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ABSTRACT

The thermal and rheological properties of 35 commercial polydis-

perse starch hydrolysis products (SHPs), from corn and potato starch

sources, in aqueous solution were studied. Starch hydrolysates ranged in

dextrose equivalent (DE) fron 0.5 Eo 42. Monodisperse glucose oligomers

were used for comparative purposes.

A low temperature differential scanning calorimetry (DSC) technique

was employed for determinacion of the glass transition temperaEure (Tg')

of the concentrated solute in frozen aqueous SHP (20* w/v). An inverse

Iinear correlation !¡as observed beEween Tr' and DE for polydisperse SHPs

(r:-0.99L, p<0.001), and Tr'and reciprocal molecular weight for mono-

disperse oligosaccharide standards (r:-0.990, p<0.001). An upper rg'

Iirnit, corresponding Eo the onset of polymer chain entanglement \^/as

attained aE 257.23 K. For D-glucose and Star-Dri 42X, Tg' q¡as independ-

enÈ of initial solute concentration, suggesting thaË a glass of constant

composition was aEtained under equilibrium conditions where r.¡ater was

allowed Èo freeze. However, for all oEher carbohydrate samples tested,

tg' was depressed at high (>50ï w/v) concentrations, possibly due to the

plasticizing effect of additional water entrapped in the glass during

non- equil ibriun f.r eezing.

Binary monodisperse and polydisperse mixtures exhibited single Tr'

for the respective composite aqueous glasses. Using the Flory-Fox theo-

t;-, predietive equations r¡ere derived to calculate Tr' of composite
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carbohydrate mixtures in aqueous solutions. Siurilarly, a generalized

f,orm of the Flory-Fox equation was used to predict the Tr' of 2I commer-

cial starch hydrolysates from their oligosaccharide composition, as

determined by high performance liquid chromatography (HPLC), and the

experimentally determined Tr' of the respective individual glucose

oligomer standards. Oligosaccharides v¡ith a DP of 1-7 were effectively

separated by HPLC. Differences in oligosaccharide distribution were

obvious among samples of varying DE and from different suppliers. A

linear relationship between Tr'-predicted (calculated from the Flory-Fox

equation) and Tr'-measured (determined by DSC) was observed (r:0.987 ,

p<0.001). However, it was noted that the measured values of Tr' deviated

from whaÈ the theory predícted, particularly for high DE samples; i.e.

in the presence of low molecular weight material the composite glass

appeared to vítrify at a much lower temperature than that predicted

assurning the Flory-Fox equation. Debranching of Ehe starch hydrolysates,

using a purified pullulanase preparation, did not significantly alter

their oligosaccharide distribution, nor did it affect the linear rela-

tionship between Tr' -predicted and Tr' -measured.

Unfreezable water values, as determined by DSC, ranged from 0.12-
'l

0.35 g HZO g-r solute for the starch hydrolysa¡gs s¡emined. However, no

apparent relationship betTileen molecular size and unfreezable r¡/ater

content was found.

The rheological behaviour of aqueous solutions of SHPs rvas studied

over a wide range of shear rates (g-L465 
"-1) and at concentrations of

20 and 40* w/v. Solution viscosity increased exponentially r,{ith decreas-

íng solute DE. Viscosity values ranged fron 2.90x103-3.94x104 Pa.s for



2Oz w/v samples and 6.92x103 -2.72xL06

majority of SHPs Èested, ax 4O* w/v,

Star-Dri I (DE f), was the only sample

(shear thinning) behaviour.

XLIl

Pa.s for 408 w/v solutions. The

exhibited Ne!¡tonian behaviour.

that denonstrated pseudoplastic

The performance of SHPs as stabilizing agents \ras assessed by

monitoring the race of oxidation of L-ascorbic acid in aceÈate buffer

solutions containing starch hydrolysates at 20* and 408 w/v using UV

spectroscopy. Sàmples were held under subzero (-4 to -16oC) and above

zero (5-25oC) isothermal temperature storage regimes. Values for the

reaction raEe constant, k, varied between 1.30-13.90 min-l for conErol

samples and 0.04-10.10 *in-1 for solutions contraining SHP. Reaction

rates at subzero temperatures appeared to be governed by Williams-

Landel -Ferry kinetics .

