallized B-type polymorph with a telay high melting temperature of
104.3 °C obtained from debranched waxy potato Istamas used as starting materials. After
annealing, the B-type crystals had a similar peaking temperature compared with the A-type
crystals (119.6 °C vs. 117.9 °C); however, the fBtgrystals exhibited an increase in its extent
of hydrolysis rather than a decreaddég(re 5.110Q. These results provide evidence that
annealing did not improve the enzyme resistancefB-type structure, and that its relatively
high enzyme susceptibility was largely dependenitsrpolymorphic structure rather than its
thermal stability.

Our results conflict with the observations on tigedtibility of A- and B-type crystals in
the literature. Planchot et al (1997) preparedd B-type starch crystals from lintnerized starch
and found that the A-type structure was more sugdepto the a-amylase hydrolysis.
Williamson et al (1992) reported that the B-typgstalline starch was more resistant oo
amylase -amylase and glucoamylase 1. Notably, those aufv@sared A- and B-type starch
crystals using mild acid-treated potato starch.ifTbeystalline solids contained-1,6 branch
points and a mixture of linear and branched polgm&he B-type starch crystals were prepared
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by cooling the solution of acid-treated starch alaw rate, whereas the A-type crystals were
crystallized from an ethanol-water mixture. To explthe differences, SCA generated from
debranched waxy maize starch was used as startteyial to prepare A- and B-type crystals by
the same procedures described by Planchot et ar1Surprisingly, the A-type crystals from
debranched waxy maize starch were still more enzwsistant than their corresponding B-type
crystals. The A-type structure gave only 22.9% biydis in 3h, compared with 33.4% for the
B-type structureRigure 5.11D. The different starting materials to prepare thedel crystals
may have led to the opposite digestion results.

In the case of native starches, cereal starchestiymé-type X-ray diffraction pattern)
are always found to have higher digestibility thaber starches and high amylose starches with
B-type X-ray diffraction pattern (Dreher et al 19&3allant et al, 1972; Gallant et al 1997; Jane
et al, 1997; McCleary and Monaghan 2002; Planchai,e1995; Srichuwong et al, 2005a, b),
but the A-type starch crystals were found to beevemzyme resistant than the B-type crystals in
this study. Thus, the crystalline structure seeros to be the key factor that affects the
digestibility of native starch granules. The remisie of native starches with the B-type X-ray

diffraction pattern is probably attributed to tht@er structural features of starch granules.

Conclusions

The A-type crystalline SCA could be formed at hagimcentration, high temperature and
short CL, while the B-type polymorph was producédba concentration, low temperature and
long CL. Digestion results with a mixture efamylase and glucoamylase showed that the A-
type structure was more resistant to enzyme dgyedhan its B-type counterpart. The A-type
crystalline products had a higher melting tempeetin excess water than the B-type as
determined by DSC. Annealing increased the peakimgelemperature of the B-type crystals
made from waxy potato starch, making it similarthat of the A-type crystals; however, the
annealed B-type crystals did not have improved ewzyesistance. The higher enzyme
resistance of the A-type structure was probably wués denser packing pattern of double
helices. Our observations are in striking conttasthe fact that the B-type native starches are
more enzyme resistant. It seems that the A- anty crystalline structure is not the key factor

that impacts the digestibility of native starchrgrkes. The resistance of native starch with the B-
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type X-ray diffraction pattern is probably attrinbte to the surface features and other

organizational structure of starch granules.
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Table 5.1 Yields and average particle size of crgdline short-chain amylose products

prepared by different approaches

a. Effect of solids concentratidn

Solids (%) 5 15 25
_ 0.0% 32.0+0.4° 65.8+0.8°
Yield (%) b b
59.2+1.4 77.4+0.5 89.8+0.3°
Average particle sizain) 9.0+0.4 7.4+0.3 4.7+0.1%

~ Mean = standard deviation values are reported.
& Waxy maize starch was debranched at 50°C for 24h.
P\Waxy maize starch was debranched at 50°C for Zfowfed by holding at 25°C for
another 24h.
b. Effect of crystallization temperatute®

Crystallization temperature (°C) 4 25 50
Yield (%) 90.4+1.1 88.0+0.8 72.4+0.6
Average particle sizqi(n) 8.9+0.3 10.1+0.4 13.5+0.5

A Mean + standard deviation values are reported.
® Waxy maize starch (25% solids) was debranched % &r 24h, then heated to 140°C
for 1h and crystallized at different temperatures.

c. Effect of chain lengtf ®

Average chain length Waxy maize starch Waxy potato starch
(Glucose units) 24 32
Yield (%) 65.8+0.8 72.8+1.4
Average particle sizaifn) 4.7+0.1 15.9+0.1

