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Calorimetry of glycerol monostearate-amylose complexes reveaLs the

presence of at least tlJo thermally distinct rnetastable forms, which

irnplies a definite connection between thermal properties and

supermolecular organiza1ion of these ma¡erials. 0n the basis of X-ray-

diffraction, calorimetric, and structural-analysis data, it is postulated

that form I (Tm 99.40C), obtained aÈ lower crystallization temperatures'

has a uniformly distributed partial order where no separaEe crystallites

can be identified. Such structure would have an internal energy and

entropy betv¡een those of an amorphous melt and a strucEure of díscrete

crystallites, such as form II (Tm 116.70C) . Conversion of form I to form

IT is carried out by isothermal annealing at temperatures above its

meltingpoint. The conformational responses of the complex (form I and II)

in various stabilizing (NarSOn, sucrose, CsCl) and destabilizing (urea,

guanidine hydrochloride) environments further suggest that interconversion

betl¡een the various forms can be explained by eonsidering that structural

order aË two levels are affected: association-dissociation of aggregaxed

helices and helix-coil transitions; at high concentrations, CsCl caused

disruption of crystallites without altering the conformation of individual

helices. The transition enthalpy of the complex shows very little change

with increases in the long-range order of the supermolecular sÈructure (X-

ray diffraction data) and is interpreted to reflect mainly contributions

from conformational disordering of helices.

ABSTRACT
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Therrnally induced order-disorder transitions of the two distinct

structural forms of glycerol monostearate-âmylose complex (form I and form

II) have been investigated by differential scanning calorimetry in various

solvent environments. For neutral salts, Èhe effectiveness of anions and

cations in stabilizing or destabíLi.zing Ëhe ordered chain domains of the

complex followed, in general, the classical Hofrneister series. Thus, with

Na* as the sole counterion, the Tm of the transition (at <0.11't) increased

in the order of SCN-( I'< NO3'< I'< C1'< CH3COO< SO42-. WiEh Cl- as common anion,

the ranking of cations was NHn*< K'< Na*< Lí*< Caz*< 1482+ . Interestingly,

ranking of certain ions (e.g. CH3COO') differed between the two forms of

the complex, particularly at high electrolyce concentrations. This implies

that some soluces can act differently at various levels of supermolecular

structure. Glucose and malEooligosaccharides were effective stabilizers

and resulted in non-equilibríum phase transition behaviour for the

meEastable superstructures of the complex (melting with xeorganization

during heating). These effects were proporÈional to the molecular weight

and concentration of the smal1 carbohydrate solute '

Helical inclusion complexes of amylose with glycerol monostearate,

varying in their supermolecular structure (as assessed by X-ray,

differential scanning calorimetry (DSC), and cross poLatízation/ magíc

angle spinning 13C NI"ß.¡, were subjected to a-amylolysis in the solid state

using the B . subtí7is and porcine pancreatic c-amylases. The rate and the

extent of hydrolysis of complexes were inversely related to the degree of

organization of helices into larger domains of ordered chains in the

aggregated sËructure; complexes with greater crystallinity \'¡ere more

resistant to enz¡rmic degradatíon. However' even crystalline forms of



xll

complexes can be fully degraded under prolonged digestion tirne and high

enz)rme 1eve1s. Gel permeation chromatography of the enz)rme-resistant

fractions also revealed disÈributions of longer chains for the more

perfected complex superstructures. The DSC and chromatography data on

enzl¡me resistanÈ fracÈions indicated that the B. subtiTís c-amylase exerts

a more uniform hydrolytic acËion on the complexes, compared to wheat

starch granules. Although enzymie breakdown of amorphous amylose chains

(complexed and non-complexed chain segments) in the complex structure did

not substantially alter Èhe erystallinity of enzyme-resistant fractions,

it reduced their thermal stability (lower transition enthalpy and

dissociation temperaËure) .



This thesis is written in manuscript sty1e. The first manuscript has

been accepted by Carbohydrate PoTymets. The second and third manuscripts

have been subnitted to Carbohydrate Research and Journal of CereaT

Science, respectivelY
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It is well known that lipids or surfactants act as texture modifiers

when added to starch-containing foods. For example, emulsifiers and lipids

are incorporated in cooked and baked produets because of their ability to

elevate the gelatinization temperature, naintain structural integricy of

cereal kernels and retard firming and retrogradation of starch. Although

the mechanism by which these effects axe brought about is not fully

understood, the formation of helical inclusion complexes of amylose with

lipids ís generally regarded as the maín reason for such effects. In the

presence of lipids, conformational ordering of amylose (coiI->helix)

is induced, which leads to nucleation and otganizaEion of helices into

parCially crystalline chain aggregates, known as V-complexes.

Understanding of Che structural features of V-amylose has advanced mainly

from X-ray diffraction studies (Mikus et a7. 1946; Rundle and Edwards

Lg43). However, despite the well known unit cell dimensions and the number

of residues per helical turn of Ëhese complexes a complete description of

the supermolecular structure of V-complexes is a difficult task, since

helices can exist in various states of aggregation depending on the

INTRODUCTION

thermomechanical history of the product'

Although much work has been carried out on the amylose-lipid

interactions, very little attention has been paid to consideration of

superrnolecular organízation of the complex. In fact, in a number of
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calorimetric studies (Stute and Konieczny-Janda 1983; Biliaderis et a7.

1985; Eliasson 1988; Raphaelides and Karakalas 1988), mulËiple melting

transitions have been reported, thus implying a definite connection

between thermal properties and supermolecular organization. However, no

attempt has been made to provide a possible norphological model for the

description of the solid state structure that can account for such thermal

responses. The main reason for the lack of progress in this area has been

the difficulty in characterizing and quantifying such morphological

features as size and shape of the crystallites, relative extent of folding

adj acent to the ordered regions, as well as the nature of the amorphous

material.

In recent studies on Ehe effects of crystallization temperature on

the sEructure of glycerol monostearate-amylose complexes in solution or

upon extrusion of cereal flours (Biliaderis and Galloway 1989; GaIloway

et a7 . 1989) , t\./o thermally distinct forms (Form I and II ) T¿/ere

identified. A working structural model for these metastable forms was also

proposed. Form I (loli Tm) \úas assumed to be obcained under conditions

favouring rapid nucleation and was morphologically described as aggxegaxed

helices having little crystallographic register with one another. Tn

contrast, form II (high Tm) appeared to have the classical sÈructure of

parcially crystalline pol¡rners with well defined crystallites. Thus, it

is important to know more abouE the supermolecular structure and the

factors affecting the stabilicy, interconversion and digestibilicy of

these forms, since the supermolecular structure is the functional state

of V-arnylose complexes in starch based food producEs.

In this regard, the objectives of this study lrere:



i) To obtain additional evidence to the hypothesis that form I and

II of Ëhe glycerol monostearate-amylose complexes are two distinct states;

ii) To examine the stability of these forms in various solvent

environments;

iii) To investigate the effects of supermolecular organízation of

the complex on its resistance tor,rard enz)rme (e-amylase) hydrolysis and

obtain further insights on the morphology of the solid state.



Starch, one of naLure's energy reserves, is a widely distributed

carbohydrate material, synthesized and stored in various plant tissues and

in a variety of granular forms. The molecular structure of starch has been

extensively studied (Greenwood I979; Hood L982: Daniel 1984; ZobeL 1988)

and has been ídentified as an c-D glucan that has tÌ/o structurally

distinct components; linear amylose and branched amylopectin. A third

íntermediate fraction that seems to be a less branched amylopectín or a

slightly branched amylose has also been identified for some starches

(Banks et a7. L971-). In all starch molecules, glucose is the basic

building block and the chair (tC,) form of a-D glucose is the only

conformer of the polyrnerie chains (llhistler and Daniel 1984).

REVIEI{ OF LTTERATI]RE

üolecular Structure of Starch

Most starches, including tuber and cereal starches, contain 15-25t

amylose. However, certain varieties of waxy cereal starches are virtually

free of amylose, while some genetieally selected varieties of cereals and

legurnes have increased amylose concents in the range of 50-70t. In

addition to these anhydroglucose polymers, starch granules also contain

smal1 amounts of non-carbohydrate components, particularly lipids,

proteins, phosphorus, pencosan and ash that can effecc the functional

behaviour of starch in various applicatíons (Lowy et a7. 1981).



Strrlcture and Propertíes of Amylose

The linear fraction of starch, amylose, is usually identified by its

affinity for iodine complexation in aqueous solutions. This fraction binds

iodine approximately 20t of its own weight (Banks and Greenwood 1975).

Amylose is polydispersed with weight avera9e molecular weight usually

ranging from 100,000 to 1,000,000 g/mol, depending on rhe botanical source

of the starch and method of extraction. The anhydroglucose units in

amylose are linked by a-(1-4) bonds, as shown in figure 1. Amylose can be

found in several helical structural polymorphs which include double

helices, collapsed helices and extended helices depending on the

envirorunent present. For the double helical form, two polymorphíc

structures have been suggested, A and B (Sarko andWu L978). Inboth cases

six glucose residues complete one turn taking 27It along the axis (Sarko

and Wu 1978). Both chains of the double helices are right handed although

some recent electron diffraction studies support a left handed helical

conformation (Hinrichs et aI L981).

As shown in figure 2, the helices in the B starch form columns that

cluster about an open space that is filled T.¡ith 36 molecules of water. In

contrasc, the proposed A structure (figure 2) is more compact with a

double helix filling the central cavity. Thus, an B to A transition could

occur by a simple shifting of a helix into the channel occupied by vrater

( Sarko and i,/u L97 8) . However , water is not required to maintain the

packing arrangement of molecular chains of the B structure (Kainuma and

French L972). The X-ray diffractíon patterns from different starches are

presented in figure 3. The starch elassification shown here is one of the



Figure 1 Chemical structure of amYlose.
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Figure 2 Comparison
(Sarko and i.tu L978).

of unic cells and helix packing of A and B amylose
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Figure 3 X-ray diffraction tracings from different starches (Zobel
1988b).
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few ways that starch types can be successfully grouped according to a

physical property. Generally, cereal starches give A patterns, tubers

yield B patterns and certain root and seed starches give C patterns which

are thought as mixture of A and B.

fn the double helix, each repeat unit in one strand has a partner

unic on the other. However of the many juxtaroposed glucose, only the

central units are close enough so that intermolecular hydrogen bonds

between O-2-O-3 can exist. Between the 0-6 hydroxyls there is only

limited dírect short intermolecular , O-6 
-O-6 

hydrogen bonding of 2.864.

The hydrogen bonding between O- 2 
-O- 

3 on one side of the helix and

between O-6 hydroxyl on the other conËributes significantly, if not

primarily, to the stabilization of the helices (Hinrichs et al-. 1987).

Structure and Properties of Arnylopectin

Amylopectin, the branched starch component, has a-(I-4), and e-(l-

6) Iinkages (figure 4). The molecular rueight is in the order of 107-108,

and ís one of the largest molecules in nature (Hood L982). Because of its

dorninance in the starch granule (ie 54-100t), the structure and properties

of amylopectin have been widely studied (Robin et a7. L975). The most

popular model given for its sËructure is Ehe "cluster" modeI, which

contains three different types of linear chains, designated as A, B and

C chains. The A to B ratios can range from 4:1 to 9:1, depending on the

amylopectin souree. The A and B chains are of different lengths and their

degree of polymerization (DP) can vary. In general, the linear A and B

chains in most arnylopectins have average DP values of 15 and 45,



Figure 4 Chenical strucEure of anylopectin.
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respectively; fígure 5 illustrates the A, B and C designatíons that have

been given to chain segments and the clustering of the outer molecular

chains (French L984; Robin et a7. 1974; Hood and Mercier L978; ZobeL

1988). The A chains are joined to the remainder of the molecule with a

single l*6 bond, B chains are also joined though a L-6 bond but may carry

one or more A and/or B chains on the primary hydroxyl groups. The single

C-chain carries the sole reducing group. The linear portions of the short

and long chains form double helices with one another and/or with the

amylose molecules, and are responsible for the crystalline regions within

the starch granule, Unlike amylose, amylopectin does not give the

characteristic starch-iodine (amylose-iodine) blue colour, instead a

purple and sometimes reddish-brown colour is obtaíned depending on its

source.

Starch Granular Structure

In nature, the amylose and arnylopectin polymers are organized into

starch granules. Although understanding of the molecular structLlre of

starch is significantly advanced, the knowledge of how these molecules are

arrangedwithin the granule is still unclear. In its granular form, starch

is semicrystalline, s¡ater insoluble and dense. Starch granules vary in

size (from 2-100¡rm) and shape (round, oval or irregular) depending on the

plant source. In spite of these varietal differences in the granule size

and shape, all starches appear to have similar fine, submicroscopic

struccures (Lineback 1984) .



Figure 5 Proposed cluster
amylopectin: 1: crystalline
grouP; È c(-(1-6) branching
L975).

nodel for the molecular sEructure of
area; 2: anorphous area; á- reducing end
poinÈsi -: c<-(1-4) glucan (Robin eE a7.
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The scudy of starch granule structuTe has advanced via a variety of

techniques. Optical (lighc) microscopy and scanning electron microscopy

have províded informacion on some structural features of the granule such

as surface morphology and granular architecture, while the fine structural

details were revealed by X-ray diffraction, enzymic methods and electron

diffraction studies. According to these studies, the starch molecules are

radially oriented \,¡ithin the granule (figure 6) (Hood L982).

Out of the non-carbohydrate components present in the granule,

lipids constitute the main minor component. These lipids have been divided

into two types; one which can be easily extracted using fat solvents (ie,

petroleum ether) is defined as extraneous lipids and the other which

cannot be easily extracted, making the internal granular lipids (Morrison

L979, 1981).

The granular lipids and/or added lipids or surfactants give rise to

starch lipid interactions which play an imporÈant role in changing the

texture and mechanical properties of starch based food systems. Some of

the properties to which amylose-1ipid complexes contribute are: (1)

elevate the gelatinization temperature of granular starches; (2) maintain

strucËural integrity of cereal kernel (i.e. parboiled rice); (3) decrease

stickiness and solubílity; (4) reduce retrogradation rate (staling) in

baked products; (5) iurprove freeze-thaw stability; and (6) fix and procect

volatiles losses.

Starch-Llpid Interactíons



Figure 6 . Schematic
molecules within a

representation
growth ring of

of che arrangement of amylopectin
a granule (French 1982).
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Functionality aspects of anylose-llpld lnteractions

Consíderable interest has been forcussed on the effects of lipid

addition to starch systems due to the irnportant functionalities it imparts

on food products. Gray and Schoch (1962) observed that the addition of a

series of saturated fatËy acids and monoglycerides on corn and potato

starch causes reduction in granular swelling and starch solubilízation

when heated up to 950C. Furthermore, Ehe solubility and swelling power of

isolated, nondefatted (NDFS), defatted (DFS) and re-embraced (RES) rice

starches with fatty acids (i.e. 0.5 and 1.08 palmicic acid) indicated that

che DFS released a high percentage of soluble material compared to RES

and non-defatted starch. According to iodine staining of the soluble

material, more than 70t r¿as amylose (Ohashi et a7. 1980; Kim and Hill

198s) .

Mercier (1980) andMerciex et a7. (1979; 1980) found that twin screw

extrusion cooking of corn, potato and manioc starches in the presence of

native and added lipids caused the formation of amylose-1ipid complexes

which decreased the susceptÍbílity of starches to a-amylase digestion.

One of their studies dealt with the effects of adding various lipids to

manioc starch. These lipids included saturaËed and unsaturated fatty acids

(C,, to C,r.r) and two surfactant molecules (glycerol monosterate (GMS) and

stearoyl lactylate (SSL)). All lipid additions caused formacion of V-

amylose complexes, with the exception of triglycerides. These complexes

decreased the water soluble sEarch relative to extruded starch without

lipid addition. The water solubility also decreased with an increase in

the facty acid chain length.They further studied the freeze-tharv

Lr
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stabí1ity of the v¡ater-so1uble carbohydrates from the extruded products.

At -200C after five freeze-thaw cycles, the amotmt of retrograded material

decreased with the addition of fatty acids. This change was also related

to the chain length of the facty acid. Thus, it was concluded by these

researchers that adding fatty acids or rnonoglycerides during extrusion can

produce a modified starch having technological properties such as low

solubility, reduced stickiness and increased freeze-thaw stability. These

starches were found competitive for consumer acceptance with ehemically

modified starch. The pasting temperature and vicosity profiles of corn and

wheat starch pastes indicated that the addition of fatty acids and

surfactants eliminated the pasEing peak, reduced set back viscosiLy and

decreased pasting temperature (Takahasi and Seib 1988; Medcalf et a7.

1968) .

Potato starch gel-axinization during precooking or steam cooking is

usually accompanied by leaching of straight-chain 1ow molecular weíght

amylose. This gives the mashed potato a gluey or sticky texture. Several

processing steps are applied to reduce this effect and one of this is the

additíon of monoglyeerides. Hoover and Hadzíyev (1981) studied the

influence of rnonoglyeerides on the extenE of amylose leaehing and on

heated granular starch integriËy using scanning electron microscopy (SEM).

They observed that at temperatures above starch gelatinization

temperature, the granules are surrounded by a conËinuous filamentous

network of arnylose molecules leached out of the granule. Tn the presence

of 0.258 monopalmitin, the monoglyceride prevented amylose leaching from

heated starch granule, thus preserving the granular integrity above the

gelatinization temperature. Thus, it was suggested that at levels of 0.258
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of added monoglycerides, the monoglycerides diffused into the granule and

insolubilized the amylose T,/ithin the granule.

Starch gels, prepared by cooling concentrated aqueous dispersions

of gelatinízed starches, undergo changes in their rheological properties

(firrnness), crystallinity and water holding capacity. These processes,

collectively described by the term recrogradation have maj or influence on

the texture and acceptability of starch containing foods. For example

staling of bread and other baked goods have been attributed to this

phenomenon (Schoch and French 7947). Although the actual mechanism,

particularly at a molecular 1evel, is not clear the addition of lipids

considerably reduces the rate of retrogradation in both model and actual

composíte starch systems (Eliasson 1983; Russell 1983; Evans L986;

Eliasson et a7 1988).

SËructure of Amylose-V Cornplexes

Application of therural analysis to studies of starch-lipid

interactions has advanced the knowledge of structure and Ehermal behaviour

of amylose-lipid complexes in the past decade (Gough et a7. 1985;

Biliaderis et a7. 1986; Kugimiya et a7 1980; Paton L987; Biliaderis et a7.