The anÈisualing properties of SHPs in sEarch gels were examined by

oscillatory rheological measurements using wheat and waxy maíze starch-

es. The observed pseudoplateau modulus, G', values for wheat starch-SHP

composíte gels, after 10 hr storage, lrere up to 4X lower (0.76 kPa) than

the values obtained for control (starch alone) samples (3.27 kPa) . These

results suggesËed that srnall molecular weight oligosaccharides inhibit

interchain associations emoog amylose molecules exuded from Ehe starch

granules. On the other hand, incorporation of SHP into amylopectin gels

did not seem to disrupt the gel network of this polysaccharide.



INTRODUCTION

The term starch hydrolysis products (SHPs) applies to a wide range

of hydrolysates produced by treating granular starches with either acids

or enz)ntres or combination of the two (Murray and Luft, L973). A class of

SHPs having a low degree of conversion is often referred to as maltodex-

trins. In the food industry, maltodextrins find use in a variety of

applications. Being non-hygroscopic and having good solubility proper-

ties, they are used in spray-drying of seasonings, insEant beverages

(coffee, tea, fruit drinks), spices, flavours, enzymes as well as in

fruit and vegetable concentrates (To and Flink, 1978a). Because of their

body-imparting properties, they are also used as thickeners/stabilizers

in puddings, creams, soups and ice cream mixes. FurEhermore, maltodex-

trin gels are characterized by a neutral taste as well as their consist-

eney and melting behaviour in the mouth that comes close to natural

fats. Therefore, they can be used as fat substituEes wherever the fat

acts in a conventional manner as a consisÈency former; e.8. in mayon-

naise, cream cheeses, bread spreads, meat and sausage products, and

whipped crean. With regard to freezer-storage stabilization of fabricat-

ed frozen foods, mallodextrins are effective against ice crystal growth

("grain growth") over time, lacËose crystallization ("sandíness") in

dairy products and enzymic activity at subzero (oC) ÈemperaEures (Bevi-

lacqua and Zaritsky, L982; Flink, 1983; Harper and Shoemaker, 1983). The

physico-chemical properEies of cornmercial SHPs thus represent an impor-

tant subject within the food indusÈry. Surpisingly, though, the overall
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area is poorly researched urainly because of the variability in carbohy-

drate composition and properties of SHPs which depend upon the method of

manufacturíng and che nature of the raw material. Thus even though SHPs

are essentially homopolymers of a-D-glucose, due to the various sources

of molecular heterogeneity (linear and branched molecules, highly poly-

dispersed systems) their characterization is never an easy Lask, partic-

ularly if one rvants to relate molecular structure to product functional-

ity.

However, despiEe the cornplex nature of these products, much can be

learned about their functional attributes by looking at these systems

from a polymer science perspective. In view of the well known relation-

ships beEween molecular weight/structure and thermomechanical properties

(g1ass-rubber transition temperatures, gelation behaviour, etc. ) of

synthetic polymeric materials (Ferry, 1980), it appears highly probable

that similar trends would exist for SHPs. The possibility of predicting

the functional properEies of starch hydrolysates from such relationships

would have irnportant implicaEions for understanding the role of SHPs as

ingredients in various food formulations and ultinately controlling the

quality of processed foods.

In vier,¡ of the above considerations, the objectives of this study

were:
A) To identify relationships between molecular paramecers and

thermophysical behaviour of polydisperse SHPs of varying

cornposition in frozen aqueous sysÈems.

B) To explore and assess Ëhe feasibility of utilizing commer-

cial SHPs to modify and control the physico-chemical beha-

viour of food systems.