~ Mean = standard deviation values are reported.
B Starch (25% solids) was debranched and crystaliz&®°C for 24h.
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Table 5.2 Thermal properties of short-chain amyloseprepared at different solids
concentration of debranched waxy maize starch as tirmined by differential scanning

calorimetry #

) Peak 1 Peak 2
Solids (%)
To(°C)  Ty(°C) T(°C)  AHQJ/g)  TH(°C) To(°C) T(°C)  AH(J/9)
5 67.4+0.5 87+0.1 104+0.6 15.940.1 - - - -
15 76.6£0.1 95.9+0 110.4+0.8 12.7+0.5 115.5+0.2 127.3+0.5 140.4+0.4 3.15#0.1
25 - - - - 97.6+£0.8117.9+0.8 139.5+0.9 20.5+1.2

~ Mean + standard deviation values are reported.
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Table 5.3 Thermal properties of short-chain amyloserepared at different crystallization

temperature of debranched waxy maize starch as detmined by differential scanning

calorimetry #

Crystallization Temperature (°C)  T,(°C) To(°C) T.(°C) AH(J/g)
4 63.810.4 92.1+0.4 108.2+0.6 17.2+0.2
25 68.3+0.9 89.4+1.2 108.2+0.4 18.7+0.1
50 99+1.3 115.9+1.1 140.3+0.3 19.5+0.7

~ Mean = standard deviation values are reported.
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Table 5.4 Thermal properties of short-chain amylos prepared from debranched waxy

potato starch before and after annealing'

Debranched waxy potato starch 0 (C) T,(°C) T.(°C) AH(J/9)
Before Annealing 83.8+0.7 104.3+0.1 123.4+0.8 20.6+
After Annealing 83.510.6 119.6+0.6 143.0+0.4 16.8+0

” Mean = standard deviation values are reported.
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Figure 5.1 Production of A- and B-type crystals fron short-chain amylose by changing (A)
starch solids; (B) crystallization temperature; and(C) chain length
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Figure 5.2 Wide-angle X-ray diffraction of short-chain amylose prepared from debranched
waxy maize starch with different (A) solids concemation, (B) crystallization temperatures,
and (C) debranched waxy potato starch before and &dr annealing
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Figure 5.3 Molecular weight distribution of short-chain amylose prepared from

debranched waxy maize starch with different (A) satls concentration,

and (B)

crystallization temperatures, and (C) debranched wsy potato starch before and after

annealing
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Figure 5.4 Scanning electron microscopic images ahort-chain amylose prepared from
debranched waxy maize starch with different starchsolids concentration: A and B, 5%
solids; C and D, 15% solids; E and F, 25% solids
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Figure 5.5 Scanning electron microscopic images short-chain amylose prepared from
debranched waxy maize starch with different crystdization temperature: A and B, 4°C; C
and D, 25°C; E and F, 50°C
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Figure 5.6 Scanning electron microscopic images short-chain amylose prepared from

debarnched waxy potato starch: A and B, before anrading; C and D, after annealing
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Figure 5.7 Particle size distributions of short-chan amylose prepared from debranched
waxy maize starch at different starch solids conceration: A, 5% solids; B, 15% solids; C,
25% solids
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Figure 5.8 Particle size distributions of short-chan amylose prepared from debranched
waxy maize starch with different crystallization temperature: A, 4°C; B, 25°C; C, 50°C
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Figure 5.9 Particle size distributions of short-chan amylose prepared from debranched

waxy potato starch: A, before annealing; B, after anealing

A

3.5

25 r = L

15

Percentage (%)

0.5 r

04 0.7 11 2.0 3.5 6.2 108 189 33.0 5738

um

4.5

35 ¢ — L

25 F u M

Percentage (%)

15 -

0.5 r

0.4 0.7 11 2.0 3.5 6.2 10.8 18.9 33.0 57.8

pm

103



Figure 5.10 Thermal properties of short-chain amylse prepared from debranched waxy
maize starch with different (A) solids concentratio, and (B) crystallization temperatures,

and (C) debranched waxy potato starch before and &dr annealing
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Figure 5.11In vitro digestion profile of short-chain amylose preparedrbm debranched

waxy maize starch with different (A) solids concemation, and (B) crystallization

temperatures, (C) debranched waxy potato starch befe and after annealing, and (D) the

method by Planchot et al (1997)
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Figure 5.12 Arrangement of double helices in A- an®B-type short-chain amylose (Dot

represents double helix)
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Chapter 6 - Formation of spherulites from short-chan amylose in