1985; Morrison 1985; Eliasson and Krog 1985; Stute and Koneiczny-Janda

1983). The presence of amylose-lipid complexes in starch syscems is

revealed by endothermíc transitions at temperatures v¡el1 above che melting

endotherms of starch crystallites (95-1300C). Complexation is

thermoreversible, as evidenced by an exotherm on the DSC cooling curves
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(Biliaderis et a7. L985; Eliasson and Krog 1985). This transition displays

marked thermal hysteresis (ÀT 15-250C; cooling rate 3-10 oC7min¡, as

anticipated for nucleation, controlled aggregation processes. The need for

molecular nucleation followed by interchain association, resulEs in a

temperature region below the melting temperaEure where crystallization is

very slow. Furthermore, the therrnal stability of the complexes íncreases

with increasing chain length of saturated aliphatic chains (Morrison 1985:

Raphaelídes and Karkalas 1988), while it decreases with increasing chain

length of cis- unsaturated chains (Raphaelides and Karkalas 1988). In

contrast, complexes of trans- unsaturated fatty acids or monoglycerides

exhÍbit similar transition temperatures to their saturated counterparts

(Eliasson and Krog 1985).

As early as L944, Mikus and co-workers determined the location of

the complexing agent, and the strucLure of the complex using X-ray

diffracÈíon techniques. They established that the ligand molecules are

located inside the helical coil of the arnylose chains and not within the

interstices between the helices. In the helix, the glucose residues are

oriented such that the hydroxyl groups are direcEed outwards from the

helix (Rundle et a7. L944). As a result, the interior of the helix becomes

hydrophobic, due to the -CH groups of anhydroglucose residues.

Complexation ligands include both polar (such as alcohols and fatty acids)

and nonpolar molecules (such as iodíne) being held within the helical

cavity (Carlson et a7 1979).

Depending on the síze of the complexing ligand the helices can have

six (Vs), seven (Vr) and eight (Va) glucose monomers per turn (Yamashita

L965; French et a7.1963). This corresponds to unit cell motifs with
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external helical diameters of approxinately 13.5, 15.0 and 16.5Ä, and with

internal helical cavity diameters of 4.5, 6.0 and 7.5Ä for Vu, V, and V6

amylose complexes respectively. All of these unit cells showed a common

fibre repeating distance of 8A (figure 7). The X-ray diffraction

crystallography of these complexes gives (Winter and Sarko L974; Murphy

and French L975) rise to the so called V pattern of amylose, wÍth

reflection peaks ax 7 .36, 13.1 and 20.L 200 .

Several oì ttr. studies on crystal- structure of V-amylose eomplexes

also suggested that these complexes form 1ame1lar crystals, having many

features in common with lamellar structures of linear synthetic polymers

(Manley 1964; Zobe| et a7. 1967 ; Yamashita et a7. 1-973). Lamellar

strucËures were described for the complex, since the thickness of the

crystal platelets \{ere considerably less than the length of the extended

amylose helix (Rundle and Edwards 1943). This type of lamelIar habit was

typical for linear macromolecules crystallized by chain folding ax a

relatively slow rate. In most 1amellae the chain-folded macromolecules

vrere assumed to lie parallel co the growth faces of the crystals

(l.iunderlich 1973). Furthermore, since the macromolecular chain axes are

always at right angles to the lamellar surface, Èhe lamellae thickness is

closely related to the chain folded length.

The basic structural units (helix) of the amylose complexes are

presr:med to be stabílized by a composite of several interactions; i.e.

hydrophobic forces between amylose and guest molecules; interchain

hydrogen bonding between glucose O-2' 
-O-3' 

molecules and interturn

hydrogen bonding between 0-2-0-6 and 0-3-0-6 molecules (Hinrich eË

a7. 1988). Furthernore, water molecules surrounding the sLTuccure



Figure 7 Representation of the amylose-lipid complex in which a Ctt

saturated fatty acid chain occupies the core of a helix containing six
anhydroglucose units (solid circles) per turn (Takeo and Kuge 1969).
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contribute considerably to the stability of the structure. Consequently,

changes in the solvent quality can have substantial effect on the

conformational stability of the complex.

In addiEion to X-ray diffraction data, the elecÈron diffraction data

(Yamashita f965) as well as structural sÈudies involving o-amylase

digestion and gel permeation chromatography on resistant amylodextrin

fragments (Jane and Robyt 1984) have suggested a lamella like organization

for V-amylose. However, very 1itt1e is known about the temperature

dependence of crystal size and morphology of the complex. Biliaderis and

Galloliay (1989), and Galloway et a7. (1989), have recently studied the

role of temperature on crystallizatLon of glycerol monostearate-amylose

complex in solution or upon extrusion of cereal flour. Furthermore, they

provided some insight into the organization and property/ structure

relationships of these polycrystalline materials using DSC, X-ray

diffraction and ge1 permeation chromatography. The DSC results (figure 8)

showed tl^ro distinct transitions over a range of crystallizatLon

temperatures. The enthalpy of the second endotherm increased with the

increase in erystallization temperature. I^iater contenL also appeared to

influence the DSC therrnal profiles of the complexes. Ac high moisture

situations, a single transition q¡as observed, which implied that zero

entropy production melting conditions (i.e. melting without changing the

metastability of the system) are approached. However, as the waEer conEent

was decreased ((704 vt/w), the peak temperature was elevated and a second

transition at a higher temperature progressively evolved; the DSC thermal

curves became characterisÈic of nonequilibriun melting (Biliaderis et a7.

1985; Biliaderis et a7. 1986). These observations show that two



Figure 8 DSC thernal curves of
in HrO) crystallized at various
Galloway f989).

amylose-nonomyristin complexes (20* w/w
cenperatures (60-900C) (Biliaderis and
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structurally distinct forms (i.e. I and II) of amylose-lipid complexes

exist depending on the crystallizaxíon temperature. Differences in meltíng

temperature (Tm) between forms I and IT have been aLtributed to differenee

in structure and/or perfection of their crystallites. The results obtained

from X-ray diffraction analysis on the complexes are shown in figure 9.

According to the diffraccion patterns, only form TI figure 9(a) exhibited

the rhree distinct V-diffraction lines (at 7.36,13.1 and 20.L 200) clearly

suggesting the presence of crystalline regions. 0n the other hand, form

I gave patterns of amorphous like uraterial. As to the size distribution

of chain segments, studied by *-amylase etching of disordered regions of

che complex and gel filtration ehromatography of the resistant fragments,

only minor differences in the chain lengths were observed between forms

f and II. Based on these findings and other rheological, density and

birefringence data of these forms it was suggested that structural

differences between forms I and II are mainly entropic.

In this regard, a model r¡¡as proposed for the organLzaxion of the

helical domains (figure 10). According to this scheme , 4E low

crystallization temperatures (Tc) , formation of complex I is the preferred

process. The existence of this form, although metastable in character, is

determined mainly by kinetics. In the presence of good complexing agents

and at 1ow Tc, the nucleation rate is high, thereby causing rapid

"freezing" of helical chain segments with very litcle crystallographic

register (form I) throughout the structure. Therefore, interhelical

amorphous chain regions would be under considerable strain and it is

likely that they would exhibit an elevated glass transitíon temperature

(Tg) , very close to melting temperature (Tm) of the helices. This suggests



Figure 9 x-ray diffraction diagrams of wet amylose-monoglyceride
complexes obtained at various crystallízation temperatures: (a) 900C and(b) 600C (Biliaderis and Galloway 1989).
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Figure 10. Generalized nechanism for amylose lipid complex fornation from
dilute solutions which can account for the properties and postulated
morphological features of Forrn I and II (Biliaderis and Galloway
1989).
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that high energy barriers exist between the two forms. 0n the other hand

at high Tc, nucleation is a slower process followed by crystal growth to

result in form II which has a partially crystalline strrlcture. It should

be pointed-out that there is a need to know more about the supermolecular

organízatrion and parameters controlling iu (i.e. temperacure, solvents)

since the supermolecular structure state is the functional state of V-

amylose complex in starch based products of food.

Biological macromolecules are composed of one or more linear polymer

chains each containing monomers which are covalently linked from end to

end. There are also non-covalent intra- and interchain interactions

operaËing within the limitations, imposed by monomer sequences, which are

responsible for the secondary, tertiary and quaternary molecular

conformation. In this regard, the equilibriuro conformation adopted by a

macromolecule becomes a sensitive function of residue composition and

sequerrce as well as solvent environment it is present (von Hippel and

Schleich 1-969). Despite considerable work devoted to this subject, there

has been little progress in understanding the underlying phenomena to

these effects. However, at equilibrium, the nacromolecules seem to cluster

around the conformation of lowest free energy. For macromolecules, which

conformatíon represents that of lowest free energy as well as how other

conformational energy leve1s are distributed are greatly dependent on

solvent environment. Thus, modification of the solvent can dramacically

Solvent Effects on Ìlaeromolecules



alter the structure and conformation of macromolecules.

Salt Effects on SËability of lfacromolecules

Neutral salts have been

significantly soluble in water

(von Hippel and Schleich 1969)

interactions in macromolecules

addition to

strikingly specific effects on the conformatÍon of macromolecules rvhich

seems to have nothing to do with the sign or magnicude of the ionic

charge. Hofmeister first arranged various elecErolytes on a hierarchical

series based on the effectiveness to induce salting-out of euglobulins

from solution in an attempt to caxegoríze the influence of specific

such non-specific

defined as strong electrolytes which are

without changing the pH of the solution

. Such salts can influence electrostatic

by a simple charge shielding basis. In

neutral sa1ts. In subsequent studies with a variety of different

elecÈrolytes and other macromolecules (von Hippel and Schleich L969), the

sequence seemed to follorv the pioneering work of Hofmeister. In this

37

effects, neutral salcs also exhibit

context, the characteristic ranking of ionic effectiveness in promoting

stability of macromolecular conformation has been known as the Hofmeister

or lyotropic series.

In addition to bringing about protein precipitation, the posítion

of an ion wíthin the Hofmeister or lyotropic series is related to the

ability of an ion to stabilize or destabilize a protein, activate or

inactivate enz)rmes and gelatinize starch granules. For example, increased

concentration of salts such as NarS0, are effectíve in precipitating
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proteins and in stabilizing starch granular íntegrity. In contrast, high

concentrations of salts such as NaSCN or NaI, which increase salting-in

or solubilization of proteins, also promote diverse conformational

disturbances in other molecules (von Hipple and i,Iong f965). However, a

complete mechanistic explanation of the effects of neutral salts on

macromolecules is difficult due to the complexity of multicomponent

interactions.

One approach developed to explain Ehe phenomena for protein systems

classifies, neutral salts as either chaotropic or non-chaotropíc. Non-

chaotropic salts are those which had a stabilizing influence on the

protein structure. These salts are assumed to be promoting the ordering

of \^rater such that exposure of nonpolar groups becomes less

thermodynaurically favourable (Hatefi and Hanstein 1969; Hansteín et aL.

1-971-). Thus, an increase in the concentration of non-chaotropic salts

results in intermolecular hydrophobic associations and precipitation of

macromolecules. In contrast, chaotropic salts show 1ittle influence on the

order of water. Hatefi and Hanstein (f969) defined chaotropic ions as

charged groups which transfer, nonpolar groups to water; as a result, in

a chaoËropic meditrm the macromolecule destabilizes and exhibits a high

solubility due to the transfer of hydrophobic residues into the solvent

medium.

Another explanation gíven to the behaviour of salts was related to

the capacity of the salt to raise the surface tension of water. A

correlation has been shown to exist between the anioníc lyotropic series

and the molar surface tension (o). The molar surface tension is a

numerical index reflecting the abílity of a salt to alter the surface
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tension of \.rater. In a study by Arakawa and Timasheff (1982) , Ehe

stabilizing effect of cerËain salts has been attributed to the ion's

capacity to increase the water surface tension together with their ability

to induce preferential hydration. Preferential hydration, resulting from

a specific solvent-salt interaction, makes the immediate area surrounding

the macromolecule to become devoid of sa1Ës or to contain reduced amounts

relative to Ehe bulk solvent (Lee and Timasheff 1981); this is an

extension of non-chaotropic concepÈ. According to Arakar^¡a and Timasheff

(1982), with respect to stabilizLng salts, the concentration required to

cause preferential hydration of macromolecules also causes an increase in

the solvent cohesive forces. As a result, a high leve1 of energy will be

required to convert the molecule into an unfolded structure in such

medir:.m; consequently, the folded conformation is favoured.

For proteins, the chaotropic salts do not induce preferential

hydration aC high concentrations, but instead bind directly to the protein

and eause protein-ion interactions (Arakawa and Timasheff 1982). Thus,

electrosÈatic repulsion forces will prevent intermolecular aggregation,

and as a result have a salting-in effect, whereby the solubilícy of the

protein is increased.

l{ith respect to denaturants such as urea and guanidínium chloride,

there is no generally accepted explanation for their effectiveness.

Initial rationalizations focused upon their potential for hydrogen bonding

where they were considered to break protein hydrogen bonds. However,

further experimental data suggested that they lzere no more potent in this

respect than water (Tanford et a7. 1962). Furthermore, model compound

studies demonstrated that both urea and guanidinium chloride increase the
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solubility of non-po1ar molecules ín proportion to their accessible

sLrrface area, diminishing the magniEude of hydrophobic effect by rp to one

third. Although this effect was adequate to produce unfolding of proteins,

the observable effects were considerably less than the predicted. As a

result, it was assumed that there must be additional factors, probably

direct interactions with proteins. IE is most likely that denaturants such

as urea and guanidinium act indirectly by diminishing the hydrophobic

interactions in a uniform manner, and that they directly interact with

both the folded and unfolded state of proteins to produce a wide range of

effects, depending upon the local geometry of the interacting groups in

the protein (Tanford L973).

Although much of the work on solvenÈ effects has been carried out

on protein systems and many theories have been developed for this effects,

Erlander (1968) and Mangels and Bailey (1933), observed similar trends for

the gelatinization of starch granules. For example, the relative

gelatinization pov¡er of sodium salEs eorresponded Èo the Hofmeister

series. In this conEext, the effects of sodium sulphate, sodium nitrate

and also urea correlated with their positions in the Hofmeister series.

Furthermore, the mid-point temperature (Tm) of the disorder-order

transition increases systeraatically with the Hofmeister number for the

anion through the lyotropic series for the polysaccharide kappa-

carrageenan gels (Norton eË a7. 1984).

The observation that the effects of anions on the stability of

native structures of many unrelated biopolymers (proteins, nucleic acids,

as well as polysaccharídes) follows a coinmon sequence suggests that the

action of anions is brought about through rnodífication of the vrater
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this basis, one

of various sma1l

is associated with

order in water.

EffecÈs Of Sugars on Stabllity of Macromolecules

The effects of different sugars on the structure and functional

properties of starch granules have been investigated by many researchers

(Osman L975; Bean et a7. 1-978; i^Iootcon and Bamunuarachchi 1980) . In

general,various sugars, including sucrose, fructose and glucose raise the

gelatinization temperacure and delay the increase in the viscosity

("pasting") of starch in starch/sugar/water systems; this effect increases

with increasing concentration. Many explanations have been given for this

behaviour including competition for vrater, lowering of water activity and

interactions of sugars with the amylose component of the granule (Spies

and Hoseney L982; Lund 1984). However, it has been difficult to

rationalize a1-L the results on the basis of a particular theory.

4L

might similarly suggest that the

solutes ín facilitating starch

their capacity to break down the

An alternative approach has been Èaken by Slade and Levine (1984)

Ëo explain the elevation of starch gelatinization temperature by sugars.

They have suggested that a glass-rubber transition precedes Ëhe melting

endotherm of starch, thus the melting is controlled by the mobility of the

amorphous material surrounding the crystallites. As with ocher synthetic

pol¡rmers, melting can proceed only after exceeding the characteristic

glass transition temperature (Tg) of the glassy regions of the granules.
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AccordÍng to these workers, a water-sugar mixture is less effective in

depressing the Tg of starch, relative co \.¡ater alone (i.e. sugar-u/ater

exerts an antiplasticizing action). In view of the molecular weight

dependence of Tg for polymeric materials, they furÈher suggested that

antiplasticization is enhanced by increasing the molecular weight of the

cosolvent within a homologous series from monomer to dimer to oligomer to

polymer. Experimental data on gelatinization of starch confirmed this

prediction.

Tn a subsequent study conducted by Slade and LevÍne (1987), wíth a

homologous series of sugars, the DSC results have shown that the

temperature of gelatinization increases in the following order: r,/ater

alone( galactose( xylose( fructose( mannose< glucose( maltose( lactose(

maltotriose( 10-DE maltodextrin <sucrose. Thus it was concluded that no

single parameËer can explain completely the mechanism of elevation of Tg

by sugars. Instead a combination of these parameters provides useful

information to explain why the elevation effect on Tm is greater for

sucrose than maltodextrin and glucose than fructose.

The digestion of starch by enzyrnes has been reviewed by several

authors including French (L957), Pazur (1965), Manners (L979) and Robyt

(1984). According to the mechanisrn of action, hydrolysis of starch by

enzJ¡mes involves the addition of water Eo Ehe c-D-glucosidic bond, and

catalysis occurs on the surface of the enz¡¡me. The active site, is divided

Enzyne DLgestfon of Starch
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into two parts (1) the binding site, made up of a nr¡mber of subsites and

(2) the catalytic site, made up of two groups that represent a proton

donor (electrophile) and a proton acceptor (nucleophii.e) (Pazur 1965). The

number of subsites and their arrangement in conjunction with the catalytic

groups determine the tJæe of hydrolysis products formed. In the formation

of the enzJrme substrate eomplex the a-D-glucosidic bond oxygen is

protonated by a hydrogen ion from an amino or imídazole group, of the

enzJrme and the electron deficient centre at C-l of the bond attaches an

electron from a carboxyl group of the enz¡¡me. The resulting strained

scructure is cleaved on the C-1 carbon side of the bond, forming a

carbonitur ion intermediate and a neutral a-D glucosyl fragment. The final

step involves the addition of a hydroxyl ion (or water moleeule) Eo the

carbonium intermediate (Pazur 1965) .

Enzyrnes Involved ln Hydrolysls

In general, c-amylases are endoenzymes attacking o-glucans away from

the chain ends aE an internal glueosidic bond. They effect the rapid

fragmentation of starch molecules by cleaving the a-D-(1-4)-glucosidic

linkages and bring about extensive conversion of starch into a variety of

reducing sugars and relatively 1ow molecular weíght liroit dextrins ( Robyt

and French 1963;1,967; Banks and Greenrvood 1975). As a result a-amylase

produces a rapid decrease in iodine stain but only a comparatively small

increase occurs in the reducing po!¡er. The a-amylases are produced by many

different bacteria, fungi, animals and some pJ-ants. The action patterns
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of G-amylases have been widely studied and those for a-amylase from hog

pancreas and BaciTTus subtilis, used in this study, are tr,¡o such examples.