REVTEW OF LITERá,TURE

2.L General Aspects of Starch Chenistry

Starch is a reserve polysaccharide occuring in granular form in

the organs of higher plants. Starch granules are synEhesized in the

chloroplasts and amyloplasts of plant cells as cransitory and storage

carbohydrates, respectively. Chemically and physically, the starch

granule is heterogeneous in that it contains âmylose (linear) and arnylo-

pectin (branched) molecules that are arranged into both crystalline and

amorphous phases. The ratio of these two major fracEions and theÍr

structural organization within the granule greatly affects the physíco-

chemical behaviour and, hence, functionality of starch (Banks and Green-

wood, I975).

2.L.L l{aJor Starch Components

The basic repeating unit of starch is anhydro-a-D-glucopyranose,

which, in Ehe synËhesis of conmon starches, is polymerized into either

amylose or amylopectin. A Ehird component, thoughE to consist of short

chain amylose (Banks et al., 1-97I), has been identified in some starches

and is referred to as Èhe intermediate fraction (Hood, L982) . Common

starches conÈain L4-272 amylose and J3-86t arnylopectin depending on

their botanical source (Tegge, 1984). Starches extracted frorn certain

muEanE plant varieties consist entirely of anylopectin and are described

as "waxy"; e.g. waxy maize. In cont.rast, high-amylose varieties, such as



amylomaize, have been developed through specific breeding programs

A) Amylose. Amylose consists of anhydro-gLucose unÍts linked in

series through a-L,4 bonds (figure la). It is essentially a linear poly-

mer, although limited long chain branching involving c-1,6 linkages has

been reported (Banks and Greenwood, L975). Amylose has a molecular

weight of 1.5-10.0 x 105 and a DP of 200-5000 depending on its biologi-

cal origin (Swinkels, 1985) .

In solution, amylose readily complexes with iodine and various

organic compounds by forming a helix around the complexing agenE (Tegge,

1984). The complex of amylose with iodine gives a characteristic deep

blue colour. The iodine binding capacity (IBC) is a measlrre of amylose

conEent in starches and of purity in amylose isolates. In cereal starch-

ês, amylose typically complexes with naturally occuring fatty acids and

phopholipids. Amylose rnolecules also contribute Eo the high degree of

order in native starch granules by forming double helices with the

linear regions of che amylopectin molecules (Hood , 1984). Light scatter-

ing studies shov¡ that, in neutral aqueous solutions, amylose adopts the

conformaËion of a flexible coil (Banks and Greenwood, L975).

B) Amylopectin. Amylopectin is a highly branched macromolecule

consisting of short c-1,4 glucan chains linked to one another through

a,-L,6 and, occasionally, a-l,3 branch points (figure lb). l.lith a DP of

over one million and a molecular weight on Ehe order of 107-108, amylo-

pectin is one of the largest molecules in nature (Hood, 1984).

The most widely accepted model of amylopectin structure is the

"cluster model" in which single and nultiply branched gluean chains (DP

f5) are arranged as clusters around longer (DP 45) glucan chains, which

are themselves linked together (Robin et al., L975) (figure 2).



Figure l. Chemical struccure of a) nmylose and b) amylopectin.
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According to this model, the structure has alternating crystalline and

amorphous regions. The linear portions of both the short and long chains

(the last 12-16 glucose units of each chain) form doubLe helices with

one another, and with the linear amylose molecules, and are responsible

for the crystalline regions within the starch granule. The intercrystal-

line (amorphous) regions occur at 60-10 angstrom intervals and contain

the majority of the branch poinEs (Kassenbeck, L978; French, 1984).

2.L.2 The Starch Granule

A) SLructure and Properties. In their native staEe, starch mole-

cules are organised inco dense, water-insoluble, semi-crystalline gran-

ules, the size and shape of v¡hich are specific for each plant varieEy

(French, l-984). Granules range in size f.rom 2p,m for rice starch to 100prn

for potato starch. Characteristic shapes develop as the starch granules

gro$7. In spite of Èhese varietal differences in granule sLze and shape,

all starches have a similar fine, submicroscopic structure (Lineback,

1984).

When viewed under polarized light, starch granules exhibit a well

defined birefringence pattern termed the "Maltese Cross", which inLer-

sects at the original growth point of the granule (hilun). The positive

sign of birefringence indicates that the starch molecules are oriented

in a radial fashion or, more accurately, perpendicular to the granule

surface (French, 1984).