relation to their digestibility

Abstract

A novel process was developed to produce sphesutiven short lineaa-glucans (short-
chain amylose, SCA) with controlled enzyme digektyb SCA was obtained by completely
debranching of waxy maize starch (25% solids) agatéd to 180 °C followed by cooling and
crystallization to form well-developed spherulit€®rmation of spherulites involved three steps:
conformational changes from coils to double helicederly arrangement of double helices into
lamella structure, and radical orientation of aggtes of lamellar stacks into spherulites.
Spherulites prepared at low temperatures (4 antC2%ad a large spherulite size (541f), a
B-type X-ray diffraction pattern, a lower meltingniperature (70-110 °C), and a higher
digestibility, whereas spherulites crystallized@t°C had small dimensions (1451), an A-type
polymorph, a higher melting temperature (100-140, €hd a lower digestibility. The lower
susceptibility of enzymatic hydrolysis was proballye to the tighter packing pattern of double

helices in A-type spherulites than that in theityBe counterparts.

Introduction
Spherulites are important structural features foumchany polymers crystallized from
the melt (Bower, 2002). Starch based spherulitas lba obtained by cooling the starch
suspension pre-heated into a solution state wittisttirbance (Nordmark and Ziegler, 2002 a,b;
Steeneken and Woortman, 2009; Ziegler et al, 20D39. overall morphology of spherulites is
dependent on starch sources, amylose content, rsthltzation conditions such as heating
temperature, concentration of starting materiatgling rate and crystallization temperature
(Singh et al, 2010; Ziegler et al, 2003). High-aos@ starches could form spherical structure
with birefringence more readily than normal and watarches (Nordmark and Ziegler, 2002 a,b;
Singh et al, 2010). Spherulites may be formed aveirde range of cooling rates (1-250°C/min)
provided that amylose solution (10 to 20%, w/w) \wes-heated to greater than 170°C (Creek et
al, 2006). Those spherulitic crystals had dimersimmd structural characteristics consistent with
the hilum and core region of native granules, twas proposed as a model for starch granule

initiation in vivo (Ziegler et al, 2005). However, in these studieeéR et al, 2006; Ziegler et al,
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2005), amylose used was essentially linear longnehand isolated from granular starch by an
aqueous leaching process, thus had a low yield.eMar, the sample was heated in a
differential scanning calorimeter (DSC) pan. A dnsalmple size was used, and not enough for
conducting digestion study.

Spherutilic crystallization from short-chain amydos(SCA) solution has been
documented as well (Helbet et al, 1993; Ring e1@87; Planchot et al, 1997; Williamson et al,
1992; Whittam et al, 1990). Helbert et al (1993)gared spherulites by mixing ethanol with hot
agueous solutions of low molecular weight amylogskowed by slow cooling to 4°C. The
precipitates had a diameter in the order ofub® and exhibited an A-type X-ray diffraction
pattern. In contrast, spherulites with B-type potyph and a dimension of 10-1&n were
produced by direct cooling 5-20% w/w aqueous SCWtsm to 2 °C (Ring et al, 1987%ince
A- and B- amylose spherulites mimic both granularphology and the crystalline types of
native starches, they were used as model systerstudy the enzymatic hydrolysis of starch
crystallites (Planchot et al, 1997; Williamson &t¥992). The materials they used to prepare
spherulites were obtained by extensive acid hydrelgf native starches, as a result, causing a
significant loss of starch during treatment andspmeably still containing branched points
(Planchot et al, 1997; Williamson et al, 1992).

Instead of using acid resistant fractions from aajdirolyzed starches, we prepared
completely short linear chains from debranched wagyze starch by using isoamylase (Cai et
al, 2010). Highly pure A- and B-type crystals wéhigh yield and aggregate morphology were
prepared from those short chains and their digéstiltvas examinedChapter 5). In this study,

a novel process was developed to produce bothyhmlre A- and B-type crystalline spherulites
from waxy maize starch at high solids concentratioan aqueous environment. The conditions
and mechanism of self-assembly of short linear ihanto spherulites in relation to their
digestibility were investigated. Our specific goalere to (1) investigate the necessary heating
temperature for SCA to form spherulites, (2) sttiuy effects of crystallization temperatures on
morphology and crystalline structure of resultingpqucts, and (3) relate the structure of
spherulites formed to their enzyme digestibility.
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Materials and methods

Materials
Waxy maize starch was obtained from National Statah (Bridgewater, NJ, USA), and
isoamylase (EC 3.2.1.68) was obtained from HayashiBiochemical Laboratories, Inc.
(Okayama, Japan). The enzyme activity was 1.41#40/g, and 1 IAU was defined as the
amount of isoamylase that increased reducing-patsiorbance of the reaction mixture by
0.008 in 30 min under the conditions of the isoasglassay (FAO JECFA Monographs, 2007).

All chemicals were reagent-grade.