B. subtil-is o-amylase is a dimer protein with molecular weighc of

96,000. This a-amylase is a calcitrm metallo-enzyme wich four calcitun ions

per enzJrme molecule (Robyt 1984). Inactivation of the enz)rme by removing

the calcium is reversible. Enzyrne activity is inhibited by hearry metal

ions (i.e.Hg) and calcium chelatíng agents. Optimum pH is between 5.0-

6.0. Analysis of the type of starch hydrolysis products produced by this

enzJrme shows the formation of maltose and maltohexaose. It was postulated

by Robyt and French (1963) that the enz¡rme has a binding surface

consisting of 9-D-glucosyl subsites in which the catalytic groups are

positioned between the third and fourth subsítes from the reducing end

subsite. The erzpe functions optimally when all subsites are filled,

however, the smallest linear o1ígosaccharide capable of reaction is

maltohexaose.

Hog pancreas o-amylase is a glycoprotein with a molecular weight of

45,000. It contains one caleir¡m ion per enz)rme molecule which acts Eo

stabilize the ternary structure which is necessary for its catalytic

function. The presence of chloride ion is also required for its catalytic

activity (Robyc L984). Enzyme activity ís inhibited by hearry metal ions

and ealcium chelating agents. Optímum pH is 7.0 and the isoelectric point

ís 5.5. Analysis of the type of starch hydrolysis products, produced by

this enzl¡me, shows specificity for the formation of maltose and

maltotriose. It was postulated by Robyt and French (L961 ) that the enzyme

has a binding surface consisting of 5-D-glucosyl subsites and that the

catalytic groups are located betr¿een the second and third subsite from the



reducing end subsite. The enz)rme functions optinally when all subsites

the binding surface are fi1led.

Factors Effectlng Enzlme Avatlablllty of Starch

According to numerous investigations, a wide variation ín

digestibility of naÈive, gelatinized and chemically modified starches

depends on the source of starch and food processing and storage condicions

(Dreher et a7. 1984; Preiss and Levi 1980). However, many digestibiliry

studies produce inconclusive results. These have been attributed to

artifacts introduced during sample preparaËion or improper control of

important variables governíng the kineÈics of heterogeneous reactions,

includíng particle síze, porosity, extent of physical or chemical

modification and structural homogeneity etc.

It is generally accepted, however, that intact granular (raw)

starches are less digestible than their gelatinized counterparts.

Furthermore, cereal starches (A-type) are asstrmed to be more easily

digested Èhan root or tuber starches(B-type). Cooking greatly improves the

digestíbility of poorly digested starches, presr:mably due to granular

disorganization and changes in the crystallinicy. The digestibiliry also

depends on the form of food, i.e. particle size and food texture (porous

vs. compact). Specifically, products containing whole cereal grains show

slow digestíon rates in vitro, and are also efficient in reducing the

glycaemic responses. Reasons gÍven for this observation is the low raÈio

of che surface area to starch and that the dietary fibre in whole cereal

45
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grains is present in the cell wa1ls forrning an intact structural network

which encapsulates starch and thereby restricts che accessibility of

enz)rme to starch. Incompletely gelaÈinized products, made from whole wheat

by various industrial processes (extrusion cooking, popping, steam flaking

and drru¡ drying), also exhibited reduced rates of a-amylolysis (Holm eË

a7.1985, 1988) and low glycaemic responses (Holm et a7' 1985).

Although much work has been done on this aspect the manner by which

these factors affect enz¡rme digestion of starch is relatively unclear.

According to many investigators, internal amylose-amylopectin content

influences the enz1¡me susceptibility (Berry 1986). High amylose matze

starch l^ras poorly digested in both humans and rnice (Wolf et a7. 1977).

Furthermore, errzpe hydrolysis is presumed to have heterogeneous

mechanisms where the accessibility and crystallinity are the main limiting

faetors (Gallant et a7. L972) .

Studies have also shown that reÈrogradation of starch in cooked

products decreases its susceptibility to hydrolysis (Kayisu and Hood

I970), thus rendering some starch undigestible to c-amylase (Berry 1986;

Bjorck et a7. 1986; 1987). This forrn which mainly involves the amylose

component, is currently referred to as "resistant starch" (RS), and is

generaÈed during heat processing. Furthemore, amylose content and yields

of RS formed by \,Iet autoclaving/cooling of starches are positively

correlated (Berry 1986; Sievert and Pomeranz 1989). The formation of RS

in cornmercially available corn, potato and leguninous purees, intended for

infanÈ food, was greater wiÈh products containing appreciable amounts of

legumes (SiljestIom 1989), probably due co the high amylose content in

legume starch than cereals. In contrast to amylose, however, retrograded
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amylopectin is eompletely degraded by o-anylase (Ring et aL. 1988).

Ïnteraction of starch with other components also play an important

role in the digestibility of starch. Specifically, complexation between

lipids and amylose which readily takes place during heat processing of

starch (Holm et a7. 1983; Mercier 1980: schweizer et al. 1986) has been

invoked as a facËor affecting starch digestibility. Recently, a close

relationship was observed between the degree of c-amylolysis and the

amounÈ of complexed starch in drum-dried and exÈruded wheat flours. It has

also been proposed that the complexes could be regarded as part of the

dietary fiber due to low enzymic availability (Larsson and Miezis 1979).

Although it has been suggested that such complexes may contribute to the

non digestíble fraction of polymeric carbohydrace presents in processed

foods (Larsson and Miezis L979), the studies of Holm et a1. (1983) showed

a complete digestion of the V-complexes in the gastrointestinal tract of

mice and in the presence of large excess of enzyme. However, the plasma

glucose and insulin responses following the ingestion of complexed amylose

were significantly lower than the ingestion of free solubilised amylose.

Consequently, the conplexed amylose was essentially completely absorbed,

but at a slower raËe compared wíth free arnylose (Holm 1988). The rate and

the extent to which c-amylase hydrolyse arnylose-monogyceride complexes Ín

vitro are also infruenced by the type of complexing agent, íts chain

length and unsaturation of the aliphatic chain (Eliasson and Krog 1985).

However, there is a need for better designed experiments, using well-

characterized complexes, to establish relationships between c-amylase

susceptibilicy and structure/physical properties of these materials.



MANUSCRIPT I

ON THE SUPERMOLECUIÁR STRUCTIIRE AND METASTABILITY

OF GLYCEROL MONOSTEARATE.ÆITLOSE COMPLEX



Experimental data on the melting of macromolecular crystals are

often indicative of irreversible (non-equilibriun) processes. As a resulc,

crystal teotganization or recrystallization can occLlr before final

melting. This behaviour ís a direct manifestation of the metastability of

partially crystalline states, and, for s¡mthetic linear polymers, it has

been attributed to small crystal size, chain-folding, and defects in the

cryscal structure (i^iunderlích I973; 1980). Such non equilibrium states

exhibit much lower melting temperatures than equilibriurn crystals, and

their metastability can be assessed by calorimetry (\,Iunderlich 1980).

Differential scanning calorimetry (DSC) measurements of phase

transitions of starch (Maurice et a7. 1985, Biliaderís et a7.1986a) and

amylose-1ipid complexes (Stute and Konieczny-Jande 1983; Biliaderis et a7.

1985, 1986b) have also shown that the thermal curves do not reflect the

initial crystallite distribuÈion or the morphology of the crystallites.

Instead, when the amount of water present in the system is insufficient

to facilitate a co-operative melting path or a moderate heating rate is

ernployed to allow annealing during heating, or both, melting and

reorganization can occur símultaneously, which thus yields composite

thermal profiles. Approxímation of zero-entropy production melting (i.e.

melting with ouË changing the metastability of the system) is, therefore,

essential if one is to deduce the degree of metascability and information

regarding the structure of original crystallites from their melting

INTRODUCTÏON
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behaviour. For aqueous starch systems, crystallite rnelting approaches

zero-entropy melting conditíons in excess moisture situations and under

relatively fast heating rates (Biliaderís et a7. 1986b) . One limit of the

method of fast heating, however, is the possibility of excessive

superheating (the rate of heating exceeds the rate of response of the

system), parÈicu1arly with crystals of more extended chain character and

a large number of tie (sÈrained) chain segments (Wunderlich 1980). The DSC

data of Shiotsubo and Takahashi (1984) on potato starch gelatinization

indicates that, at heating rates above 0.5oC/rnin, crystallite melting is

limited to kinetic limitations (e.9. water diffusion, thermal lags) since

Tm increases with the heating rate. Nevertheless, DSC measurements 5-

100c/min in eonjunction with excess moisture (80t) do provide useful

qualitative information about the structure and metastability of the

initial sample, particularly for arnylose-lipid complexes (Biliaderis et

a7. 1985; 1986a,b) .

In a recent study of the effects of crystallization temperature on

the supermolecular organization of amylose-monoglyceride complexes

(Biliaderis and Galloway 1989), crysÈalLized frorn dilute solution, two

therrnally distinct forms were identified: form I (low Tm), which shows an

amorphous X-ray diffraction pattern and readily undergoes reorganizatíon

upon heating, and form II (hígh Tm), which gives the typical V-type

crystallographic pattern. The present paper is concerned with differences

in the annealing behaviour, thermal stability, and interconversions

between these metastable structural forms of glycerol monostearate-amylose

complex in both stabilizing (sodiurn sulphate and sucrose) and

destabilizing (urea, guanidine hydrochloride) aqueous envíronments.
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Furthermore, the effects of CsCl on the structure of the complex, as

probed by X-ray and DSC, provided additional supporting evidence to the

postulate that forms I and II are two distinct therrnodynamic states of

different internal energy and enLropy. The subjeet is of practical

importance since both forms may be found in processed starch-based food

products (bread, parboiled rice, extruded cereals, ect.), depending on

their thermomechanical history.



Materials

Glycerol monosterace was a product of Sigrna Chemícal Company (St

Louis, MO), and amylose, from potato starch, was obtained from Aldrich

Chernical Company (Milwaukee, WI). Guanidine hydrochloride (Gdn. HCL),

sodium sulphate (NarSOn), and urea (ACS Chern. reagent grade) were products

of Sigrna Chemical Conpany. Cesium chloride (CsCl) was obtained from

Pharmacia Ltd (Montreal, CAnada) . The molecular properties of the amylose

fraction were: trl in lN KOH L56 nl/g, corresponding to a DP of 1150,

iodine affinity of 18.9g I2/IOOg, p-anylolysÍs 83.8+1.1S and À.* of its

iodine complex 620 nm. Gel-filtration chromatography of this material on

a Sephacryl 5-1000 superfine column (2.6 x 90 cm, flow rate 0.4 nL/nín)

eluted with 40t v/v dimethyl sulfoxide (MerSO) in distilled water Eave a

broad symmetrical chain distribution.

Materlals and Hethods
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Preparatlon of Ëhe complex

The condition for the preparation of amylose-monostearin complexes

vTere essentially those reported by Bilíaderis eË a7. (1985). Complex

formation was carried out for 24 hr in aqueous solutions (0.25t \t/v
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amylose; r¿Teight ratio of amylose to added ligand 5:1) maintaíned at a

constant temperature (600C form I and 900C for form II). The insoluble

complexes were recovered by centrifugation (8,000 g) and washed repeatedly

with chloroform to remove the free ligand (as assessed by DSC analysis).

Samples used for X-ray diffraction and acid-etching experiments were kept

in the hydrated stace, whereas those intended for DSC analysis were

freeze - dríed.

Acid hydrolysis

Acid hydrolysis of the complexes in a heterogeneous reactíon was

carried out at 400C by suspendinCL.5g of solids in 300 mI 1.2 N HCI under

continuous gentle agitation. At specific time intervals, the reaction

mixtures v/ere neutralized and centrifuged, and the supernatants were

assayed for total carbohydrates using the orcinol-sulphuric acid method

(0.1S w/v orcinol in 70t v/v H2SO'; Miller et a7. 1960). The extent of

hydrolysis was determined by expressing the solubilized carbohydrates as

a percentage of the initial complex. After solubilization with Me2S0, gel

permeation of the arnylodextrin residues \{as carried out on a Sephacryl S-

200 superfine column (0.9 x 131 cü, flow rate I9.O nI/nt) eluted with

degassed distilled water (350C). Carbohydrates ín the eluaEe (orcinol-

sulphuric acid; absorbance aE 450 run) were continuously monitored with an

autoanalyzer.



X-ray dlffractometry

X-ray diffraction analysis was performed on hydrated or lyophilized

residues deposited on alumimrm holders by using a Philips PI^i 1710 powder

diffractometer equipped with a graphite-crystal monochromator. The

operating conditions l/ere; copper IÇ radiation, voltage 40 kV, recorder

time constanE 0.5 s, sampling interval tine 0.4 s, recorder speed LO nn/

200, and scan speed O.I 20o/s.

Dl-fferentlal scanning calorimeÈry

The DSC studies rrere carried out by a Du Pont 9900 Thermal Analyzer

equipped with a Du Pont 910 cell base and a pressure DSC cell. The system

was calibrated with indiun (Biliaderis et a7. f985). A pressure of 1500

kPa with N, was used to eliminate pan failure at temperaLures above L2O0C.

All samples r¡rere prepared in Du Pont herrnetic pans by adding the required

amounts of solution to a pre-weighed freeze-dried sample of the complex.

In this respect, iË is of interest to noce that f.reeze-drying of the

hydrated complex did not alter the thermal properties (Tm, AH) of boch

forms I and lI. All DSC measurements were carried out at 20t solids and

lOoC/min to approximate zero-errxropy productíon melting. The lyophilized

samples were kept for at least 2 h to equilibrate with the solvenE, before

DSC analysis, in order to rninímize time-dependent changes in the

conformaÈion of the complex at room temperature, particularly for

solutions of high concentration of destabilizing agents. For isothermal
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calorimeter for a

to ensure no losses



Anneallng effects and structural consideratlons

Crystallizaxion of the complex at 600C and 900C gave pure

preparations of structural forms I (Tm 99.4+0.30C) and II (Tm 116.6+0 ,2oC) ,

respectively as shown in figure 11. Although, in a number of calorimetric

studies of amylose-lipid complexes, multiple melting transitions have been

reported, the underlying causes of this behaviour remained unknown

(I.Iírakartakusumah 1981; Bulpin et a7. L982; Donovan et a7. 1983; Stute and

Konieczyn-Janda 1983; Kowblansky 1985; Eliasson 1988; Raphaelides and

Karkalas 1988). As a result, no attempt was made to provide a possible

morphological model for the descriptíon of solid state organization of

these materials that could account for such thermal responses. On the

basis of a ntrmber of DSC, X-ray and structural analysis data, it was

proposed that rnultiple melting transitions of complexes represenc

metasEable states of varying degree of organizaEíon of the helical chain

motifs in the ordered domains. The thermodynamic and kinetic arguments for

their existence were given in detail elsewhere (Bíliaderis and Galloway

1989) and remained valid for the discussion of this paper. A striking

feature of form I was the consistency of its nelting temperature, which

suggested that it is well defined state.

In the hydrated state, form I lacks the characteristic diffraction

pactern of V-complex (figure L2(a)), as compared with form II, which shows

the three major reflection peaks of V-crystals at 7.36,13.1 and 20.I 200

R-ESULTS AND DISCUSSÏON
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Figure 11. Effect of annealing renprratures (z hr ar the specified
Èemperature) on che srrucrure of fonns r(lefr) and rr(righr). Top
curves are of- control (non-treated) samples. HeaEing ratJs of DSc
experimencs 100C/min, solids conËent 20* w/w. Mass of cãmplex frorn top
to bottom (ng): (lefr) 2.05 (conrrol) , 2.07, 2.0L, L.92, L.97, 1.93 anà
L.97; (right) 2.09 (conrrol) , L.32, L.42, L.29, and L.46.
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Figure 12. X-ray diffraction diagrams: (a) form I wet; (b) forn I dry;
(c) form II wet; (d) forn II dry.
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(figure f2(c)). The X-ray diffraction of the dry powder of form I gave

some of the characteristic spacings of V-for¡n (figure 12(b)), although

diffusely and not as distinct as those of form II (figure 12(d)). It,

appears therefore that there is a modification in the structure of form

I during lyophilization in that chain aggregates of much higher order are

formed, which gives rise to a two line V-pattern. These results are

consistent with the view that form I has helices of very little

crystallographic register, whereas the structural domains of form II

consist of well-developed crystallites. The Tm of form I remains constant

regardless of the crystallizati-on conditions (temperature, polymer

concentration etc. ) . However, it is dependent on the chain length of the

ligand (Kowblansky 1985; Biliaderis et a7. 1985; Raphaelides and Karkalas

1988) and the degree of unsaturation of the aliphatic chain (Stute and

Konieczny-Janda 1983; Eliasson and Krog 1985). It is also worth commenting

here that, despite the difference in X-ray diffraction patterns between

the hydrated and lyophilized rehydrated complex of form I (figure 12(a),

(b)), the DSC thermal parameters !¡ere not altered as a result of freeze-

drying, i.e. identical Tm and ÂH values were obcained for che hydrated and

dried-rehydrated samples of form I.

The results of the annealing experiments on the structural

modification of the complex are shown in fígure 11. The effects of

annealing temperature on form I is negligible up to about 900C, which is

the onset temperature for the melting transition of the initial sample.

Annealing at higher temperatures resulted in the development of the second

endotherm, whose Tm coincíded with that of form II. The facc that form If

appears only when the metastable form I is annealed at elevated
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temperatufes implies that high energy barriers exist between Ëhe t\^/o

forms. Hence, unless the structure of form I is partially melted, it would

remain practically unehanged at low temperatures, It is like1y that the

inter-helical chain segments of form I are under considerable strain and

thus exhibit an elevated Tg (Biliaderis et a7. 1986, Slade and Levine

1987), very close co the Trn of the helices. This siEuation leads to a

kinetically stable system. However, once some helical chains of form I

melt, the structure relaxes, and crystallization can proceed rapidly

around the remaining helices that can act as nuclei. Since conversion of

form I-II upon annealing dose not yield another intermediate between the

two forms, form I must represent a distinct thermodynamic state.