I^Iithin the starch granule, Ehe amylose/amylopectin double helices

are organized into cryscal lattices (Zobe1, 1988). Distinctive X-ray

diffraction patterns indicate the packing arrangemenc of the double

helices in the different starches, In general, cereal starches yield A
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patterns; tubers and fruit starches, B patterns; and certain root and

seed starches, C patterns. Levels of crystallinicy in granular starches

range from 33-45t for the A type, 15-28* for the B type and 37-458 for

the C type (Zobel, 1988). Amylopectin appears to be the principal crys-

talline component since !/axy starches, with essentially no amylose,

exhibit X-ray diffraction patterns very similar to those of "normal"

starches, while high amylose maize starches show weaker, more disperse

patterns (Lineback, 1984).

Light microscopy studies on large, hydrated sEarch granules (e.g.

those of potato and canna) (French, 1984), as well as transmission and

scanning electron microscopy studies on smaller, enzJrme or acid eroded

starch granules (Mussulman and Wagoner, 1968; Chabot et al., 1978) have

revealed concentric or eccentric Iayers surrounding the hilum. French

(1984) coined the term "growth rings" to describe these layers since

they reflect periodic growth or, more specifically, fluctuations in

carbohydrate available for starch deposition. The growth rings represent

layers of alternaEing high and low refractive index, densicy, crysEal-

linity and resisEance or suscepuibility to chemical or enzyrnic aËtack

(French, 1984). The presence of growth rings fits with the theory that

starch granules grow by apposition to produce an "onion-like" layered

structure (Hood, f984). Each ring is comprised of concentrically orient-

€d, alEernaÈing crysEalline and amorphous layers. In the crystalline

region starch double helices are hydrogen-bonded to one another forming

a micelle, which holds the granular structure together. Amorphous re-

gions are formed by the branched portions of the amylopectin and low-

molecular weighc amylose (Tegge, f984) . There is a gradual transition

from the amorphous to the crystalline regions of the growth ríng sug-
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gesting that some or all the starch molecules run continuously from one

region to another (figure 3) (French, L984). Yamaguchi and co-workers

(I919) noted that the rings occur at irregular 1200-4000 angstrom inter-

vals and probably represent the overall length of individual amylopectin

molecules. They suggested that a single amylopectin molecule conunences

at one growth ring and terminates at the nexts.

B) Gelatinization. Native starch granules are insoluble in cold

waÈer and most organic solvents due to cheir compact, highly ordered,

semi-crysÈalline structure. Limited reversible swelling (f0-15t increase

in diameEer; Sr¿inkels, 1985) is observed when starch granules are soaked

in water at room temperature. At higher temperatures, the starch gran-

ules of an aqueous-starch suspension undergo hydracion and profound,

irreversible swelling. During heating, amylose preferentially leaches

from the swollen granules and starch crystallites melt (i.e.the gran-

ules lose their native sEructure) forming a translucent paste. Collec-

tively, these physico-chemical changes are known as gelatinization.

Starch gelatinization is manifested by a Ioss of birefringence and

X-ray crystallinity and a sharp increase in s¡mple viscosity. It occurs

over a temperaÈure range rather than at a single point suggesting that

crystals of varying degrees of perfection are melted (Maurice eË al. ,

1985). Biliaderis et al. (1986) proposed that during heating partial

melting of the starch crystallites occurs followed by recrystallization

of the metastable melt inEo more perfected and/ox larger crystalliEes,

and final melting. Th.y and others (Slade and Levine, L984; I'faurice et

ê1., 1985) have viewed starch geLatlnization as a dynamic, nonequilibri-

un, process in which melting of starch crystallites and recrystalliza-
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tion are dependent on previous softening of the amorphous parts of the

starch granule. In this regard, I¿¡ater plays an important role as a

plasticizer, depressing the geLatínLzation temperature range (Biliaderis

et a1., 1986).