Starch debranching and spherulites formation

Waxy maize starch (25g, dry basis) was mixed witttia acid buffer (0.01M, pH4.0) in
a pressure bottle (Ace Glass Incorporated, Vineldht] USA) to prepare 25% solids starch
suspension and cooked in a boiling water bath wahtinuously stirring for 30 min, then put
into 120°C oven for 30 min. After the mixture wamoted to 50°C, 1% isoamylase based on the
dry weight of starch was added. The mixture wag kep0°C with stirring for 24 h. Part of the
mixture (15 mL) was taken, sealed in a pressure (#ze Glass Incorporated, Vineland, NJ,
USA) and heated in an oven at 180°C for 20 min. flbbe was stored at 4, 25 and 50°C for 24 h,
respectively. The precipitate was filtered, washgdvater, dried at 40 °C in an oven overnight
and ground by a pestle and mortar. To determinarmimémum heating temperature required to
form spherulites, the mixture (15 mL) was sealed heated to 170 and 190°C for 20 min,
respectively, and crystallized at 4°C for 24h.

To determine the yield of spherulites, an aliqdo® (mL) of starch slurry was taken and
centrifuged (x13,226 g) for 10 min. The carbohyerabncentration in the supernatant was
determined with a portable refractometer (Fisheier@tic Inc., Pittsburgh, PA, USA). The
blank reading was determined by the same proceolnirancooked starch slurry mixed with
isoamylase. The level of precipitation of carbolagdrwas calculated by reading the difference

between the sample and the blank. Each measurevasrdone in duplicate.

Light microscopy
A drop of sample suspension was deposited on aostopy slide, and covered with a

glass. The sample was observed by an Olympus BX®dicfoscope (Olympus Optical Co. Ltd.,
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Shinjuku-ku, Tokyo, Japan). The images in both rarhght and polarized light backgrounds
were captured using SPOT 18.2 Color Mosaic camBragfostic Instruments Inc., Sterling
Heights, MI, USA).

Gel permeation chromatography (GPC)
The molecular weight distribution of spherulitessnexamined by GPC as previously

described in Chapter 2.

Scanning electron microscopy (SEM)
The morphology of spherulites was investigated BMSas previously described in
Chapter 2.

Wide-angle X-ray diffraction
The crystalline structure of spherulites was stddiy wide-angle X-ray diffraction as

previously described in Chapter 3.

DSC
The thermal properties of spherulites were analypedSC as previously described in
Chapter 2.

Synchrotron small-angle X-ray scattering
Small-angle X-ray experiments were carried out @vipusly described in Chapter 2.
Both as is and hydrated samples (ca. 50% moisivee) examined.

In vitro digestion method
Thein vitro digestion test of spherulites was determined nodified Englyst procedure
as previously described in Chapter 2. After 3 le, digestion was stopped by adding 200 mL
ethanol. The digestive residues were recoveredilbgtion and dried at an oven at 40 °C
overnight. Thein vitro digestion of above digestive residues was detexthiby the same

modified Englyst procedure as previously descrilnedhapter 2.
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Results

Molecular weight (MW) distribution and yield

Figure 6.1 shows the MW distribution of SCA spherulites ased®ined by GPC. A
bimodal distribution with low and high MW peaks, svabserved for all spherulites crystallized
at different temperatures. Spherulites obtaineéf@thad a slightly larger proportion of the low
MW fractions compared to those produced at 25 aC5The observation suggested that
shorter linear chains (DP < 10) could continue $eogiate together and precipitate out when
temperature was decreased.

The MW distribution results were also consisterthvihe yield data listed imable 6.1
The recovery of SCA spherulites increased from 56%7.6%, as crystallization temperature
decreased from 50°C to 4°C. Similar phenomenon wlaserved during debranching and
crystallization of high solids concentration waxyize starch (Cai et al, 2010). The yield of
precipitate increased to about 90%, after debraigcand crystallization of waxy maize starch at
50°C for 24 h followed by precipitation at 25° férh (Cai et al, 2010). The high yield of SCA

spherulites and their possible recovery by filomatmake them great application potentials.

Mor phol ogy

Microscopic images of SCA spherulites under bothrmad and polarized light
backgrounds are shown kigure 6.2 For materials crystallized at 4°C and 25°C, bingfence
and Maltese cross were observed under polarizéd (lggure 6.2B and D). The size of the
spherulites ranged from 5 to Lén (Figure 6.2A-D). Increasing the crystallization temperature
to 50°C resulted in less well-developed spherulitgh a reduced particle size (ca. 1 {ar, a
weak birefringence and Maltese cross pattErgure 6.2 EandF).