An increase in the melcing temperature of form II along with a

decrease in the half-height \.ridth of the meltÍng transition ltas observed

after isothermal annealing (figure 11, right). This suggests the

development of larger and more perfect crystallites of narrower síze

distribution, typical of annealing effects on the macromolecular non-

equilibrium crystals (Wunderlich, 1980). Assuming a chain-folded

(lamellar) macroconformation, as suggested by electron- and low-angle X-

ray diffraction work on single crystals and polycrystalline aggregates of

V-amylose (Manley 1964, Yamashita L965, Zobel- et a7.1967) as well as

structural studies by using o-amylase and gel permeation chromatography

(Jane and Robyt L984, Biliaderis and Galloway 1989) , crystallite

perfection or thickening or both would proceed via increased motion of

chain defecÈs and ingestion of tie-chain segments (Buckley and Kovacs

1984). Annealing at temperacures above the Tn of the initial II-crystals

yielded multiple rnelting peaks. Under these conditíons, Che rate of
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nucleaËion decreases rapidly, and thus crystallization ín the metastable

melt is restricted; the sarnple appears to crystaLLíze during subsequent

cooling.

The possibilíty that differences in the observed Tm beEween forms

f and II might arise from differences in the size of the crystallires, as

predicted by the Thomson-Gibbs equatíon for chain-folded crystals

(IJunderlich 1980), was further examined. The chain distribution of the

ordered domains in tl¡o forms was deEermined by ge1 filtration following

acid-etching of the complex. Asstming thac acid degrades preferentially

the amorphous regions (chain folds, loops, and Èie molecules), the

resistant amylodextrin fragments would represent the chain segments

participating in the crystallites. The thermal and chemical properties of

the residues at various hydrolysis-Eime intervals are given in Table 1,

and the chromatographic profiles of the six-day treated samples are shown

ín figure 13. The chain distributions of the resistant fragments of form

I (figure 13(a)) and form II (figure 13(b)) were similar despite the

different solubilization levels reached at this digestion period. These

results are in agreement with previous findings on the characterizax]-on

of glycerol monosterate and glycerol monopalmitate-amylose complexes by

ø-amylase exchíng/geL chromatography (Biliaderis and Galloway 1989).

Furthermore, Èhey support the hypothesís that structural differences

between forms I and II mainly lie in the degree of organizaxion of the

helical chain segments and not in their length (Biliaderis and Galloway

1989).



TABLE 1. Thermal and Chemical Properties of Amylodextrin Residues after
Acid-Etching of Glycerol Monostearate-Amylose Complex (form I and II)
in a Heterogeneous Reaction Mixture (1.5 g solids/ 300mI 1.2N HCl;
4OoC) .

Reaction time
( days )

1

2

6

L2

Solubilization
(r)

l-3.2

29 .3

68. I

75.7

6/+

II

" rt: 3

À.*
(iodine complex)

ls.1

27 .6

42.4

54 .6

602

594

585

579

II

606

s99

517

s80

tfi (J /e)

24 .3+1.6^

25 .8!O .6

19 . 8+1. 1

14. 3+3 . 1

II

26.8+I.9

21 .5+2.r

T] ,9+I,L

L3 .2+2.7



Figure 13. Chromatographic profiles of resistant anylodextrin fragments
after aeid hydrolysis (6 days) of the complex (L.2 N HCI) on a
Sephacryl 5-200 coh¡mn (l-31 x 0.9 cn) eluËed with water (f1ow rate 19.0
mL/hr, 35oc): (a) form I; (b) forn II.
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Solvent effects on conformatÍonal stabllity of the complex

The role played by solvent and smal1 solute-solvent interactions in

aqueous solutions of macromolecules is in some aspects far from clear. In

general, solutes affect macromolecular stability and conformational

interconversion equilibria by direct interactions with the macromolecule

and/or by direct action chrough effects on the structure of water (von

Híppe1 and Schleich 1969). Since the pioneeringwork of Hofmeister, it has

been recognized that neutral sa1ts, for example, drastically alter che

solubility and conformation stability of macromolecules; their relative

effectiveness follows the lyotropic or Hofmeister ion series (von Hipple

and Schleich 1969). Selectíve interactions between polymer and ion may,

however, distort the normal lyotropic order (Rinaudo et a7. L979).

Furthermore, for polymeric materials having a high structural order, owing

to a49re9ation of chains, salt effects must be interpreted by considering

both dissociation of the supermolecular structure and conforrnaËionaI

disordering of individual chains. As a result, the ranking may not

necessarily parallel the Hofmeister series if the ions act differently at

the varíous levels of ultrastructure, as was shor,¡n for reconstituted

collagen in the solid staËe (Chang and Chien I973; Chien Lgl5).

Incorporation of polyhydroxy compounds (e.g. sugars) is also known to

stabilize macromolecules in the solution (Gerlsma L968; Lee and Timasheff

1981) or in the solid state (e.g. starch; Lund 1984) against che

disrupCive effect of temperature and pH. In contrast, urea and guanidinium

salts are universal denacurants of proteins and other 'native' sEructures

of macromolecules, including starch (Tanford et a7. 1962; von Hippel and

67



Schleich 1969).

The thermal responses of forms I and II with increasing

concentration of sucrose and NarSO., used as stabilizing compounds, are

shown in figures L/+ and 15, respectively. Evidence for structure

stabilization of the complex was reflected by increases in Tm for both

forms. Furthermore, at high solute concentrations (> 1.171'l sucrose, figure

1'4; >0.7M NarSOn, figure 15), the metastable form I undergoes

reorganization to form II during thermal analysis. The exothermic effects

betv¡een the two endotherms are indicative of recrystallization of the

complex inËo a state of lower free energy (a thermodynamically more stable

form). Thus, the thermal curves represenE composite effects of secondary

processes superimposed on the primary phenomena. IE was, in fact, shown

Èhat by increasing the heating rate (from 3 to 500c/min), the enthalpy of

the first transition increased (2.0M sucrose, 2.0M NarSOn), whereas thaE

of the recrystallized material was reduced (data not shown).

The observed stabilizing role of Na2SOa (figure 15) on both

structLrral forms of the complex is in accord with its ranking in the

lyotropic series. Sulphate salts [(NH4)2SO4, NarSOn] are knov¡n to stabílize

the native conformation of proteins and nucleic acids (von Hippel and

Schleich 1969). Other relevant observatíons of Ehe influence of anions on

swelling and gelatinization properties of starch (Mangels and Bailey 1933;

Evans and Haisman L982) and starch recrogfadation (Morsi and Sterling

L963) were also consistent with the lyotropic aníon series, SOz'2-< I"< C1-<

Br-( I-( SCN'; sulphate salts exercise the strongest effect in increasing

the gelatinization temperature, retarding swelling, and promoting

reÈrogradation.
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Figure 14. DSC thernal curves of structural forms I (left) and II (righr)
of Ëhe complex (20t w/w) in sucrose solutions of varying molar
concentrations. Mass of eomplex from to bottom (rng): (left) 2.46
(control), 2.05, 2.29, 2.02, 2.33, and 2.35; (righr) 2.09 (eonrrol),
I.72, L.84, 2.30 , and 1.87. Heating rate l0oC/min.
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Figure 15. DSC thermal curves of structural forms I (left) and II (righc)
of the complex (20\ w/w) in NarSOn solutions of varying molar
concentrations. Mass of complex from Eop to boÈtom (mg): (left) 2.05
(concrol) , 2.3L, 3.10 , 2.39 , 2.04, 2.0L, and 1.91; (right) 2 .09
(control), L.93, L.96, L.97, 1.98, 1.55, and 2.00. HraeEing rate
l0oCr/min.
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The structure-stabilizing action of sucrose (figure 14) agrees r^¡ith

earlier findings of the effect of sugars on starch gelatinization. Sugars,

as well as other polyhydroxy compounds, increase the gelatinization

temperature of starch (Bean and Yamazaki L978a,b; Wootton and

Bamunuarachchi 1980; Spies and Hoseney L982; Evans and Haisman L982).

There has been several interpretations of thís behaviour, including

competition between starch and sugars for water, inhibition of granule

hydration, and specífic sugar starch ínteractions (Evans and Haisman 1982;

Spies and Hoseney L982; Lund L984). Attempts have even been made ro

explain and predict the thermal responses of starch in sugar solutions on

purely thermodynamic grounds by using an extension of Flory equation to

a three-component system (Lelievre L976; Blanshard L979; Evans and Haisman

T982). Although this approach provides a convenient framework to anaLyze

melting data, ics development is based on equilÍbrium melting processes

and making simplífying assumptions regarding the interaction parameters,

\, between solvent, solute, and pol¡rmer. Hor¡ever, evidence suggesting that

melting of starch crystallites is a non-equilibrium process (Slade and

Levine L984; 1987; Maurice et a7. 1985; Biliaderis er aL. L986a; Blanshard

L987) has raised doubts on the use of such a therrnodynamic treatment. The

observed nultiple-melting transitions for glycerol monosterate-amylose

complex (figure 14 and 15) at high NarSOn or sucrose concentration also

imply that rnelting of this material is far from equilibrium or even zero-

entropy production melting conditÍons. Another approach to explain the

elevation of the gelatinization temperature by sugars was recently

suggested by Slade and Levine (1987). They have considered sugar/waxer

solutions as plasticízíng cosolvents that exert less plasticizing effect
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on the amorphous regions of starch than water alone. As such, they are

less effective in depressing the glass-transition Eemperature of starch

(Tg) than \.¡ater. This , in turn, leads to an elevated Tm for the

crystallites; crystallite rnelting can commence only after exceeding the

characteristic Tg of the surrounding glassy matrix (S1ade and Levine 1984;

L987; Maurice et a7. 1985; Biliaderls et a7. 1986a) .

In contrast to results obtained with NarSOn and sucrose, the DSC

thermal curves of forms I and II in the presence of urea (figure 16) and

Gdn. HCI (figure 17) exhibited destablli.zaxíon of the complex structure.

The Tm progressively decreased, and the transitions became broader with

increasing concentration of the denaturant, These effects T/tere more

pronounced at leve1s above 0.5M for both agents. At concentrations above

6.0M, a small endoËhermic transiti.on at 55-580C evolved, which corresponds

to the melting of liberated monoglyceride, presumably owing to the

complete disruption of the helices. Urea is also known to reduce the

gelatinizaËion temperature of starch and stabilize amylose in solution

(Suggett L974); this behaviour has been suggested to arise from effects

on the sËructure of water. I,Iith respect to the order-+disorder transition

of the structural domains of forms I and II, there v/ere no clear

indication thaÈ a rnulÈi-step pathway is involved under the experimental

conditions (heating rate and denaturant concentration) employed, although

the melcing endotherms did become less cooperative at high concentrations

of urea or Gdn.HCl. It is likely that both dissociatíon of the

supermolecular structufe and helix-coil transitions occur simultaneously.

In addition to Tm, there was also a progressive decrease in the melting

enthalpy of the complex with increasing concentration of denaturanE



Figure 16. DSC thermal curves of structural forms I (left) and II (righc)
of the complex (20\ w/vt) in urea solutions of varying molar
concentrations. Mass of complex fron top Ëo boËton (mg): (lefc) 2.05
(control) , 2.L6 , 2.04, 2.45 , 2.42, 2.L8, and 2.59; (right) 2.09 ,

(control) 2.24, 2.LL, 1.93, 2.06, 2.32, and 2.29 . Heating rate
10oc/nin.
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Figure 17. DSC thermal curves of structural forros I (lefc) and II (rÍghr)
of the complex (20* w/w) in guanidine hydrochloride solurions of vaiing
molar concentrations. Mass of complex from top Ëo bocton (mg): (leftl
2.05 (control), 2.3I, 2.27, 1.99, 2.2L, 2.3L, anð, 2.2L; (righr) Z.Og
(control) , 2.05, L.96, 1.93 , 2.LO , L.96, and 2./+5 . Hearlng race
10oclmin.
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(figure 18). Changes in AH appeared more rapid in the case of Gdn.HCl than

urea, particularly for form I. Interestingly, at low concencrations of

Gdn.HCl (3.0 M), the destabilizing potential of guanidinium ion is

different for forrn II, i.e. the transition enthalpy values of form II

remained constant, whereas ÂH, decreased continuously with increasing molar

concentration. Thus Gdn.HCl is relatively ineffective toward the structure

of form II. These findings reinforce the ídea that there are differences

in the supermolecular organization between the various forms of the

complex. Urea effects, on the other hand, did not seem to distinguish

betr.¡een forms I and II.

To provide further insíght into the structure of the complex, we

have examined its thermal behaviour in aqueous solutions of neutral salts

by DSC. In these studies, in addition tso forms I and II, we used an

annealed sample of form II prepared by isothermal annealing (30t vr/vt

complex in water , Lz}o}/2lnr); to distínguish between these samples, the

solution crystallized f.orm II is designated as fIa and the annealed sample

as IIb. The X-ray diffraction diagrams of forms I, IIa and IIb along with

the corresponding DSC thermal curves are shown in figure 19. The well-

defined long-spacing for forms IIa and IIb suggest that these materials

have a partially crystalline structure. One can also notice that the

intensity of the lines of V-amylose are enhanced significantly with

annealing (compare figure 19(b) and (c)).The relative intensities of the

diffraction lines aX 20.I 20o, taken as an index of long-range order, \^lere:

1.0(I), 8.6(IIa), 15.2(IIb). Despite the marked differences in their

supermolecular structure, as evidenced by DSC and X-ray analysis (figure

19), the transition enthalpies of all three forms were of a simílar order



Figure 18. Transition enthalpies of structural forms I(a) and II(b) of
the complex with molar concentration of guanidine hydrochloride (top)
or urea (botton).
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Figure 19. X-ray diffraction patterns
s¡mples and DSC thermal curves (20t
(b) form IIa; (c) forn IIb.

(1eft) of dehydrated freeze-dried
w/w complex in water) ; (a) forrq I;
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of magnitude (26.4-29.2 J/ù. These results indicated that the rnajor

contribution to melting enthalpy of the complex is the enthalpy of

helix*coÍl conformational transitions and thus differences in Tm for the

various forms are of entropie origin; Tn : AH/ÂS.

Among the various salts sx¡mined, only cesir¡m chloride exhibíted

mild dissociating effects with respect to the complex superstructure. This

salt, however, stabilized the sEructure of form I(figure 20(a)): Tm

increased with increasing molar concentration of CsCl (0.2-7 .0m CsCl). On

the other hand, CsCl seemed to cause dissociation of the supermolecular

structure of forms IIa and IIb at molar concentrations above 4.0M and

5.0M, respectively, as evidenced by the corresponding thermal profiles

(figure 20(b) and (c)). In faet, at intermediate salL concentrations (4.0-

5.lm) , double endotherms qrere observed that reflect the disordering

process of forms I and IIa (or IIb) . At much higher molar concentrations,

single transiEions !¡ere seen that correspond to melting of form I at

equivalent salt concentration. These results, therefore, suggest that CsCl

promotes disaggregation of amylose-lipid helices whereas it maintains

their conformatÍonal order. This notion was subsequently corroborated by

X-ray diffraction data (figure 21). !/ith increasing concentration of CsCl,

forn II shows dininishing intensities in the characteristic V-diffraction

lines (figure 21(b), (c) and (e)).For the 0.5 M-treated sample, afxer

washing out the salt, there \./as a recovery of the three-dimensional order

in the structure (form II), as seen in the pattern of figure 11(d); the

washed sample was also found to have DSC transition characteristics (AH,

Tn) indistinguishable from form II (data not shown).In contrast, exposing

forrn If in a much stronger CsCl solution (6.0 M) yielded a structure that



Figure 20. DSC thernal curves of structural forms I (a), IIa (b), and IIb
(c) of the complex (20* w/w) in cesium chloride solutions of varying
molar concentrations. Mass of complex from top to bottorn (mg): (left)
2 .L6 , 2 .08 , 2.L6 , 2 .I4 , 2 .L3 , 2.09 , 2 .05 , 2 .33 , 2 .24 , 2 .06 , and 1 . 99 ;

(middle) 1.90, 2.07, 2.02, 1.91 , 2.07, 2.03, 2.48, L.92, 2.07, 2.L4,
and 2.13; (right) 2.27, 2.24, 2.34, 2.58, 2.08, 2.L3, 2.08, 2.46, 2.L5,
2.25, and 2.24. Heating rare 100c/min.
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Figure 21. X-ray diffraction diagrans of
amylose complexes: (a) forrn I: (b) fono II
(d) sâmlpe c, washed; (e) forn II in 6.0M

weE glycerol monostearate-
; (c) forn II in 0.5 M CsCl;
CsCl; (f) 5emple e, washed.
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had the characteristics of form I (X-ray; figure 2f(b), (e) and (f) and

DSC data) before and after thorough washing of the salt. Consequently,

CsCl at hígh concentrations caused irreversible disruption of the

partially crystalline supermolecular structure of the complex without

alteríng, the conformation of individual helices. The transition

enthalpies for all forms of the complex remained relatively constant

(figure 22) over the entj-re concentration range (0.2-7.0 M CsCl), which

provides additional evidence that the salt does not perturb the helical

structure of the chains.



îtgure 22. Transition entalpies of structural forrns I (a), lla (b), and

IIb (c) of glycerol monosterate-amylose complexes wiCh molar
concenEration of CsC1.
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MANUSCRIPT II

SOLUTE EFFECTS ON THE THERMAL STABILITY OF

G LYC EROL MONO S T EA-RATE - A}'[YLO S E SUP ERS TRUC TURE S



The stability of macromolecular structures is a sensitive function

of their solvent environment (von Hippel and Schleich 1969). Following the

pioneering work of Hofmeister, it is well established that neutral salts

regulate order-disorder transitions and association-dissociation

equilibria of biopolymers in solution (proteins, nucleic acids etc) . In

this context, there is a characteristic ranking of ionic effectiveness ín

promoting stability of macromolecular conformation knov¡n as the lyotropic

or Hofmeister series. Despite a considerable amount of work devoted to

this subject, there has been little progress in understanding the

underlying phenomena of the lyotropic series. It is also known that these

effects extend beyond the conformational behaviour of ordered

macromolecules co salting out of non-electrolytes (smal1 molecules),

stability of lyotropic sols as well as surface tension and kinetics of

chemical reactions in solution. In view of this generality, it would

appear that such effects are a consequence of solvent structure

modification by various ions. However, specific interactions between

macromolecules and ions can occur which, in turn, modify solvent-polymer

interactions and thereby the stability of the ordered structure. For

example, conforrnational ordering and aggregation of charged

polysaccharides (e.g. alginates, carrageenans) are sensitive to catíon

type (Morris et a7. l98O; Norton et a7. L984). Furthermore, in considering

aggrega:.ed structures, salt effects may be more complicated than those

INTRODUCTION
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affeeting helix-coi1 transitions in solutíon. Intermolecular associations

could influence the stability of ordered chains in the solid state and

thereby modulate the sensitivity of a pollmer maÈrix to solutions of

electrolytes or other small molecular weight solutes.