C) Gelation and Retrogradation. As a concentraLed starch paste is

cooled , it quickly develops into an opaque s tarch - gel , r,/hich becomes

firmer on storage over several weeks (Miles et al., f985). This return

of a starch dispersÍon from a solvated, amorphous state to an insoluble,

aggregated or crystalline condition is referred to as retrogradation

(Swinkels, 1985). The changes taking place during retrogradation are of

considerable importance to industrial users of sEarch. For example,

retrogradation is believed to be an important factor in the staling of

bread and in the textural changes of other starch containing foods

(Ring, 1985).

The early sEages of reÈrogradation (gelation) involve a reassocia-

tion of leached amylose chains at regions of local order or "junction

zones" to produce a continuous three-dimensional netr¡ork in which aque

ous fluid and swollen or ruptured gelatínized starch granules are

trapped. Gelation depends on amylose (and amylopectin) concentration,

and amylose chain length. A critical amylose concentration C* of >1.2*

w/vr is required for chain entanglement, and thus network formation

(Miles et aI., 1985). Amylose molecules q'ith a DP of 100-200 exhíbit the

híghest rates of gelation. Longer molecules have greater difficulty in

lining up with neighbouring amylose chains, while shorter molecules can

not reassociate as compleÈely (Clark eË al., 1989). Amylopectin, because

of its high degree of branching, forms gels only under extreme condi-

tions of high starch concentrations ot freezíng temperatures (Ring ec
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al., l-987).

Subsequent to gelation, both amylose and amylopectin recrystallize,

firming up the newly formed starch gel. Crystallization of the linear

amylose molecules is completed r^¡ithín 24 hours. Conversely, the highly

branched amylopectin molecules, for the most part still contaÍned within

the geLattnized starch granules, crystaLlt-ze over several weeks. The

less stable amylopectin crystallices are easily melted by heating to

100oC. This disordering of the amylopectin crystalliniry accounEs for

the irnproved textural quality of stale bread that has been microwaved.

Starch gels typically give X-ray diffraction patterns of the B-type. In

cereal starch gels, V-patterns, characterisEic of crystalLization of

amylose-Iipid complexes, are also observed (Zobel, 1988).

2,2 Starch Hydrolysls Products: Productf.on and Properties

2.2.L Introductlon

Starch hydrolysis products (SHPs) is the general term applied to

Ehose materials obtained by the hydrolytic degradation of starch. The

hydrolysis of starch to glucose, maltose and maltodexErins involves the

addition of waEer to D-glucosidic bonds at different points along the

starch molecule. This first order reacEion is acid and/or enzyme cataly-

sed and can be further accelerated by heat (Tegge, 1984) .

The extent of starch conversÍ-on, controlled to yield products of

varying functionality, is usually measlrred in terms of dextrose equiva-

lent (DE). Dextrose equivalent is defined as "the percentage of reducing

sugars in the product, calculated as dextrose, on a dry weight basis"

(Dziedzíc and Kearsley, 1984). For example, a DE of 100 indicates thaË
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the starch moLecule has been broken down completely to gLucose. On the

other hand, analysis of the originar starch gives a DE of 0 since no

conversion has taken place. In general, SHPs are classified according to

their DE. corn syrups, by definition, have a DE > 20, while maltodex-

trins have a DE < 20 (Pancoast and Junk, 1980). Both corn syrup and

maltodextrins are marketed in various forms. Corn syrups are sold as

such or as high-glucose or high-maltose syrups, or as corn syrup sorids

which have a moisture content of 3-4t. Dextrose obtained from the crys-

xaLLízatíon of high-glucose syrups is commercially available as anhy-

drous and monohydrate crystals. Maltodextrins are cypically marketed as

dried solids, although small amounts of product are sold as a concen-

trated syrup.

Currently, SHPs are manufactured by three different processes:

acid hydrolysis; enzynic hydrolysis; and a tv/o-step conversion, ernploy-

ing first acid and Ehen enzyne(s). A generaLízed schematic for the

manufacture of SHPs is shown in figure 4. The enz¡rmic processes are more

easily controlled and can produce SHPs of specific carbohydrate composi-

tion. Furthermore, enzymic hydrolysis, unlike acid conversion processes,

enables production of non-reËrograding maltodextrins and high DE (98)

starch hydrolysates.