The spherulites were not well developed when cgoliom 170°C. Instead, small size
particles (ca. 1 ton) with week birefringence were observ&ig(ure 6.3A andB). Spherulites
were observed when cooling from 190%igure 6.3C), but the Maltese cross pattern was weak
(Figure 6.3D). Thus, the necessary heating temperature for $ogidls SCA agueous solution to
form spherulites upon cooling was above 170°C. [@mgonclusions were reported for long

chain amylose (Ziegler, 2003). They suggesteddbiatormational change from a helix to a coll
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structure of linear chains above 170°C increasedctain flexibility and induced the spherulite
formation.

Figure 6.4 shows the SEM images of SCA spherulites produaean fdifferent
crystallization temperatures. Similar morphologyl @izve were shown for spherulites formed at
4°C (Figure 6.4A andB) and 25°C Figure 6.4C andD). Spherulites crystallized at 50°C had a
smaller size (ca. 1-bm) (Figure 6.4 EandF).

Characterization of crystalline structure

The wide-angle X-ray diffraction patterns of spHiées are shown inFigure 6.5
Spherulites formed at 4 and 25°C exhibited the fgetycrystallinity, whereas the A-type
polymorph was formed at 50°C. According to Gidlé®&7), A-type structure of starch is a
thermodynamic product whereas B-type polymorph iskiaetic event. The dissolution
temperature of SCA spehrulites is largely depenaentheir polymorphs and water content
(Whittam et al, 1990). The thermal properties diesplites prepared at different crystallization
temperatures were shown kigure 6.6 An endothermic peak that centered around 90°C was
observed for spherulites obtained at 4 and 25 t@. dhdotherm of spherulites formed at 50 °C
shifted to a higher peak melting temperature of °C20indicating that differences in
crystallization temperature could lead to differemglting temperatures. Our results showed that
A-type structure prepared from 50°C was more théstable (about 30°C higher) than B-type
structure obtained from 4 and 25°€idure 6.6 and Table 6.2. These phenomena were in
agreement with the work conducted by Whittam e{1&90). They found that A-type SCA
spherulites melted at temperatures about 20°C hitjfae B-type spherulites at a water content
more than 40% (w/w).

Peak melting temperature of the B-type SCA sphisuprepared from lintnerized potato
starch was 70-80°C in the excess water conditi®isg( et al, 1987; Williamson et al, 1992;
Whittam et al, 1990), while a peak melting tempamatof about 90°C was observed for A-type
spherulites (Williamson et al, 1992; Whittam et H90). It is interesting to note that for the
same crystalline type, spherulites made in thigystuad 20-30 °C higher melting temperature
than those documented in the literature. We hymitkd that completely linear short chains
generated from debranched waxy starch could formmenstable double helices than SCA

obtained from acid hydrolysis, which contained lbfapoints. However, except the molecular
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chain distribution pattern, other factors such &mch solids concentration, crystallization
temperature and medium, might also contribute éselresults.

Unlike SCA, spherulites from long chain amylosel@sed from native starch) were only
reported to reveal the B-type X-ray diffraction teat, and showed a higher dissolution
temperature than B-type SCA spherulites (Nordmatk Aiegler, 2002a; Creek et al ,2006).
According to Nordmak and Ziegler (2002a), amyloseéfgd from high amylose maize starch
could form spherulites with an endotherm rangednfrca. 90 to 140°C and a peak melting
temperature of 125-130°C. Creek et al (2006) regotthat spherulitical materials obtained from
pre-heated maize amylose with a wide range of ngalates showed a dissolution temperature
ranged from 100 to 140 °C. The endotherm doesman@e significantly in response to a change
in cooling rate. It is possible that double helie@dong chain amylose spherulites associated
more tightly and were more resistant to disassieciatpon heating. According to Moastes et al
(1997), the dissolution temperature of amylose tatgsat a volume fraction of water of 0.8
increased from 57°C to 119°C with a chain lengtbreased from 12 to 55 residues, while
extrapolated dissolution temperature for the higheeular weight polymer was 147°C.

The small-angle X-ray scattering curves of sphegsiisamples were presented-igure
6.7. This peak was not observed when the moistureecbntas low (ca.5%) but was evident
when the samples were hydrated (ca.50%). The watetions as plasticizer to hydrate the
starch molecules via hydrogen bonds and align tiogt $inear chains into order (Donald et al,
2001) However, unlike narrow 9 nm lamella peak in nast@ch granules (Donald et al, 2001),
the peak of spherulites was broad (ranged cao0l2tnm'), which might be attributed from the
large variation of their lamella size. Nevertheleak the lamella peaks of shperulites were
centered around 0.7 Am(Figure 6.7), thus the average length of the repeating stackin
containing alternative crystalline and amorphougione is about 9 nm, similar as that in the
granular starches (Donald et al, 2001). The lammak of spherulites formed at 4°C was more
evident than those formed at 25 and 50 °C, sugggshat spherulites as well as lamella

structure were less well developed at higher chyztion temperatures.