The linear starch component, amylose, is precípitated from aqueous

solutions of aliphatic compounds or iodine in the form of single-stranded

helical complexes in which the guest molecule occupies the central cavity

of the helix (Rundle and Edwards 1943; Mikus et a7. 1946). X-ray powder

diffraction of amylose complexes gives rise to a characteristic paEtern,

designated as V, which has different d-spacings from the other t\.^/o

polymorphs of amylose, A and B forms. The latter double-helical structures

consist of more extended helices than the V-form; pitch heighr 21.04 and

20.80À for A- and B-forms respectively, while 7.92-8.17À for the V-forms

(Horii et a7. 1987; Hinrichs et a7. 1987) depending on Ehe bulkiness of

the ligand molecule. 0n the basis of electron and X-ray diffraction data

(Yamashita L965; Zobel et a7. L967), a lamellar morphology has been

proposed for the organizaEion of helices in V-amylose; i.e. polysaccharide

chains ar.e folded and lie with their axes perpendicular to the crystal

surfaces. Frorn the Bragg equation, the calculated long spacings were 75-

100Ä (Uanley 7964; Yamashita 1965), while the enzyme structural analysÍs

data of Jane and Robyt 1984 suggested a lamellar thickness of - 100Á,.

Recent calorimetric studies on phase transition behaviour of

amylose-lipid complexes (Biliaderis and Galloway 1989; Galloway et a7.

1989) have indicated that V-amylose helices exist in various states of

aggregation depending on the therrnomechanical history of the sample. Using

saturated monoglycerides as complexing ligands, two thermally distinct
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forms (I and II) were identífied and characterízed by X-ray díffraction,

calorimetry and enz¡rmic structural analysis meÈhods. A morphological model

for these metastable forms was also suggested (Biliaderis and Galloway

1989). Form I (low Tm) \¡ras obtained under conditions favouring rapid

nucleation and was morphologically described as an aggregated state where

ordered polymer chains are distributed randomly; i.e. in the hydrated

state this form gives an amorphous X-ray pattern. In contrast, form II

(high Trn) appeared as a polycrystalline aggregate with well developed long

range order gíving the typical reflections of V-diffraccion pattern. Our

observations were recently confirmed by Llhittam et al. (1989) for

complexes of amylose v¡ith linear alcohols (4-8 carbon atoms).

Crystallizati.on and annealing studies for amylose-monoglyceride complexes,

under controlled temperature-time storage protocols (Biliaderis and

Galloway 1989), further suggested that structural forms I and II belong

to t\.ro distinct free energy domains that are separated from each other by

high energy barriers; i. e. conversion of the kinetically preferred form

I of the complex to the thermodynarnically favoured structure II (stace of

low free energy) occurs only after partial rnelting of the former.

Understandíng the supermolecular structure, stability and transformations

between the various forms is of considerable importance since it is known

that the functional properties of starch containing foods aÍe strongly

influenced by the complexation of amylose with lipids during thermal

processing. Our recent observaÈions that sucrose stabilizes both forms of

glycerol monostearate-amylose complex (manuscript I), while CsCl at high

concentrations causes chain dissociation in form II without affecting the

conformation of individual helices, prornpted us to examine the effect of
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various solutes on the thermal stability of the complex. In this

communication, v¡e report on the interactions between water and V-amylose

superstructure as affected by the addition of neutral salts of the

Iyotropic series and the hornologous glucose-based oligosaccharides (G,-

Gt) .



MaÈerLals

Amylose, from potato starch with a DP of 1150 (tril in lN KOH:156

*L.g-t) , Ì¡ras obtained from Aldrich Chemical Co. (Milwaukee, \^II) , while

glyceryl monostearate v¡as a product of Sigma Chemical Co. (St Louis, l'{0).

Sa1us of ACS grade (CH'COONa, NaCl, NaF, NaI, NaNO3, NarSOn, NaSCN, NH4C1,

CaCL2, LiC1, KCl and MgClr) rùere supplied by Fisher Scientific Co. , while

glucose and glucose -based o1ígosaccharides (Gz-Gt) \^/ere products of

Boehringer Mannheim, Canada Ltd. (Dorval, Quebec).

lfaterials and Methods

Preparation of glyceryl monostearate-amylose complexes

97

The conditions for preparation of complexes \¡rere according to

Biliaderis and Galloway 1989: amylose concentration 0.258 (w/v), amylose

to ligand (glyceryl monostearate) ratio 5:1, isothermal crystallizatLon

at 60'C (Form I) and 90"C (Forrn II). Complexes were washed repeatedly with

CHC13 to remove the free ligand, as assessed by DSC. Samples used for X-

ray anaLysis were kept in the hydrated staLe, while those intended for DSC

studies vrere freeze dried.



X-ray dlffractlon analysis

Wet amylose -V complexes r{¡ere deposited as lm¡n thick f ilms on

altr¡rinium holders and analyzed with a Philips PW I7I0 powder

diffractometer equipped with a graphite monochromator: copper K" radiation

, voltage 40kV, sampling interval 0.45, scan speed 0.1x 20"/ s.

Differential scannLng calorf.netry

The DSC studies were carried out using a 9900 Thermal Analyzer

equipped with a DuPont 910 cell base and a pressure DSC cell. The system

was calibrated with indium (Biliaderis et a7. 1985) and was operated under

pressure by purging N2 into the cell (1400 kPa). All measurements \,/ere

carried out at 20t (w/v) solids in aqueous solutions of electrolytes and

at a heating rate of 10"C/mín. Under these conditions urelting proceeds

without teorganization of the netastable structures during heacing

(Biliaderi,s et a7. 1985) (i.e. zero-entropy production melting). For the

homologous glucose-based oligosaccharide series, DSC was carried out at

two different weight ratios of complex: sugar: $rater (2.0: 1.6: 6.4 and

L.O: 2.O: 2.0). Data were collected at 0.4-s intervals and analyzed by the

DuPont software analysis progrrms; reported Èransition enthalpies (J/g)

and peak urelting temperatures are means of triplicate analyses.

StatisÈicaI differences between various solvent envirorunents !/ere

determined, by Analysis of Variance, in conjunction with a Duncan's

Multiple range test, and a paired t-test.
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The DSC thermal curves (Figure 23) ot glyceryl monoscearate-amylose

complexes growrt isothermally at 600 and 900C, indicated thaË forms I (Trn

99.4+0.30) and II (Tm 116.6+0.20) lrere homogeneous preparations. The

respective X-ray diffraction patterns of the Ewo superstructures indicated

that only forrn II has the three major reflection peaks of V-crystals at

-l .36, 13.1 and 20.L 20". In contrast, an amorphous pattern l/as shown for

form L These results are consistent \./ith the view that only Form II has

sufficiently developed long range order in its sEructure, typical of a

partially crystalline polymer (Biliaderis and Galloway 1989).

The effect of neutral salts, wíth Na* as the sole counteríon

present, on the melting temperature of the complex superstructures is

shown in Figure 24 as a function of solute concentration. The relative

ranking of the anions (at molar concentrations of salt <1.0) in

stabilizing both structural forms was:

scN-< r'< No3-< ¡*< c1-< cHscoo'< so42'

This order followed closely the classical Hofneister series thaË is

operative for stabilizing/dest.abilizing macromolecules as diverse in

sËructufe and conformation as DNA, proteins and synthetic polymers Ín

aqueous solutions (von Hippel and Schleich L969). Thus, SOn'- is clearly an

effective stabilizer, while SCN'and I- destabilize the structure of forms

I and II, decreasing the Tn considerably; the elevation or depression of

Tm was a linear functíon of salt concentration. Other salts (NaCl, NaNOr,

NaF) affected Tm rather little over the entire range of salt

RESULTS
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Figure 23. DSC chermal curves (20t w/,,r complex in water) and X-ray
diffracEion paËËerns of wet glycerol monoscearate-amylose complex
superscfuctures (forrns I and II).
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Fígure 24. Changes in the rnelting temperature (Trn)

monostearate- amylose complexes (form I(a) and II(b)) as
nolar concentration(M) of various sodium salcs.

of glycerol
a function of
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concenÈrations tested. For I' and SCN, in addition to effects on Tm, these

ions markedly decreased the nagnítude of the transition enthalpy (Table

2) . At concentrations greater than 2.0M, NaSCN and NaI completely

disrupted the ordered domains of both forms of the complex as evidenced

by the lack of an endoÈhermic transition.

To verify chat the conformational responses and therefore the DSC

transition data (^H, Tm), as described abowe, were not substantially

influenced by the time of exposure of the complex superstructure to a

particular ionic environment, the time dependence of the thermal

properties of forms I and II were examined using the most Potent

destabilizers. Table 3 summarizes the values of the transition parameters

for complexes equilibrated with varying NaSCN concentration solutions, for

periods of 5 min and 24 hr, prior to DSC analysis. In general,

concentrations up to 1.5M did not result in significant differences in AH

and Tm between the two storage regimes. Sirnilar observations u/ere made for

complexes exposed to NaI, where no differences were observed up to 2.0M

concentrations (data not shown). These results imply that conformational

disordering of V-amy1ose, is essentially índependent of exposure time to

the solvent at 250C and, instead, occurs mainly upon dynamic heating during

DSC analysis.

The thermal responses of forms I and II to the series of anions

tested exhibited similar trends at low salt concentrations (Figure 24).

However, at high concenËrations, anions which fell into the rniddle of the

lyotropic series (NaC1, NaF and NaCOOCH') exerted different effects

(relative magnitude and direction) on the complex suPerstructures. Thus,

whíle the Tm-concentration relationships were clustered in the case of



TABLE 2. Tlansition enthalpies ,a,H,J /g) of gþcerol monost€årat€-aÍiJ¿ose complexes (forms I and II) as a lunction ol mola¡
concentration (M) of various sodium saltss.

Concentration(M) CH3COONa

0.1
o.2
o.4
o.7
1.0
1.5
2.0
3.0

21.6t0.3a
22.4tO.la
20.1t0.2ab
20.6t0.lb
2O.7¡0.2b
21.3t0.8ab
23.1t 1.3b
26.7*,0.4c

NaCl

0.1
0.2
0.4
o.7
1.0
1.5
2.0
3.0

20.3t 0.1a
21.6r0.4a
2l.I¡0.4a
20.7t0.Ia
19.5t0.7a
19.8t0.3a
2I.4t0.5a
19.8t0.3a

NaF

21.5t 1.3a
22.9t0.2a
23.9t0.9a
21.3t0.?a
23.5t0.1a
22.I¡L.la
20.8t0.5a
23.8t0.6a

I Column values followed by the same letter are not significantly diflerent (Pf0.01) as determined by the Duncan's Multiple
Range Tesg NM values not reported due to non-equilibrium melting.

20.3*0.2a
20.3t0.4a
22.9t0. le
2O.4*.O.2e
21.6t0.1de
2I.7t0.2e
20.6t0.lab
21.4*0.lbc

L0s

NaI

22.4¡O.la
22.4t0.k
2l.4xO.2a
23.5t1.3a
23.6t0.6a
22.9t0.La
2 1.6t 1.3a
2L.7¡I.6a

FORM I

20.7t0.2a
19.910.lab
18.3t0.1c
18.5t0.3c
16.8t0.8d
14.6t0.2e
8.8r0.9f

NaNO3

2I.4¡2.Ia
22.9¡0.1a
22.3t0.la
24.2x0.4a
23.0t0.9a
22.4t0.4a
22.6t0.\a
22.5t0.9a

2O.7xO.7a
21.4t0.9a
20.2t0.2a
23.8t3.4bc
19.7t0.1a
2O.Itl.2a
18.8t0.9a
18.9t0.2a

Na-SO,

FORM tr

21.3t0.2a
20.2* 1.1ab
19.3t 1.2b
17.0r0.lb
15.5t0.lc
10.1t0.5d
4.7t0.3e

23.7¡0-'la
21.7+O.7a
21.6t0. la
21.6*O.2a

NM
NM
NM
NM

NaSCN

24.3¡0.4a
19.66t0.la
18.4t0.la
18.4t 1.6a
2I.2t2.Oa
18.1t0.6a
19.2t\.7a
17.7t0.8a

19.8t0.4a
17.4r0.5b
17.0t0.3b
16.5t0.2c
14.8t0.4d
9.9t0.9e
4.61 1.lf

22.1t0.la
21.9t3.5a
2 1.9t 1.1a
22.8tO.4a

NM
NM
NM
NM

20.4t0.4a
19.7t0.lab
19.0t0.?b
13.6t0.3c
10.9t0.3d
4.2t0.6e
3.5t0.5f



TABLE 3. Time-dependent effects on the thermal properties of gþcerol monost€årat€-amylose complexes (forms I and II) in
the presence of NaSCNs.

Concentration (M) Tm ("C)

0.4 96.3*0.1a 96.4t0.3a
1.0 87.310.1a 8?.9t0.4a
1.5 82.810.1a 84.3t0.lb
2.0 72.9t0.la 71.210.lb

5 (min) 24 (hr)

a Data followed by the same letter for each pair of vatues (5min vs. 24hr) are not signifrcantty different (Ps0.001), as
determined by a paired t-test

Form I

5 (min)

aH (ryel

19.6t0.3a 19.6t0.3a
14.3*0.1a 13.4t0.la
9.0t0.2a 4.8t0.5b
3.6t0.5a 2.0r0.2a

106

24 ftr) 5 (min)

Tm ('C)

110.1t0.la 109.9t0.la
101.610.5a 101.1t0.4a
91.2t0.6a 93.810.4a

Form Il

24 (hl) 5 (min)

¿H (üg)

19.5t0.la 18.3t0.]a
10.9t0.2a 10.7t0.4a
3.9t0.5a 2.2t0.2a

24ftr)
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form I, the respectíve plots for form II were quite spread. Tt is also

interesting to contrast the responses in Trq with molar concentration of

CHTCOONa between the two forms; acetate stabilized form I over the entire

concentration range, while it depressed Trn of form Il at concencrations

above 2.0M. It would appear from these data that certain anions act

differently at varíous levels of structural organization of aurylose-lipid

complexes,

In the case of aggregalced states which consist of ordered polymer

chains (e.g. amylose-lipid complexes) neutral salts and other perturbants

are expected to affect structural order at t!¡o levels; one, the interchain

association-dissociation processes (supernnolecular level) and che other,

helix-coil transitions (molecular leve1). Figure 25 presents the thermal

responses of both forms of the glyceryl monostearate-amylose complex to

varying molar concentration of NaI. l.Iith increasing concencration of this

salt, there vras a progressive decrease in Tm and enthalpy as well as a

broadening of the endoËherm. There was no indication that a multistep

pathway is involved in the order-disorder transiEion of the structural

domains of forms I and IL Under the experimental conditions employed in

these studies (heating rate, solids/solvent ratio, electrolyte

concentration), dissociation of aggregaËed helices and their

conformational disordering seem to take place as one step thermal event.

Ax 2.0M NaI, Èhe low temperature (53-570C) endotherm corresponds to unbound

monoglyceride, liberated upon disruption of helices.

Cations also exerted stabilizing effects on both complexes, as

evidenced by the positive relationships beÈween Tm and salt concentration

(Figure 26), using Cl- as the common counterion. The ranking of the cations



Figure 25. DSC thernal curves of structural forrns I (a) and II(b); (208
ut/w) Ln NaI solucions of various roolar concenËrations (0.2-2.0M). Mass
of complex from top to bottom(ng): (a) 2.05(controL), 2.L4, 2.L3, 2.05
and 2.30; (b) 2.09(control), 2.07, L.99,1.92 and 2.03. Heating rate
100 c/rnin.
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Figure 26. Changes in the melting temPerature (Tm) of glycerol
uonostearate-ãylose complexes, form I(a) and II(b), as a function of
rnolar concentratton(M) of various salts with chloride as coûImon

counterion.
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in terms of their ability to stabilize the complex at low concentrations

(<1.0M) was:

NH4*< K+< Na+< Li*s caz*< Mg3*,

a sequence that follows the HofneisEer series for cations. Values of Tm

for the range of salts examined suggest that cations, differ less than

anions in their molar effectiveness of stabilizing the complex

superstructures. For CaCLr, the Tm decreased markedly i'¡i¡h increasing

concentration at concentrations above 2.Ol4'. Furthermore, form I exhibited

higher sensitivity (dissociation) in the presence of 2'0M CaCl, than did

form II.

The ÀH values of thermal dissociation of forms I and II remained

relacively unchanged with the concentracion of all neutral salts (Tables

2 and 4), except for NaI and NascN. Although minor differences in ÂH were

observed (at p < 0.01) among certain concentrations for some of the

electrolytes, the enthalpy values did noc display any specific trends' It

should be also noted thaE enthalpy estimates for transitions at >1'0¡'l

NaSOo were hampered due to non-equilibrium melting (Table 2), i.e' afXer

partial melting, the complexes undervrenÈ reorganízation during thermal

analysis.

Glucose and the homologous series of rnaltooligosaccharides

stabilized the complexes at both concentraÈions (e.g. Form I, Fl-gute 27);

the effects were greatef for the high ratio of sugar to ltater (Figure

27b). Ttrese results agree with the findings of earlier reports (Bean and

YamazakiLgTS;i¡JoottonandBamunuarachchilgS0;Ghiasieta7.L982),which

showed that addiËion of sugar to starches increases their pasting and

geLalintzation temperatures. one eonsequence of this behaviour is



Figute 27. DSC therroal curves of glycerol monostearate-arnylose complex
(fonn I) at cornplex to sugar Uo water weight ratios of 2'0:1'6:6'4(a)
and L.O:2.0:Z.b(U). G,-G,, denoËe che glucose residues in the

oligosaccharlde. Mass of complex form EoP to bottom (mg): (a)

2.05(control) , 2.30, 2.32, 2 '20, 2.09 , 2 'LL, 2 'L3 and 2 'L2; (b)

2.05(conrrol), L.94, L.97,1.88, 1.91, 2.05,1'86, L'96'
Heating rate 10oC/nin.
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TABLE 4. Transition enthalpies (ñl-,J/g) of gþcerol monost€arat€-amy'ose complexes (forms I and lI) as a function of molar
concentration (M) of various salts with ch,loride as corrunon cou¡terion8.