2,2.2 GomrnercLal Production

A) Acid Conversion. Until the early L960' s starch hydrolysates

were produced exclusively by the acid conversion rnethod. In this process

a 40* starch slurry was acidified to a pH of 2 using sulphuric or hydro-

chloric acid and, subsequently, pumped into a holding vessel (the con-

verter) at elevated temperatures (140-160oC) and pressure. Initíally,



Figure 4. GeneraLLzed schematic for the manufacture of commercial SHPs.
Modified from FuIlbrook (1984).
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the gelatinized starch is converted to the higher DP oligosaccharides.

As the conversion proceeds, greater quantities of glucose, maltose and

low molecular weight oligosaccharides are produced. Glucose is split off

most quickly from the short chain linear oligomers; spliccing from the

nonreducing ends is faster than from the reducing ends (Tegge, 1984) .

Once the desired DE is reached, heating is dÍscontinued and the hydroly-

sis quickly ended by the introduction of equivalent amounts of a neu-

xraLi,zing agent, usually soda ash (Pancoast and Junk, 1980).

Though sËill used today to produce high quality glucose syrups, the

acid conversion rnethod has Ewo major drawbacks. First, since acid-cata-

lysed starch hydrolysis is random, there is no way of influencing the

carbohydrate distribution and, thus, functionalicy of SHPs (Katz, 1986).

Second, using acid conversion, it is not possible Èo produce non-

recrograding products below 30 DE or starch hydrolysates having DE

values greater than 55 (Howling, L979) . The random nature of the attack

of acid on the starch molecule is such that at DE levels below 30, some

high molecular weight linear fractions of sEarch remain intact and

retrograde into semi-crystalline aggregates. These retrograded fragments

cause starch hydrolysate solutions to become hazy, a condition undesira-

ble for soroe applications. Under the extreme condítions required to form

high DE products, side reactions occur, yielding bitter tasting rever-

sion products and undesirable colour precursors, such as 5-hydroxy

methylfurfural and levulinic acid (Tegge, 1984) .

B) Enzymic conversions. The limitations of the acid-hydrolysis

process qrere, to a large exÈenÈ, overcome wich che industrial use of

amylases. These starch-degrading enz1rmes occur in the digestive secre-
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tions of animals, plants and microorganisms. They are divided ínto two

main groups; those that hydrolyse the a-1,6 branch points (debranching

enz¡¡mes) and those that cleave the ø-L,4 linkages. The a-|,4 glucanases

are further classified according to their action pattern. Endo-acting

glucanases make random, internal cleavages, while exo-acting amylases

hydrolyse in a step-wise manner from the non-reducing chain ends (Mar-

shall, L975) .

The initial step in the enzymie process of starch hydrolysate

production is the liquefaction of the gelatinised starch suspension.

This may be aeeomplished using a combined acid-enzJ¡me rneEhod or a tvro-

step enzJ¡míc process. The former technique involves first thinning the

starch slurry in acid, followed by adjusting the pH up to 6.0-6.5, and

then dextrinisation at 85oC using bacterial a-amylase (Fullbrook, 1984).

Alternatively, the all-enzyme process replaces acid r,¡ith thermostable

o-amylases aÈ the thinning stage. Because of their endo-acËion pattern,

c-amylases can quickly reduce the viscosity of the starch slurry. The

end-products of a-amylase are low molecular weight sugars; mainly mal-

tose, maltotriose and naltoteËraose; as well as c-límit dextrins (since

a-amylases are unable to hydrolyse a-1,6 branch points), all of which

have the a-configuration at their reducing end groups. The advanÈages of

both the acid-enzyme and enz)rme-enz¡¡me processes over the straighE acid

conversion is that they yield a liquefied product that is less likely to

retrograde (since linear dextrins responsible fot haze formation are

hydrolysed in preference to branched dextrins) and that is more likely

to lead to higher glucose yields (Fullbrook, 1984). Hydrolysis may be

terminated at the liquefaction sÈage to give maltodextrins (DE 10-20) or
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contínued at the saccharification stage to yield higher DE products.