In vitro digestion profile
Given the well-defined morphology and remarkablghly pure crystallinity, SCA
spherulites were ideal models that could be usestudy the enzymatic digestibility of native
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starches with A- and B-type structures. As showRigure 6.8A, spherulites prepared at 50 °C
showed the lowest digestibility. Only 15.4% of ggherulites were digested after 3 hours. For
spherulites formed at 4 and 25°C, the digestivecktaontent at 3 hour was 20.4% and 21.9%,
respectively. Interestingly, the digestion curvespherulites formed at 4 °C was essentially
linear as a function of digestion time. Digestiorofppes of residues showed similar kinetic
curves as the parent spherulitdag(re 6.8B), demonstrating that the spherulites had an
essentially constant digestion rate. The residuaes fspherulites formed at 50°C were more
enzyme resistant than those formed at 4 and 2%\ °dight increase of digestion was observed
for all the spherulite residues in comparison witieir parent counterparts, which may be
attributed from the altered morphology and struenfrresidues after the enzyme digestion test.
To further understand the digestion mechanism, xam@ed the digestive residues of
spherulites by the light microscope agalfigire 6.9). Individual spehrulites with clear
Maltesscross along with small pieces of fragmentyewobserved, suggesting that some
spherulites were week and more susceptible to emzgttack, whereas some stronger
spherulites were more resistant to the enzyme tlogesSEM showed rough surface structure
for all the spherulite digestive residuésgure 6.10, indicating that surface erosion rather than
the endo-corrosion was occurred during starch taeslt is known that the enzymatic
degradation of native starch is not homogeneous &hzymes generate holes through
penetrating the weak points on the granule surdackhydrolyze the less resistant regions. In
contrast, no holes or pores were observed forgherslites.

Our results indicated that spherulites with A-tygkeucture were more resistant to
enzymatic hydrolysis than B-type spherulites. Thisservation was opposite to the works
conducted by Williamson et al (1992) and Planchal€1997). They prepared A- and B-type
spherulite crystals from lintnerized potato staastd found that B-type spherulites were more
resistant tax-amylase digestion than A-type spherulites. Howeies worth noting that the A-
and B-spherulites prepared by Williamson et al 2098nd Planchot et al (1997) contained
branched points. As pointed out by those authbesptesence ai-1,6- linkages and the ratio of
linear and branched chains may affect the amylslgasceptibility. In the present work, the A-
and B- crystals were confirmed to be linear and badilar molecular weight distribution
(Figure 6.1).
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Regardless of spherulite size and thermal stapilBytype spherulites was more
susceptible to enzymatic hydrolysis than A-typeypawrph Eigure 6.8), suggesting that the
enzyme resistance of B-type native starch was pitglghue to its starch granular structure rather
than the crystalline types. It is known that thekmag pattern of double helices in A-type
structure is more condensed than in its B-type tmpart (Imberty et al, 1988; Imberty and
Perez, 1988; Takahashi et al, 2004; Popov et &9)20This tighter packing might inhibit the
access of enzymes to double helices and leadawexr [digestibility of A-type spherulites in this

study.

Discussion

Amylose is known to be the effective starch compmon@ducing the formation of
spherulites (Nordmak and Ziegler, 2002a, b; Sighl,e2010; Ziegler et al, 2005). In this study,
short linear chains obtained from debranched waaigzenstarch were used to prepare spherulites
for the first time. Schematic drawing of transititom starch granules to SCA spherulites is
presented afFigure 6.11 By modeling the small angle X-ray scattering datative starch
internal granules are proposed to contain threferdifit types of regions: amorphous growth
rings, amorphous and crystalline lamella in a répgastack (Donald et al, 2001). After being
cooked at a high temperature, the starch granudes disrupted and the crystalline structure was
destroyed, allowing branched points to be cleavedsbamylase, and producing completely
linear chains.

Cloudy SCA slurry (25% solids concentration) waseslved after debranched starch
molecules were crystallized at 50°C, but the mixtwas converted into a clear solution after it
was heated to 140°C. When the solution was coolad this temperature (or the temperature
range of 140-170°C), aggregates of particles witkegular shapes were observed. Those
materials showed week birefringence and a sharpe-angjle X-ray diffraction pattern,
confirming the formation of double helices and tails;he structure; however, Maltese cross was
not observed under polarized light and no peakdeascted using small-angle X-ray scattering,
indicating that the double helices were not arrdngeo order to form the lamella structure.
Interestingly, when the solution was cooled fromd°I8, lamella structure was formed as a broad
peak was observed at small-angle X-ray scatterimyes of hydrated spherulites samples
(Figure 6.7).
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According to Zieger et al (2005), the overall maslgigy of spherulitic crystals depended
on the relative rates of phase separation and mlhassociation. It is possible that molecular
interaction/crystallization occurred predominanihythis range of temperature and acted as a
barrier to inhibit the formation of spherulite stture. Only when the phase separation was
induced well before the nuclei initiate crystaltiba could the spherulites be formed (Creek et al,
2006). At the temperature of 180°C, amylose shiftedh helix to coil state and separated into
polymer-poor and polymer-rich phases. Upon coolamjble helices were formed in polymer-
rich phase, aligned into order and precipitatedasuspherulites. Thus, the spherulites formation
involved (1) conformational transition from coils tlouble helices, (2) orderly arrangement of
double helices into lamella structure, and (3) caldorientation of aggregates of lamellar stacks