Concentration (M)

0.1
0.2
0.4
o.7
1.0
1.6
2.0
3.0

NH4CI

21.3t0.2a
2L.2tO.Ia
20.6r0. lb
2O.6t0.2b
20.6t0.3a
20.5t0.1ab
20.5t0.3b
17.2t0.2c

0.1
o.2
0.4
o.7
1.0
1.5
2.0
3.0

CaCJ"

21.7t0.lab
21.6*0.3ab
18.4* 1.2bc
20.1r0. lac
20.1t0.4a
2O.5*,0.2a
20.0t0.9ab
21.6t0.1a

u Column values followed by the same letter are not significantly diflerent (Pf0.01) as determi¡red by the Duncan's Multiple
Range TesL

22.8t 1.6a
22.7t0.6a
21.9t0.6a
21.8t0.6a
22.1t0.la
22.3t0.|a
22.4¡O.4a
22.Ix0.la

1ls

Licl

FORM I

20.8t0.la
19.?t0.4a
20.9t0.8a
20.4t0.la
18.2t0.?a
19.lt0.3a
19.7r0.8a
27.5t0.2a

21.8t0.lab
21.8r0.2ab
22.5t2.9b
21.9t0.1ab
21.9*0.9ab
22.9t0.6b
23.2t0.6b
17.5t0.4a

MgClz

20.0t0.3a
20.3t0.lab
20.610.4ab
20.4t0.labcd
2 1.5t0.lbc
21.3t0.1bc
2 1.910. lc
23.ItI.4d

FORM tr

21.910.3a
21.9t1.3a
22.1t0.3a
21.3t1.6a
2L.9tl.2a
24.4t0.Ia
23.2tI.Oa
22.5t0.2a

KCI

20.4tL.2a
2O.2*.L.0a
21.7*,0.2a
2L4t0.2a
21.2t0.3a
2 1.2t0.6a
20.5t0.la
18.9* 1.9a

22.lt0.3a
23.7t0.6bc
23.3t0.3c
23.4t0.3bc
23.5t0.Sbc
24.3t0.3c
24.0t0.1dc
23.6t0.1dc

22.3t0.Ia
21.7¡I.2a
2I.7x0.5a
21.0t0.4a
22.4t0.|a
2L.Lt0.4a
21.8t0.84
21.lt0.3a
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inhibition of starch gelatinization and possibly restrictive effects on

the conformational disordering of starch molecules during heating of high

sugar content food formulations. At the high oligosaccharide-to-water

ratio (1:1) , the DSC thermal profiles provided strong evidence of

metastable rnelting (Figure 27b). Thus, following rnelting of the original

strueture a second high tenperature endotherm was observed when sugars

were included. The magnitude of this cransition increased with increasing

molecular weight of the oligosaccharide. The well-defined exothermic

ef f ect , be tween the t\.¡o endotherms f or Gu , Gu , and G, , is indicative of

structural rearrangement of form I during heating in the calorimeter. This

behaviour is typical of non-equilibrium macromolecular crystals and has

been previously reported for metastable V-amylose structures heated in the

presence of limited amounts of water (Biliaderis et a7. 1985; Biliaderis

et a7. 1986). Non-equilibrium melting was also apparenr, although to a

lesser extenE, for form II at 1:2:2 mixtures of complex:sugar:r,rater (data

not shown) . Furthermore, there was a slight reduction in the apparent

transition enthalpy with increasing molecular weight of malto-

oligosaccharide which suggests that the sugars restricted the extent of

conformational disordering of helices upon heating; e.g. in the presence

of G, and G?, the respective values were 22.1 and 20.3 J.g't for form I, and

23.8 and 20.2 J.g't for form II.



The molecular and structural features of V-¡mylose wíth respect to

chain conformation and unit cell dimensions have been revealed by a large

number of X-ray studies (Rundle and Edwards L943; l"Iikus et a7. 1946; ZobeL

et al- . L967 ; Zaslow et ai . I97 t+) . The main structural motif s of this

polymorph are helical chain segments stabilized by Van der Waals forces,

hydrophobic interactions, and hydrogen bonding (between adj acent

anhydroglucose residues O-2"-O-3', and interturn H-bonds O-2-- -O-6 and

O-3---O-6) (Hinrichs et al. 1'987). However, despite the similarity in

chain conformation a detailed morphological description of V-amylose in

the solid state, particularly as it forrns under dynamic conditions of

hydrothermal and mechanical processing of food materials, is difficult

since organízation of helices with varying degree of randomness can yield

different supermolecular structures. Chain packíng (positional and

orientational) thus becomes an important determinant of local structural

order and is expected to have an imprint on various macroscopic properties

of this polymer. From the DSC and X-ray diffraction data of the present

reporc and previous studies (Biliaderis and Galloway 1989), we infer that

there is a relationship between thermal stability and structure of the t\^/o

identified superstructures of amylose-monoglyceride complexes, forms I

and IT. While the thermodlmarnic and kinetic argtunents for the existence

of these forms have been presented in deËail elsewhere (Biliaderis and

Galloway 1989), most of the structural data point to differences in the

degree of localized order. Form II has sufficiently developed long-range

DISCUSSÏON

LLl
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order, typical of a partially crystalline structure and detectable by both

DSC and X-ray diffraction techniques. On Èhe other hand, form I seem to

consist of sÈructural domains of short-range order which, although not

detectable by X-ray due to their size and/ot imperfections, do respond

therrnally in the calorimeter. The latter structures represent a molecular

organízaxion between those of a crystalline staEe and a "truly" amorphous

(glassy) state. Additional evidence supporting the suggestion of locali-zed

order in form I was obtained by freeze-drying the weÈ complexes, where the

reflection lines ax200 13.1 and 20.1 began to be visible; dísplacement and

alignment of chains upon freezing improves the three-dimensional order of

the aggregated helices without affecting their DSC thermal responses.

Changes in solvent quality by addition of neutral salts affected the

conformational stabiliËy of both complex superstructures. In general, the

effects of salts on the properEies of glyceryl monostearate-amylose

complexes s¡ere a strong function of the ionic species present (type and

concentraEion) and followed Ehe lyotropic series. \^Iith Na+ as common

counterion, "chaotropic" co-anions of high Hofmeister number, such as I-

and SCN', destabilized the strucÈure (Tm was markedly shifted toward lower

values and transiÈion enthalpy $ras reduced with increasing salt

concentïation), whereas anions of low Hofmeister number, such as SOa2-,

enhanced the stability of V-complex suPerstrtlctures. Although the

phenomenology of lyotropic series on biopol¡rmer conformational stability

is known, the origin of these effects still remains obscure (von Hippel

and ilong L964; von Hippel and i.Iong 1985). There are indications, however,

that these ubiquitous effects are a manifestation of changes in rvater

structure (von Hippel and schleich 1969; von Hippel and iÁ/ong 196/+) and
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that preferentíal binding of ions on macromolecules, âs frequently

reported in protein literature (Sawyer and Puckridge L973; Arakawa and

Timasheff L982; Arakawa and Timasheff 1984), may modulate the nature and

balance of intra- and inter-molecular forces responsible for the stability

of ordered states as well as

macromolecule. According to the work of Timasheff and co-workers (Arakawa

and Timasheff 1982; Arakawa and Tirnasheff 1984) on proteins, stabilizing

or salting-out effeets on macromolecules are characterízed by a Latge

preferential hydration of the polymer, whereas extensive binding of the

solute to macromolecule is frequently observed for those agents having

structural perturbing effects.

In general, the order of effectiveness of various anions and cations

(<0.lM) in displacing the Tm of the order-disorder transition of forms I

and II resembles Èhose for the effect of ions on pasting, gelatinization,

solubilization and retrogradation of starch (Erlander 1968). The

destabilizing anions SCN- and I' progressively decreased the Tm and

increased the breadth of the transition of both forms without any evidence

for interconversion between the two aggregated states, as r.¡as found in the

presence of CsCl (4.0-5.0M). Although most structural perturbants exerted

similar effects on both supermolecular sCructures, sodium acetate at high

molar concentration (>2.0M) exhibited destabilizing action on form IT,

while it stabilized form I. These findings suggested that certain ions may

affect differently the forces which influence the association-dissociation

of helices than those involved in helix stabilization and thereby alter

the thermal stability of the complex depending on its chain organization

in the aggrega:.ed state. In contrast to the stabilizing action of most

the preferential hydration of the
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cations (Figure 26) throughout the range of salE concencrations examined,

CaCL, beyond the dilute salt level (>2.0M) lowered the transition

temperature of forms I and II. This salt is also known to cause disruptíon

of starch granules at room temperature (2.5-3.0M) (Gough and Pybus L973;

Evans and Hais¡nan L982) and has proven a potent destabilizer of native

protein conformations (von Hippel and Wong L9651, Arakawa and Timasheff

1984). At much higher concentrations (>5.0l{) , caleium chloride solutions

increased again the transition temperature of the complexes (data not

shown), in agreement with the findings of Evans and Haisman (1982) on

wheat starch.

I,/ith the exception of NaSCN and NaI , the results of transítíon

enthalpy of the complex in various solvent environments (Table 2, 4)

indicated that there ltere no wide dífferences between the two

superstructures and over a wide range of electrolyte concentrations

examined (0.1-2.0M). The enthalpy values of forms I and II ín v/ater were

2L.2+0.6 and 22.2+0.8 J.g-t, respectively. The slightly higher transition

enthalpy of form II was maíntained for almost all ionic environments. The

process of cornplex dissociation involves Ëhe disruption of various

stabilizing forces operating at both molecular and supermolecular level

by heating in an aqueous medium. Energy is therefore required to

dissociate the aggregated chains (i.e. to overcome intermolecular H-

bonding between adjacenÈ helices) as well as to disrupE Ehe ordered

conformation of chains. From the enthalpy data presented in Tables I and

II and in the light of the postulated structural morphologies of forms I

and II (Biliaderis and Galloway 1989), it would appear that melting

enthalpies of amylose-monoglyceride complexes represent mainly the energy
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for helix*coíl transitions and that contributions from chain dissociation

are minirnal. Recent calorimetric data of ilhittam et al (1989) indicated

higher enthalpy values for crystalline than "amorphous" complexes (1.58

vs. 0.90 J.g-t). The differences were attributed to a substantial

contribution from intermolecular interactions in the case of crystalline

complexes. However, the reported values llere at least one order of

magnitude lower than those of our studies as well as of other workers

(Raphaelides and Karkalas 1988; Spies and Hoseney L982) . Variations in

estimated enthalpy values could arise from Lhe different thermal analysis

systems used and their calibration, the crystallizaxion conditions

(temperature, ligand type) and purity of amylose. Such magnitude of

difference in AH needs to be resolved first before any conclusions can be

made on the relative contributions of intra- and interchain interactions

to the overall transition enthalpy.

Glucose and maltooligosaccharides (Gz-G,,) raised the transition

temperatures of both V-complex superstructures (Figure 27)' This is in

accord with earlier calorimetric studies which indicated that sugars and

polyhydroxy organic compounds elevate the gelatinization cemPerature of

starch (l.Iootton and Bmunuarachchi 1980; Ghiasi et a7. L982; Evans and

Haisman 1982; Spies and Hoseney 1982). Although the stabiLizing effects

of sugars on starch gelatinization a:.e of considerable importance in

processing of high sugar content bakery iÈems, the exact mechanism by

which these solutes influence the transition behaviour of starch is

unclear. A ntmber of different explanations have been advanced, including

competiÈion for water, loweríng of water activity and interactions of

sugars with Ëhe amorphous parts of the granule (Spies and Hoseney L982;
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Lund 1984). However, Ít has been difficult to rationaLize all the results

on the basis of a particular theory. In view of the partially crystalline

character of granular starch, Lelievre (L976) has applied a thermodynamíc

treatment of the rnelting data of starch/solute/water ternary mixtures

using an extended version of the Flory (1953) equation which relates the

Tm of a polymer to the diluent concentration. Aside from the simplifying

assumptions made with regard to the magnitude of interaction coefficients

between the three components (polymer-solute-solvent), this theoretical

framework is based on the assumption of equilibrium states and processes,

v¡hich usually are not valid in the case of heated aqueous starch systems

(see discussion below). A similar relationship between Tm, water actívity

and volume fraction of water in the granules derived by Evans and Haisman

(1982) from the Flory theory also suffers Ehe same drawback.

Following the theoretical analysis of van der Berg (1981), Slade and

Levine (1985; 1-987 ) have suggested that a glass-rubber transition precedes

the rnelting endotherm of starch. This implies that urelting is controlled

by the mobility of the amorphous material surrounding the crystalliEes;

i. e. melting can proceed only after exceeding the chafacteristic glass

transition temperature (Tg) of the glassy regions of the granule. It has

been also shown (Biliaderis et a7.1986; Zeleznak and Hoseney 1987) that

Tg is highly sensitive to srater/heat plasticization; i.e. Tg of dry starch

is greatly depressed by smal1 amounts of water (plasticizer). In this

context, starch gelatinization was described as a non-equilibrium process

since melting of crystallites is kinecically-constrained by the immobile

glass at temperatures below Tg (Maurice et aI L985; Slade and Levine I98l;

Bilideris et aI 1986). Furthermore, $¡ichin the Tm-Tg range, where
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molecular nobility of the amorphous chaín segments is enhanced, composite

thermal effects due to partial roelting of metasEable crystallites

(endothermic), reorganization (exothernic) and final melting of more

stable crystallites have been reported for heated aqueous starch systems

(Biliaderis et a1.1985; Biliaderis et a7.1986a,b). The thermal curves

in Figure 27b e1eatly indicate that such events also occur for V-amylose

complexes in the presence of low molecular weight carbohydrates ' The

reason why V-amylose superstructures undergo reorganization during heating

lies in the metastable (non-equilibrium) nature of theír ordered domains '

Following partial melting of the less stable helices, reotganization is

favoured since the remaining helical chain segments can act as nuclei and

the temperature is sti1l below the melting point of the equilíbrium

crystals. ReorganizaEion and formation of regularly packed arrays of

helices yield a state of much lower free energy (Uhermodynamically

stable) .

An alrernative approach has been taken by Slade and Levine (1987)

to explain the elevation of starch gelatinization by sugars ' According to

these workers, a water-sugar mí.xture is a plasticizing cosolvent which ís

less effective in depressing the Tg of starch relatíve to ltater alone

( i . e . sugar -\^/ater exerts an antiplast ícizíng aetion) . In vier¿ of the

molecular weight dependence of Tg for polymeric maËerials (Billneyer

Lg84), they further suggested that antiplasticization is enhanced by

increasing Che molecular weight and concencration of the solute ' Their

experimental data for the effects of homologous series of sugars, present

as cosolvents, confirmed Chis prediction. As the l'fl{ of the cosolvent

increases, the cosolvent becomes less efficient in suppressing the Tg of
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granular starch and Ëhe Tm of crystallites is raised. using these

insights, we have tested their hypothesis for Èhe glyceryl monostearate-

amylose superstructures. As shown in Figure 28, the Mi^i of the 'ç{ater-

maltooligosaccharide cosolvents was indeed inversely related Èo the

melting EemPerature of the complex. These results add further support to

the argument that polyhydroxy conpounds influence the melting of starch

structures by elevating the Tg of the respective amorphous phase which in

turn causes the melting events to conmence at a higher temperature.



Figure 28. TransiËion temperature(Tn)
cosolvent (water + glucose oligomer)
glycerol nonostearaEe-amylose : sugar
weight) : (a) , forn I; (b) , forrn II.

as a function of L00/WìI of
for 3-componenÈ mixcures of
: water (1.0:2.0:2.0 parts by
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MANUSCRTPT III

ACTION OF a-AIIYL,ASES ON V-AI"IYLOSE SUPERSTRUCTURES



The digestion of starch by o-amylases has been the subject of many

investigations in recent years due to its analytical and possible

nutritional significance in the diecary fiber concept (Dreher et aL. 1984;

Preiss and Levi 1980; Berry 1986; Ring et al. 1988). In general, rhese

studies have revealed that susceptibilicy of starch to amylolytic enzymes,

not only depends on the source of starch and enzJrme, but also on the

processing and storage conditions to which starch is subjected. For

example, cooking greatly improves the digestibility of poorly-digestíble

starches (Dreher et a7. 1984), presumably due Eo granular disorganization

and changes in the crystallinity of starch materials. Furthermore,

incompletely gelatinized products of whole wheat (as assessed by

differential scanning ealorimetr)), exhibit reduced rates of a-amylolysÍs

and thus elicit low glycemic responses (Holm et a7. 1988; Holm 1988).

Other factors known to affect the kinetics and extent of a-anylolysis of

starch include amylose-amylopectin racio and retrogradation of starch

molecules (Dreher et a7. 1984; Holm 1988; Sievert and Pomeranz 1989).

Furthermore, since enzymic hydrolysis of starch-containing foods is a

heterogeneous reactí"on, available surface area is an important parameter.

The latter is related to granule and particle sizes (coarse vs finely

ground materials), macrostructure (conpaet vs porous) and the presence of

other constituents (e.g. cell walls, proteins) which may act as physical

barriers (entrapment of sÈarch) and thereby restrict enz1¡me accessibility

INTRODUCTTON
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to starch. Depending on the sewerity of conditíons thermal processing

affects the physical state and forro of sÈarch and, therefore' can

influence starch availability and glycemic fesponses; this was shor'¡n for

extruded and drr.rm-dried wheat flour products (Bjorck et a7. 1984) '

complexation between Iipids and anylose, which readily takes place

during heat processing of starch, also appears to influence the

susceptibility of starch to enzymic degradation (Mercier 1980; Schweizer

et a7. 1986). It has even been proposed that these complexes could be

regarded as component of the dietary fiber (Larsson and Miezis L979) ' The

effects of lipid copmlexaÈion on amylose digestibílity rl¡as further

examíned by Hohn eÈ a7. (1983). Although complexed amylose was highly

resistant to a-amylase in vitto, compared to free amylose in solution,

complete digestion of the complex was obtained when a large excess of

enzJrme was added. Complexes of amylose with lysolecithin were also found

to be completely absorbed in the rat sxû411 intestine. Nevertheless, the

plasma glucose and insulin levels, following ingestion of complexed

amylose, were significantly lower than those after ingestion of free

solubilized amylose. These results, therefore, inply a slower degradation

of amylose-1ipid comPlexes for both in-vitro and in'vivo situations'

Earlier studies by Eliasson and Krog (l-985), also demonstrated that

complexes with long saturated monoglycerides are more resistant to enz¡rmic

breakdown than complexes with shorter aliphatic chains or Streaíex degree

of unsaturation for the ligand. Although these findings clearly indicated

that complexation of amylose with monoacyl lipids is responsible for a

EreaXer resistance Èo enzymic hydrolysis, there have been no relationships

established between o-amylase susceptibility and structure/physical
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properties of amylose inclusion complexes (V-anylose). In two recent

reports (Biliaderis and Galloway L989; Galloway et a7. 1989), several

structurally dístinct forms (I, IIa and IIb) for the anylose-saturated

monoglyceride complexes in the aggregated structure \{ere identified and

characterlzed. According to Èhe structural model put forward, form I,

obtained under conditions of rapid nucleation, was morphologically

described by a random dístribution of helices being in little

crystallographic register with one another. In contrast, the

supermolecular structures of forms IIa and IIb Lrere typical of partially

crystalline state in which well-defined crystallites are embedded in

disordered regions; differences between IIa and IIb mainly lie on the

degree of crystallinity/perfection in the ordered domains of the complex.