into spherulites.

conclusions
A novel process was developed to convert waxy maizech to spherulites with
controlled enzyme digestibility. Regardless of sphte size and thermal stability, the A-type
spherulites were more resistant to enzymatic hydiethan the B-type spherulites. Our findings
are opposite to the fact that native starches wiBrtype structure are more enzyme resistant
than those with an A-type structure, suggesting tha crystalline type is not the key factor

determining the digestibility of native starches.
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Table 6.1 Yield of short-chain amylose spheruliteproduced by heating debranched waxy

maize starch (25% w/w) to 180°C and crystallized adifferent temperatures”

Crystallization Temperature (°C) 4 25 50

Yield (%) 87.6 +2.1 72+1.4 50+1.6

~ Mean + standard deviation values are reported.
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Table 6.2 Thermal properties of short-chain amylosespherulites produced by heating
debranched waxy maize starch (25% w/w) to 180°C andrystallized at different

temperatures as determined by differential scanningalorimetry *

Crystallization Temperature (°C) T,(°C) T,(°C) T (°C) AH(J/9)

4 64.8+1.2 91.4+2.3 108.5+0.7 20.9+0.1
25 73.5£0.32 91.8+1.9 109.1+0.9 21.0+0.4
50 99.9+1.1 117.5#1.9 139.1+0.5 20.5%0.5

" Waxy maize starch (25% solids) was debranched aatkt to 180 °C and cooled to

different crystallization temperatures.
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Figure 6.1 Molecular weight distribution of short-chain amylose spherulites produced by
heating debranched waxy maize starch (25% w/w) to8D°C and crystallized at different

temperatures
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Figure 6.2 Microscopic images of short-chain amyl@s spherulites produced by heating
debranched waxy maize starch (25% w/w) to 180°C andcrystallized at different
temperatures: A and B, 4°C; C and D, 25°C; E and F50°C. All scale bars represent 1dm
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Figure 6.3 Microscopic images of short-chain amylas produced by cooling debranched
waxy maize starch (25% w/w) from A and B, 170°C; Gand D, 190°C, and crystallized at

4°C. All scale bars represent 1gum
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Figure 6.4 Scanning electron microscopic images afhort-chain amylose spherulites
produced by heating debranched waxy maize starch 52 w/w) to 180°C and crystallized
at different temperatures: A and B, 4°C; C and D, 3°C; E and F, 50°C
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Figure 6.5 Wide-angle X-ray diffraction of short-chain amylose spherulites produced by
heating debranched waxy maize starch (25% w/w) to8D°C and crystallized at different

temperatures
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Figure 6.6 Thermal properties of short-chain amylse spherulites produced by heating
debranched waxy maize starch (25% w/w) to 180°C andcrystallized at different

temperatures as determined by differential scanningalorimetry
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Figure 6.7 Synchrotron small-angle X-ray scatteringof short-chain amylose spherulites

produced by heating debranched waxy maize starch $26 w/w) to 180 °C and crystallized
at different temperatures: (A) 4 °C, as it; (B) 4 €, hydrated; (C) 25 °C, as it; (D) 25 °C,
hydrated; (E) 50 °C, as it; and (F) 50 °C, hydrated
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Figure 6.8 In vitro digestion profile of (A) short-chain amylose spheilites produced by
heating debranched waxy maize starch (25% w/w) to8D °C and crystallized at different
temperatures; and (B) their digestive residues
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Figure 6.9 Microscopic images of digestive residagrom short-chain amylose spherulites
produced by heating debranched waxy maize starch $26 w/w) to 180 °C and crystallized
at different temperatures: A and B, 4 °C; C and D,25 °C; E and F, 50 °C. All scale bars

represent 10pm.
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Figure 6.10 Scanning electron microscopic images digestive residues from short-chain
amylose spherulites produced by heating debranchedaxy maize starch (25% w/w) to 180
°C and crystallized at different temperatures: A am B, 4 °C; C and D, 25 °C; E and F, 50
°C.
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Figure 6.11 Schematic drawing of transition from sarch granule to short-chain amylose

spherulites.
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Chapter 7 - Conclusions and Perspectives