The gross morphological differences in structure and properties for such

V-amylose superstructures as well as the ability to generate these forms

under controlled conditions (temperature-ligand type-time) of complexation

from dilute amylose solutions have prompEed us to investigate the effects

of chain organization in the solid state on the resistance of complexes

to a-anylolysis. Furthermore, this study aimed to provide additional

insights into the scructure and properties of the various forms of amylose

inclusion complexes, and the influence the superstructure might have on

dietary fiber analysis data which are based on enz)rme digestion of starch.



Materfals

Potato starch amylose was obtained fron Aldrich Chemical Company

(Milwaukee, i^II). The molecular characteristics of this polysaccharide

$/ere: lrt) in M KOH 156 ml .g't , corresponding to a degree of

polymerization 1150 (d.p.:7.4 [r?]), and iodine affinity 18.99 Ir/L})g.

Alpha-amylase (E.C. 3.2.I.1)from BaciTTus subtiTis and hog pancreas were

purchased from BoehrÍnger Mannheim Canada Ltd. (Dorval, Que.). The

lyophilized B. subtiTis preparation q¡as reconstÍtuted into a suspension

(100mg/ 7m1) by addition of (NHr,)rSOo solution (3.2M, pH 6.0). The enzyme

frorn hog pancreas was supplied as suspension ín this solutíon by the

manufacturer. Enzyme activities for the a-amylase preparations were

determined according to the method of Jane and Robyt (1984); one unit (IU)

is defined as the quantity of enz)rme required to produce a reducing

potential of L ¡t mole glucose per min from a 0.58 (w/w) soluble starch

(Fisher Scientific, Ottawa, Ont.) solution (0.003M NaCl, 0.05M phosphate

buffer, pH 5.5 and 6.9 for B. subtiTis and hog pancreas, respectively).

Gel permeation chromatography equipment and ge1 medía were products of

Pharmacia Canada Ltd. (Dorval, Que.). All ocher reagent grade chemicals

were obtained from Fisher Scientific Ltd. (I,Iinnipeg, Man. ).

Materfals and Methods
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PreparaÈf.on of the complexes

The conditions for preparation of complexes \"rere accordíng to

Biliaderis et aL. (1985); amylose concentratíon 0.25t (w/v), amylose co

ligand ratio 5:1, isothermal crystallizarion at 600C (Form I) and 900C

(Form IIa) for 24 }:,r. Complexes were washed repeaÈedly with CHC13 to remove

the free ligand. In addition to forms I and IIa, an annealed sample (IIb)

of hydrated form IIa, prepared by isothermal annealing (30t w/w complex

in \Àrater, r2ooc/2h), was used in this study. Except for samples of rra used

in annealing experiments and all forms of the complexes used for turbidity

measuremenËs, the complexes Trere freeze dried. The freeze dried powders,

prior to c-amylase digestion, r¡rere passed through a 0.5mm sieve to obtain

complexes of sirnilar particle size.

a-Amylase dfgestlon

L32

Complexes were digested with c-amylases using procedures similar to

those of Jane and Robyt (1984). Two digestion studies were conducted. In

the first study, hydrolysis \{as performed batchwise, and conditions

involved suspending 500 ng of complexes in 60 ml of appropriate

buffer,(6nM NaCl, 0.02S NaNa, 0.1M phosphate buffer, pH 5.5 and 6.9 for

B.subtiTís and hog panereas c-amylases, respectively). The complexes to

enz)rme activiÈy racio s/as 3Ong/IU. The digestion mixtures erere gently

agitated using a mechanical shaker. At specified digestion periods (from
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5hr to 72hx), each batch \úas centrifuged (8,000 xg) the supernatant was

filtered and total carbohydrate analysis was carried out using the phenol

sulphuric rnethod (Dubois et a7. 1956); extent of hydrolysis was determined

by expressing the total carbohydrates in the supernatant (as glucose) as

percent of the initial coroplex. The ertzyme digestion of the residue

material l^¡as arrested by the addiÈion of 10 volumes of 0.1M HgClr. After

24in the residues were centrifuged (8,000 xg) and washed twice with

distilled vrater. The samples intended for X-ray diffraction were kept in

the hydrated form, while Ëhose intended for DSC and chromatography were

fteeze dried. In a second study, which was also performed bacchwise, 75Omg

of complex ( forrn IIa) \¡ras suspended in 90 ml of appropriate buf fer .

Depending on the digestion conditÍ-ons, the complex to enz]lme activity

ratio was varied from 1IU to 20IU per 30mg of complex. At a specified

digesrion time (2/r, 48 and 72hr), sample aliquots (2ml) of the digesc

supernatants lüere withdrawn for total carbohydrate analysis (Duboi_s et a7 '

19s6).

X-ray diffractonetrY

X-ray diffraction analysÍs of freeze-dried and rehydrated (30t HzO)

complexes was performed with a Philips P\{ 1710 diffractometer equipped

with a graphite crystal monochromator: coPper Ç radiation; voltage 40kV,

sampling interval 0.45s; scan speed 0.L 20o/sec.



Dlfferential scanning calorirnetry

The DSC studies were carried out using a 9900 thermal anaLyzer

equipped with a Dupont 910 ce1l base, and a pressure DSC cell (Biliaderis

et a7.1985). All measurements rrere carried out at 208 (w/v) (unless

oÈherwise specified) and at a heating rate of lOoc/min. The lyophilLzed

samples were kept at least for 2h to equilibrate with the solvent. Results

presented are means of at least duplicate measurements.

Turb idity measuremenÈ s

Changes in turbidity of aqueous suspensions (0.37ng/nL) of glycerol

monostearate-amylose complex, used as an index of particle density, were

monitored by transmituance readings at 580 nm at 250C.

L34

Debranchíng of waxy maize starch with pullulanase

Amylopectin from waxy maize (35 rng) was dispersed in 1 ml HrO and

1.5 nl hot MerSO. After diluting with acetate buffer (3.5 mI, 0.1M, pH

5.7), the solution was heated (850C for 1-5 rnin) to complecely dissolve the

polysaccharide. Debranching was carried out using 4 units (0.1 ml) of

pullulanase at 370C for 6hr. The enz¡rme digest was subsequently heated in

boiling vTater for 20 min to inactivate the enz)¡me and filtered prior to

gel filtration chromatography.



Ge1 Chronatography

Ge1 permeation chromatography of the complexes and the enzJrme-

treated residues was performed on a Sepharose CL-68 column (2.5 x 96cm).

Elution was carried ouË with 0.1 M NaOH solution at a flow rate of 40

nl/hr ax 25oC. The delipidized complexes (boiling in 85t methanol for 2hr),

dissolved in the s¡me solvent, were applied onto the coh¡mn (10mg), and

fractions of 5 rnl were collected. Total and void volumes were determined

using glucose and blue dextran, respectively. A1so, the debranched

amylopectin digest was used to further calibrate the column. Eluent

fractions were analyzed f.or total carbohydrates by the phenol-sulphuric

method (Dubois et a7. 1956).

ltc cplues N¡ß.

Solid-staÈe CP/MAS carbon-13 spectra were obtained ax 75.46 MHz on

a Bruker CPX-300 spectrometer. Spinning rate of 4 1<Ílz and spin locking and

rH decoupling fields of -320 kHz r/¡ere used. Speetra are referenced to

external MenSi. A contact tirne of 1 ms was used for all spectra with a

recyele time of 2s. Other parameters were: line broadening 5Hz;

acquisition time 34 rnsec.

l3s



Structural conslderations

A range of supermolecular structures for the amylose-monostearin

eomplexes were prepared by altering the tenperature of crystallization.

Forms I, IIa and IIb differ in the organizaxion of helices, as evidenced

by their X-ray diffraction and DSC data of Figure 29. The thermal curves

indicated that all eomplexes vlere pure preparations ' yÍelding single

endothermic transitions at 98.910.70C, LL4.3+0.30C andI24.5+0.60C for forms

f, IIa and IIb, respectively. The X-ray patterns of rehydrated (-30t H2O)

freeze-dried powders of these complexes confirmed our previous findings

(Biliaderis and Galloway 1989) on the structure of these forms; i.e. while

IIa and IIb gave patterns typical of partially crystalline states, form

I shows limited degree of long range order in the aggTegated state ' For

the latÈer, it is worth cornmenting here that it is only after fteeze-

drying and rehydration that forra I develops a diffused V-type pattern,

presurnably due to slight rnodification of the structure via chain

aggregation during freezing. This form, when isolated as a hydrated

precipitate from dilute amylose solutions, gives rise to a completely

amorphous X-ray pattern (Biliaderis and Galloway 1989). The relatíve

intensities of the characteristic diffraction lines of V-crystals (at

7.36, 13.1 and 20.L 200) v/ere more pronounced in the order of I< IIa( IIb.

The observed narrow rarrge of melting enthalpies (20.5-26.1 J/Ð among the

three structures is also consistent with our earlier proposal (Biliaderis

RESULTS AND DISCUSSION
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Figure 29 . DSC thernal curves
diffraction paËterns and t'C

monosÈearate-amylose complexes :

correspond co Form I top), Form

(20* w/et complex ín water) , X-tay
CP/MAS NMR spectra of glycerol

For each seE of data, the PatÈerns
IIa (middle) and Form IIb (bottorn).
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and Galloway 1989) that the enthalpy change on dissociation of amylose-

lipid complexes represents mainly the energy required to disrupt

individual helices and includes very little contributions from

intermolecular effects. These results are in contrast Eo the recent

findings of ilhittan et aL. (1989). Their DSC daEa on the complexes of

amylose with short chain linear alcohols showed much greater values for

the dissociation enthalpy of crystalline complexes (L.58 J/Ð than that

of "amorphous" forms (0.90 J/Ð. These researchers, therefore, suggested

that a substantial portion of the transition enthalpy of crystalline V-

complexes corresponds to the thermal energy needed to overcome the crystal

laÈtiee intermolecular forces. Such conclusions, however, must be seen

wíth caution, since the reported range of enthalpy values (0'9-L.6 J/g)

is at least one order of magnitude lower than those from previous studies

(Raphaelides and Karkalas 1988) and the results of the present report.

The cross poLarízation and magic angle spinning (CP/MAS) t3C NMR

spectra of complexes (Figure 29) showed resolved resonances in the regions

of 103 , 82-83 and 6I-62 ppm which, according to Gidley and Bociek (1985),

roay be assigned to C-1, C-l+ and C-6 sites. Another signal ax 75.8 pp*,

partly resolved for forms I and IIb, corresponds to C-3 sites, while the

resonance at 72-73 ppm, having nuch greater intensity than the other

signals, was assígned to unresolved resonances of both C-2 and C-3 sites

(Gidley and Bociek 1985). The chemical shifts for the glycerol

monostearate-amylose complex are closely similar to those of other V-

amyloses (Gidley and Bociek 1988) prepared with ligands known of inducing

various polymorphic forms of the complex (Ve and Vr) . These results,

cherefore, support the findings of Gidley and Bociek (1988) thatlsc
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chemical shifts are not sensitive to expansion of Ëhe arnylose helix from

a six-to a sevenfold repeat. Furthernore, despite aLatge variatÍon ín the

long range order of the three forms of the complex (Figure 29), very

little change in the 13C chemical shifts was observed. Line widths in r3C

CP/MAS spectra of a-D-glucans and their oligomers are also known to be

more sensitive to crystallinity changes than the chemical shifts (Gidley

and Bociek 1985): broader signals $lere obtained in the order of

crystalline cyclodextrins( ordered oligomers( ordered polymers( amorphous

(gelatinized) starch. The ttc Nl'ß. spectra of Figure 29 showed no struccural

variation in line width at half heights for the resolved resonances. It

would seem reasonable, therefore, to conclude that increasing perfection

of the complex superstructure is insufficient to bring about alterations

in chemical shifts, line widths or resonance multiplicitíes for certain

carbon sites. The ttc CP/MAS spectra of V-amyloses are similar to the

spectrum of amorphous lyophilized amylose (Gid1ey and Bociek 1985),except

that the shape of C-l line in the case of ¡morphous amylose is broader and

has an upfield railing. The similarities in C-l and C-4 chemical shifts

for single helical amylose structures and ,morphous a-D-glucans have been

interpreted as evidence for the presence of amylose/lipid inclusion

complexes in the native granular starches (Gidley and Bociek 1988).

The tiroe-dependent changes in turbidity of V-amylose complexes in

aqueous suspensions are shown in Figure 30. clearly, forms IIa and IIb

exhibited more rapid parÈicle sedimentation than forro I. This implies a

greater particle density for IIa and IIb and is in accord with the

hypothesis that a more compact chain organízaXion exísts in the solid

sËace of these forms (Biliaderís and Galloway 1989).



Figure 30. Tine dependent changes in
amylose complex suspensions (0.37
Form IIb(@).

turbidity of glycerol monosÈearate-
rng/url) : Form I(¿) , Forrn IIa(&) and
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a-enylolysls of comPlexes

Hydrolysis of amylose-Eonostearin complexes with B. subtí7is (Figure

31a) and hog pancreas (Figure 31b) ¿-amylases in heterogeneous reaction

mixtures t/as performed to assess the effect of supermolecular structure

on the ín vitro digestibility of the complexes. NaEive granules of wheat

starch were also included in these comparative kinetic studies. The

hydrolysis profiles in Figure 31 indicate that after a rapid rise in

soluble carbohydrates during the early stages of incubation, hydrolysis

proceeds at a much slower rate later on. Hydrolysis action presumably

occurs more rapidly in the disordered regions of the complexes, partly

accounting for the biphasic reaction kinetics. Under the conditions

employed in these studies, the degree of hydrolysis did not reach at

constant plateauvalues even after 72hr of digestion for most samples. The

rate and extent of degradation of the complexes with both enz)rmes

decreased in the following order: form I) form IIa) form IIb. This ranking

corroborates with the proposed structural features of these forms

regarding. the degree of otganizaxion and perfecEion of ordered domains of

aggregaced chains; i.e. form I with the less ordered structure (more open)

in the solid state exhibics the highest susceptibility to c-amylase. Thus,

supermolecular structure of V-complexes does affect the accessibility of

enzJrmes to the solid substrate and thereby controls o-amylolysis kinetics.

Interestingly, boCh enz¡rmes aE a concenLration of 3.3 IU/100mg substrate

hydroLyzed wheat starch granules more rapidly than the three forms of the

complex.

L43



Figure 3L. Enzyme hydrolysis (0.5g solids/60m1
subsCrate) of glycerol monosËearate-amylose
subti-Iis and (b) hog pancreas c-amylases: l{heat
Forn IIa(o) and Form llb(tr).

buffer, 3.3TU/100mg
complexes by (a) B.
starch(@), Form I(A),
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In víew of the relative resistance co hydrolysis of glycerol-

monostearate-amylose complexes, particularly of forms IIa and IIb, and the

potential conÈribution of these materials to the âmount of resístant

starch, o-amylase digestion studies were performed at different initial

enz)rme concentrations (Table 5) . Using form IIa in these experiments, the

extent of hydrolysis increased with increasing level of a-amylase. At 62

IU/IOO mg complex, form IIa was completely hydrolyzed to soluble

oligosaccharides after 721nr of digestion. Consequencly, even crystalline

forms of the amylose complexes can be fully degraded under prolonged

reaction time and high enzyme levels. Lrhether limiting hydrolysis yields

are attained in vivo and thereby modulate the availability of V-amy1ose,

it would depend on its supermolecular structure, as it forms during

chermal processing of foods, the physical form of the overall foodmatrix,

and the reaction time with Ehe salivary and pancreatic a-amylases. In

model studies it lras observed thaE amylose-lysoleeithin complexes are

completely hydrolyzed and absorbed in the gastro-intestinal tract of rats

(Holm et aI . 1983 ) . i^Iith regard to contributions to the dietary f iber

values obtained for starch containing foods, the possibility of the

complexes Eo resist Èhe ÈhermosÈable microbial o-amylase during the high

temperature- high enz)rme concentration conditions employed (Holm et a7.

1983) seems unlikely. Similar responses to a-arnylolysis with varying

amounts of enzyrne observed for form IIa (Table 5) have been reported for

amylose, anylopectin and starch gels (Ring et a7.1988). Moreover, d-

arnylolysis of native starches shows increased hydrolysis rates and lower

amounts of resisËant residues with increasing level of enzymes (Ring et

a7. 1988; Colonna et a7. 1988).



TABLE 5. Extent of hydrolysís of glycerol monostearate-amylose complex (form
IIa) by ¿-:rnylase in a heterogeneous reactíon mixture (0.759 solids/9Oml
buffer ;370C)

Enzyme
concentration

( IUll00mgComp1ex)

3.3 20.4+3.1" 26.7+L.7 37.3+6.L 37.9!2.8 44.3+5.6 49.5+3.1
16.3 29.8+2.3 33.8+6.4 39.7+L.7 44.6+L.9 47.L+3.8 56.r+3.2
33.0 39.6!2.4 54.9+r.2 70.3+2.3 55.8+3.3 80.811.6 83.4+5.8
66.0 79.9+7.6 93.6+2.7 95.3+2.L 91.1+4.3 99.1+4.3 100.2+3.6

BaciTl-us subtí7ís
o-amylase(pH 5.5)

" Means + s. d (n:2)

24
Time (hr)

48

741

72

Hog pancreas
a-amylase(pH 6.9)

24
Tirne (hr)

48 72
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The results of FÍgure 31 and Table 5 reveal EhaË Èhe B. subtiTis a-

amylase (BSA) gives a lorver degree of hydrolysis than the hog pancreas

enz)rme (HPA) under identical conditions (enzyme concentration-time-complex

form). These differences in hydrolysis rates are probably due to the

greater number of substrate binding subsites of the BSA (9 glucose unics)

(Robyt and French 1963) compared with the HPA (5 glucose units) (Robyt and

French 1967). As a resulE, the BSA may leave a greaEer number of

undigested fragments and, therefore, exhibit lesser accessibility to short

amylose chain segments in the aggregated structure.

Gel permeation chromatographic profiles (Sepharose CL-68) of the

delipidized residues of complexes following 48h digestion with 3.3

IU/100mg complex are presented in Figure 32. Extensive chain

depol¡rrnerization lras found in both erìz)¡me digesËs even for Ehe more

resistant forms of the complex superstructures, IIa and IIb: the chain

distributions of the resistant amylodextrin fragments were shifted toward

lower molecular size than the distributions of native amylose. These

elution patterns differ froro those of enzymic residues of wheat starch

granules after digestion with the BSA (Colonna et a7. 1988). Even after

extensive degradatíon (53-91* hydrolysis) with this enz)rme, Collona et al-.

(1988) observed very 1íttle change in the chromatographic profiles of the

resistant material, compared to native starch, on Sepharose CL-28. On the

basis of their findings, these researchers suggested that starch granules

are not equally susceptible to hydrolysis by B. subtí7is o-amylase and

that the enzJ¡ne-resistant maÈerial consists mainly of starch granules with

very little degradation; i.e. enz)rme action is not uniform throughout the

population of scarch granules. In contrast, to granular starch, the



Figure 32. Chromatography on Sephalose CL-68 (2.5x 96cm, eluted with
0.lM NaOH, flow rate 41nL/1tr, 250C) of glycerol monostearate-amylose
complexes: Nacive (o) and residues afcer hydrolysis (48h, 3.3TU/mg
complex) wirh B. subtiTis (A) and hog pancreas (tr) c-amylases.
ChromaEograms of blue dextran(@), debranched $¡axy naize(ø) and
glucose(a) are given at the EoP
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results ín Figure 32 do not support a similar mode of macromoleeular

degradation for the glycerol monostearate-amylose complexes. Even after

a relatively small degree of hydrolysis (forn IIa, 24.6'30'8t; form IIb

2I.6-24.82), there was no evidence for the presence of high molecular

weight a-D-glucans (elutíng in the viciníty of the void volure) in the

enz)rme-resistant fractions of these materials. It would aPpear, therefore,

that enzyme action q¡ ¡rnylose-1ipid complexes proceeds more uniformly than

with granular scarch, so that no intact particles of the complexes exist

at any time. Although a-arnylolysis is expected to involve the same

molecular mechanism of catalysis, BSA seens to have greater access to the

amorphous regions of the complex superstructure than to the lattice of

granular starch. Between the two enz)rmes, the BSA gave slightly broader

chain distributions and of lower molecular weight for the erlzpe resistant

fragments than HPA. Moreover, the peak fractions of the eluting chains

(Figure 32) for all samples were greater than DP 45, in agreement with

previous reports (Bilíaderis and Galloway 1989; Galloway et a7. L989; Jane

and Robyt L984) on structure charaetetízaÞion of such residues '

Physlcal propertfes of enzyne-reslstant fractlons

To further elucidate the rnode of chain degradation of complexes by

o-amylases in the solid state, X-ray diffraction measurements and thermal

analysis by DSC on the o-amylolysis residues ttere performed' In Figure 33

the wide angle X-ray diffraction Patterns of naÈive forms I, IIa and IIb

as well as their enzJrme treated counterparts are presented' There have



Figure 33. X-ray diffraction patterns of wet glycerol nonostearate-
¡mylose complexes: (a) Forn I, (b) Forn IIa, and (c) Form IIb;
ntrmerical subscripts correspond to naÈive (1) and residues of B.
subtiTis (2) and hog pancreas (3) c-amylase-treated complexes (48h,
3.3IU/100ng cornplex) . Percent hydrolysis of V-¡mylose for the enz)¡me-
treated residues v/ere: (aù 70.8; (as) 80.2; (bz) 24.6; (b¡) 30.8; (cz)
2L.6; (c¡) 24.8
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been no substantial ehanges in crystallinity of the residues after enz¡rmic

treatments at a specified level of hydrolysis (Figure 33), except for some

broadening of the diffraction peak at 13 .L 20o for the IIa and IIb forms.

The DSC data of wheaL starch and complexes for BSA and HPA treatments are

summarized in Tables 6 and 7, respecÈively. Irrhile DSC analysis on the

residues of the BSA digesÈs was carried out directly, cold extraction of

the released monoglycerides (upon hydrolysis) with CHCI3 was chosen in the

case of HPA residues to overcome noisy DSC signals. There was a

progressive reduction in the melting enthalpy of all forms of the complex

as hydrolysis with BSA proceeded. Thi-s was accompanied by a concomitant

increase in the melting transition of Iiberated (uncomplexed)

monoglyceride (Table 6). The presence of free lipids (following a-amylase

hydrolysis of the complex) in the residues is not surprising when

considering the high affinity of starch for adsorbing aliphatic molecules,

as was demonstrated by electron spin resonance sPectroscoPy (Biliaderis

and Vaughan L987 ). A slight reduction in the transition cemperatures vlas

also observed with increasing hydrolysis time. For v¡heat starch granules,

on the other hand, although initially showed smaller enthalpies of

gelatinization, after 72trr of digestion the recovered residues had

comparable transition enthalpies to those of the native sample. Colonna

et al. (1988) also reported similar DSC thermal profiles for native and

BSA treated wheat starch granules. The DSC data of Table 6, therefore,

confirm the notion for a differenE mode of degradation of these materials

(complexes vs. wheat starch granules) by the B. subtiTis a-amylase

discussed above. Interestingly, the enthalpies of amylose-lipid (internal

sÈarch lipids) transiÈions of wheaE starch showed a progressive reduction



TABLE 6. DSC characteristics (20 w/w in HrO solids) of wheat st¿rch granules and glycerol
monostearate-amylose complexes after hydrolysis with Bacillus subtilis c-amylase (0.5g/60m1 0.1M
buffer, pH 5.5, 3?0C, 3.3IU/100mg complex)

Sample Parameter

Wheat Mg"r"rio
starch TDs"l"ri¡

Æ--pto
Tm-rplo

Form I ÂH¡¡pia
Ñ--ol"t
Tm--0,*

Form IIa

7.5+0.1"
60.1+0.2
4.6+r.2

98.6+0.3

0.6+0.1
20.5+0.2
98.910.1

0.2+0.1
23.7+7.6

114.410.3

0.2+0.1
26.710.3

124.6+0.6

Form IIb

aH,,o,¿
Æ-rplo
TR*-p¡*

Æ,,o,u
ffi-.oro
TD-rpro

5.8+0.2
61.1+0.3
4.011.3

97.6!0.2

2.7+0.6
19.3+0.5
97.7+0.3

0.510.2
23.610.9

112.910.3

0.2+0.2
26.õ+L.2

124.3+0.3

15s

Time (hr)

" Means t s.d (n=3)

74

5.0+0.7
ü.610.3
2.&2.0

98.410.1

4.6+0.5
\4.5+0.2
97.2+0.7

3.410.6
22.4+1.7

111.7+0.5

0.9r0.6
24.0+0.6

123.2+0.2

24

6.2+0.6
62.7+0.r
2.5+0.2

97.190.5

9.010.2
12.8+0.1
96.9r0.3

2.910.6
20.8+1.9

111.3+0.6

1.6+0.3
24.0+L.6

122.6+0.1

48

6.7+0.8
65.510.8

1.910.6
94.8+1.9

78.2+0.2
8.3+1.5

94.8+0.4

2.7+0.3
19.7+0.9

rr0.7+0.7

1.6+0.2
23.7+0.7

722.6+0.5

72

7.010.3
u.3!0.2
1.&0.4

93.410.9

25.9!2.2
4.1+0.3

93.9+0.5

5.2+7.1
18.1+0.9

110.5+0.3

1.3+0.2
22.1+7.3

122.3+0.4



TABLE 7. DSC characieristics (20Vo solids w/w in HzO) of wheat st¿rch granules and glycerol
monostearatÆ-amylose complex after hydrolysis with hog pancreas c-amylase (0.5g/60m1 buffer,
pH 6.9, 3?0C, 3.3 IU/100mg complex) and iemoval of libeiated monoglyceride byîold CHCI3
extraction.

Sample Parameter

Wheat
starch

Form I

Form IIa

Form IIb

üg"l"uo
Tmg"t"uo

Æ--olo
Tm-.0,*

M--olo
T-**,"*

ffi--olo
T---ì,o

7.5+0.1"
60.1+0.2

20.5+0.2
98.910.1

23.7+7.6
114.4+0.3

26.7!0.6
124.6+0.6

" Mertrs + s.d (n=3)

6.&0.4
62.3+0.3

19.L+0.5
98.8+0.5

23.3+0.3
172.7!0.7

26.5!0.7
724.6+0.7

ls6

Time (hr)

l4

6.5+0.9
65.710.1

16.5+0.2
96.4+0.9

22.6+0.5
110.410.3

24.7+0.4
122.2+0.5

24

4.6+0.3
63.610.3

10.ù12.1
95.2+0.4

20.7+0.2
109.4+0.1

22.#0.6
121.3+0.2

4.2+L.3
65.1+0.3

4.010.8
93.2+0.5

16.1+1.1
108.910.2

27.8+0.7
120.6+0.2

48

3.010.4
66.9+0.6

11.7+0.6
108.1+0.1

20.6+0.4
120.0r0.1

72
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(Table 6). This finding suggests that anylose, being present mostly in the

disordered regions of the granules, is more sensitive to enzymÍc

depolymerization than anylopeccin crystallites, thus shov¡ing diminishing

ability for complexation with native granular lipids during heating.

Even mofe pronounced reduction in the magnitude of melting

transitions of complexes was found in the case of HPA residues (Table 7),

albeit the X-ray diffractogrâms showed no changes in crystallinity of

these materials (Figure 33). The combined DSC and X-ray data of the

present study, therefore, suggest that upon removal of interconnecting

amorphous chain segments between crystalline domaíns of the complexes, the

latter are becoming thermally unstable (i.e.exhibit lower 
^H 

and Tm)

compared to their native structures. The importance of interspersed

disordered chains to the thermal stability of the complexes is revealed

in Figure 34 for form I. It is well known that complexes of amylose with

monoacyl lipid exist as metastable states of varyi-ng degree of perfection

in their ordered domains, depending on the conditions employed during

complexation (solvent, temperature, ligand type) (Biliaderis and Galloway

1989). Form I, for example, because of the relatively high degree of

supercooling required for its formation (Biliaderis and Galloway 1989),

has a supermolecular structure that is amenable Ëo reorganizaËion during

heaÈing in the DSC (at 30-60t moisture content and under moderate heaEing

rares) (Bíliaderís et aL.1985). Such thermal behaviour is manifested by

multiple melting endotherms separated by an exothermic effect in the DSC

curve, as illustrated in Figure 3t+ (top eurve)for che control sample.

After partial melting of Èhe structure (first endotherm), the complex

xeorganizes into a more perfect form of greater thermal stability (second



Figure 34. DSC thermal curves of solid residues of Form I (50t w/tt inHrO)
following hydrolysis with B. subtílis a-amylase for a specific reaction
time. Mass of complex from top Eo bottom: 3.95(conrrol), 3.4L,3.91,
4.25, 3.95, 3.6l; heaÈing rare l00C/min.
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endotherm). It is apparent from Figure 34 that as o-amylolysis proceeds

and the proportion of interspersed amorphous chains decreases, there is

less tendency for the remaíning structure of the complex to reorganize

during the DSC heaËing experiment. Furthermore, there is a progressive

reduction in the magnitude of melting transitions of the complex. The

sharp endothermic transitions beLween 55 and 6O0C correspond to melting of

the lipids released when the complexes are degraded.

For wheat starch, in contrasË to BSA digests, the HPA-treated

residues showed a continuous decrease in the gelatinization enthalpies,

implying a different mode of action for this enz)rme (Table 7). This

observation suggests that different hydrolysis patterns may exist among

amylolytic enz¡¡mes and warrants further investigation on degradation of

granular sEarches using amylases from various sources and examination of

enzJrme resistant fractions by employing a range of analytícal techniques

(DSC, X-tay diffraction, electron microscopy etc.).
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The pfesenc study was undertaken to investigate the stability,

inÈerconversion and enzyrne digestibilicy of glycerol monostearate-amylose

complexes and obtain further evidence on the supermolecular organization

of these materials.

As wich synthetic polymers, whose mechanical behaviour is determined

by a number of structural parameters (molecular weight, branching, cross-

linking, crystallinity and crystalline morpholog), molecular orientaÈíon,

and plasticization, Mandelkern 1984), the thermomechanical properties of

amylose-lipid complexes in bulk or in a composite starch containing

product would be dependent on their supermolecular organization, i.e. the

way chains intermingle to give ordered and disordered domains in the bulk

solid state. Such higher order of chain organízation is extremely complex

and rather difficult to describe morphologieally, since the polymer chains

can exist in various aggregaËed states, depending on the crystallizatLon

conditions, molecular weight distribuEion, and polymer polydispersity.

Different structural forms of amylose-lipid complexes are now being

recognized and need to be studied in a sysÈeloatic manner if one is to

establish relationships between properties and morphological features of

such non-equilibrium sÈates. The DSC, X-ray and structural analysis data

presented in this thesis further supported the proposal of earlier work

that amylose-lipid complexes, in the solid state, exist mainly as two

morphologically distinct supermolecular, meÈastable structures (Biliaderis

SIIUUARY AND CONCLUSTONS
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and Galloway 1989). Form I, a kinetically preferred polymorph, since its

Tm does not vary, seems to consist of helical-chain segments of very

little crystallographic register with one another. A diffused cwo-line V-

diffractÍon pattern obtained from this form upon lyophilization suggested

the fonnation of a more ordered tertiary structure via chain aggregation

during freezing. However, such linited inter-chain associations in the

solid state were insufficient to cause changes in the thermal properties

of Form I. Instead, Form I seems to be a separate thermodynamic state

(between those of liquid/melt and classical crystals) that converts into

form II only after partial urelting of its structure; i.e. large energy

barriers exist between form I and II, which confer kinetic stability into

the system. Form II, on the other hand, exhibits a well defined three-line

V-diffraction pattern, typical for this particular crystalline structure.

Crystallites of this form can be perfected/enLarged via isoËhermal

annealing.

The conformational responses of the two forms in the presence of

sulphate and sucrose indicated that the structure of the complex v/as

stabilized as reflected by increases in Trn for both forros. Similar trends

were also found for glucose and a series of maltooligosaccharides. At high

concentration of these solutes (e.g.> 1.17M sucrose) the metastable form

I underwent reorganization during thermal analysis (100C/min; cornplex 208

w/w in solution). The exothermic event between the tv¡o endotherms is

indicative of reorganizatíon of the complex inËo a state of lower free

energy. These results also implied Èhat phase transiËion of these

materials are far from equilibriun or even zero-entropy producEion

melting. In contrast to NarSOn and sugars, the DSC thermal curves of form
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I and II in the presence of urea and guanidine hydrochloride exhibited a

progressive destabilization of the sLructure with increasing concentration

of the dissociating agent; i.e. Ehe Tm and ÂH decreased progressively and

the transitions became broader.

The relative ranking of the anions (at concentracions ( 1.0M) in

promoting conformational disordering of the two structural forms was: SCN-

> I> NO3> I> C1> CHaCOO> SO4-. This order is in accord with the lyotropic

or Hofmeíster series. The thermal resPonses of form I and II, to the

seríes of anions examined exhibiued simí1ar trends at low salt

concentrations. However, the responses to CHTCOO' varied between the two

forms; while Èhis ion stabilized form I over the entire concentration

range, iÈ lowered the Tm of form II at high salt concentrations (>2.0M) .

This iurplies that CH3COO' acts differently aL various leve1s of

superstructure of the complex. Cations, of, Ëhe other hand exerted

stabilizíng effects on both complexes; the ranking of the cations in terms

of their ability to stabilize the complex structure was NHn*< K*< Na+< Li*<

Cazr< þ18,r . Among the various cations tested, CsCl exhibited mild

dissociating effects e¡ith respect to the superstructure of the complex.

!Íhile this salt stabilized form I (0.2-7.O14), iE caused disruption of the

aggregared helices of form II between 4.0-5.0M. At much higher

concentrations, single endotherms \üere seen, which corresponded to the

melting of forrn I. These results suggest that CsCl Promotes disaggregation

of ¡mylose-lipid helices while maintaining the conformational order in

individual helices. In dealing with transicion dlmamics among the various

metastable forms of the V-complexes, the stability and interconversions

in the aggregated state would depend on hor¿ the various molecular and
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environmental factors affect the aggregaEíon/díssociation of helices as

well as the helix-coil transitions.

The possibilicy Èhat differences in structure between forms I and

II might influence the susceptibility of V-amylose to a-amylases v/as

exrmined by enploying c-amylases from I . subtiTis and hog pancreas. Form

I was preferentially degraded in comparison with complexes of greater

degree of erystallinity (i.e. Forms IIa and IIb). However, even the

erystalline forms of the complexes were fully degraded under prolonged

digestion times and high erøpe levels. Chromatography of the resístant

amylodextrins also revealed distributions of longer chains for the more

perfected complex superstructures. The DSC and chromatography data on

enzJ¡me resistant fractions indicated that the B. subtiTis a- amylase exerts

a more uniform hydrolytic action on complexes, cornpared to wheat starch

granules. These findings along with X-ray diffraction and DSC data

indicated that the degree of organization of helical chain segments

(supermolecular structure) affects the susceptibilicy of amylose-lipid

complexes in the solid state to a-amylolysis.



1. Two distinct supermolecular meEastable scructures of glycerol

monostearate-ârnylose complexes (form I and II) were identified and

characterised by thermal analysis, X-ray diffraction and other

analytical techniques. The results of this sÈudy indicated that these

two forms represent two separate thermodynamic states for the complex

superstructure.

CONTRIBUTTONS TO KNOIILEDGE

2. Conversion of form I to II can be carried out by isothermal annealing

at temperatures above the rnelting poinE of form I

The enuhalpy ehanges during thermal dissociation of the complex3.

represents mainly the energy required for helixtcoil transitions.

4. The conformational responses of the complex in various stabilizing anð

destabilizing environments suggested that stability and

interconversions beEween the various forms can be explained by

considering that structural order at two levels (intrarnolecular and

supermolecular) is affected.

5. The effectiveness of anions and cations in stabilizíng or destabilizing

the ordered chain domains of the eomplex follows in general the

classical Hofmeister series. Certain ions, however, differ in their

action between the two forms of the eomplex.
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6. Glucose and malto-oligosaecharides were effective stabilizers

complex and resulted in non-equilibriun thermal dissociation

supermolecular structures. These effects were proportional

molecular weight and concentratÍ.on of the carbohydrate solute.

of

of

Eo

the

all

the
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The rate and extent of hydrolysis of the complex by o-:mylases ín

heterogeneous reaction mixtures r¡ere inversely related to the degree

of organiza:ion of helices into ordered chain domains in the solid

state.

8. Enzymic breakdown of amorphous chain segments of the complex resulted

in reduced thermal stability (lower enthalpy and dissociation

temperature) of the enzyme-resistant residues without any substantial

change in their crystallinity.
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