Starch is the most important source of food endrpwever, the information about the
metabolic quality of starchy foods is scarce. Thisrggrowing interest in understanding the
relationships between digestion of starch andnifgaict on human health. The essential tasks of
this project are to understand starch moleculahi@cture during crystallization, structural
formation of different types of crystals (A- andt@es), and to provide new insights into how
these crystalline starches are digested by enzyheesuccessful completion of this project leads
to a thorough understanding of how starch molecagsemble to form a specific structure and
why starches with different crystalline structuravé different digestibility. The enhanced
understanding will have broad implications, andtar help to control digestion in starchy foods,
and to develop new ingredients and foods to imptawean health.

The integrated project included study of debrangtand crystallization of high solids
waxy maize starch, structure and digestibility fstalline short-chain amylose (SCA) generated
from three different waxy starches, investigatidnmelting and crystallization of SCA in real
time, comparison on digestibility of A- and B-typ&arch crystals, and formation of spherulites
from SCA in relation to enzyme digestibility.

At high solids (25%) condition, crystalline prec¢gies rather than gel materials could be
obtained from debranched waxy maize starch sluyrycdntinuous stirring. SCA crystallized
upon release from amylopectin during debranchirg Vield of the crystallized product was ca.
90% after the starch was completely debranched®d and further precipitated at 25°C. The
filtered materials were characterized with an Aedyprystalline structure, high melting
temperature (90°C to 140°C), and high resistamtisteontent (71.4%).

Compared to debranched waxy wheat and waxy magzehsts, debranched waxy potato
starch had a higher average chain length of 324ulting in a higher yield (72.6%) of
crystallized product with stronger crystalline sture, higher peak melting temperature
(116.2°C), and higher resistant starch content8¢&y. It is suggested that the double helices
formed from the longer chains in waxy potato staacé stronger, more resistant to enzyme
hydrolysis, and have better thermal stability. Bfiere, waxy potato starch is the preferred starch

to make a product with high resistant starch cdritgrdebranching and crystallization.
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Amorphous SCA from debranched waxy starches couldediately crystallize into B-
type polymorph when hydrated with ca.50% moistuwetent at 25°C. SCA from debranched
waxy potato starch with higher average chain lergitbwed relatively low crystallinity and
higher melting temperature. It could not be cormgdletnelted at 100°C and remained a B-type
polymorph during rapid cooling. In contrast, SCArfr debranched waxy wheat and waxy maize
starches contained large portion of low moleculagight fractions, resulted in higher
crystallinity and lower melting temperature. Whealt®d, it could predominantly reform into an
A-type polymorph under rapid cooling.

Spherulites were prepared by heating high soligdeeotration (25%) debranched waxy
maize starch to 180 °C and cooling at differentgerature levels ( 4, 25 and 50°C, respectively).
The spherulites prepared at low temperature (4281€) had large spherulite size (1041%),
B-type X-ray diffraction pattern, and lower dissidim temperature (ca. 70-110°C), whereas the
spherulites crystallized at 50°C showed small plrtilimension (5-1@um), A-type polymorph,
and higher dissolution temperature (100-140°C). drdlgss of spherulite size and thermal
stability, the A-type spherulites were more resistéo enzymatic hydrolysis than B-type
spherulites.

In conclusion, A-type crystals could be formed mhhconcentration, high temperature
and short chain length, whereas B-type polymorpls weoduced at low concentration, low
temperature and long chain length. Digestion resfdbmbineda-amylase and glucoamylase)
showed that A-type structure was more resistaghityme digestion than its B-type counterpart.
A-type structure had higher thermal stability tHawtype polymorph. Annealing increased the
melting peak of the B-type crystals, making it $amito that of the A-type crystals, but did not
improve the enzyme resistance. The possible reésorthese results was due to a more
condensed double helices packing pattern of A-tygstallites. Our observations were opposite
to the fact that B-type native starches are moeyrae resistant. It is suggested that crystalline
types are not the key factor that impact the dig#isy of native starch granules. The
susceptibility of native starches to enzymes maiddpends on the organization of starch
granules.

Our work on relating starch structure and digetybivas based onn vitro enzyme
methods. Further research is needed to determéndigiestibility by usingn vivo methods and
estimate health impacts of starches with diffegnicture on human. We are also looking for
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the opportunities to conduct further work with isthy partners to seek to commercialize the
products developed from this work. The productsladdne recovered by filteration with a high
yield, and may have potentials to be used as gidilaer to increase the nutrient claims in the

food products, and as bulking agents and contltelse agents in pharmaceutical applications.

134