The exo-p-amylases are generally used at the saccharification stage

to convert the partially hydrolysed starch intermediate into high mal-

tose syrups ( >508 malEose). p-amylases cleave every other a-L,4 gluco-

sidic bond yieldíng p-maltose, but are unable to bypass the a-L,6 branch

points. As a result, a high molecular weight "B-limit dextrin" contain-

ing all the original a-l,6 bonds is produced.

Starch or limit dextrins are first debranched to allow complete

saccharification. The rnost imporEant commercial debranching enzyme is

pullulanase, which cleaves maltose and maltotriose side chains aE the

a-L,6 linkages. Its mode of action on branched polysaccharides, such as

amylopectin, c- and B-dextrins, is predominantly exo (Marshall, Lgl5).

The exo-acting glucoamylases (amyloglucosidase) hydrolyse starch

direcËly to a-D-glucose and, hence, are used to produce high DE (> 90)

liquors from which dextrose can be crystallized. In this process ø-L,4-

glucosidic bonds are attacked preferentially co a-1,6 and a-I,3 bonds

(Tegge, 1984) . The main drawback associated with its use is the forma-

tion of reversion products, parÈicularily isomaltose (Marshall, L975).

Also, compared to pullulanase, the debranching actíon of gluco¡mylase is

relatively slow (Fullbrook, 1984). In Èhis regard, Slominska and Maczyn-

ski (1985) have suggested the sinultaneous use of glucoamylase and

pullulanase for complete conversion of starch into glucose.

C) Final Processing. After the desired DE and carbohydrate profile

have been attained, Èhe raw starch hydrolysate liquor is further proc-

essed into a finished, corîmercial product (figure 5). Refining begins

wiEh the removal of suspended maEerial (facty substances, enzyme/ptotein

residues, solid particles) from the liquor by centrifugation and rotary



Figure 5. Generalized schematic for final processing of commercial
SHPs. Modified from Fullbrook (1984).
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vacuum filtration. The filtrate is partially evaporated to approximately

608 solids and then passed through a three-stage bleaching/actwa:-ed

carbon treatment to remove colour and flavour compounds. Cation and

anion exchange resins are used to renove trace amounts of colour and

flavour bodies not removed by filtration or carbon treatment, as well as

ash and soluble salts. After refining, the starch hydrolysate syrup is

deaerated and evaporated Eo the desired solids level. As a final "check"

the refined syrup is purnped through a very fine filter.

Maltodextrins and glucose syrup solids are obtained after liquefac-

tion and saccharification by the removal of water to 95 -974 dxy solids.

Moisture is removed by eicher spray or drum drying (Pancoast and Junk,

f980). Alternatively, malcodexErins are concentrated in vacuum evapora-

tors to finished syrups containing about 754 dry solids.

2.2.3 CharacterLzation and Analysis

Starch hydrolysates have traditionally been categorized according

to their DE, which describes the average extent of starch conversion.

This tern is limited, however, in that two products of identical DE can

have differenË carbohydrate profiles, and, hence, functional attríbutes.

A more appropriate description of SHPs would be the determinatíon of

their oligosaccharide distribution.

Various chromatographic techniques have been employed in the compo-

sicional analysis of SHPs. 0f these high performance liquid chromatogra-

phy (HPLC) has becone the method of choice. HPLC can provide good sepa-

ration of oligosaccharides up to DP 12 in a relatively short analysis

times and, unlike gas-liquíd chromatography (GLC), does not require

derivaEization of the saccharides prior to analysis (HowIing, 1979). As
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irel1, through Èhe development of robust column packing naterials, HPLC

has become suitable for extended, routine use (Folkes and Brookes,

L984) .

The carbohydrate profile of a starch hydrolysate varies according

to the conversion process used. Tables L,2 and 3 list the carbohydrate

composition of glucose syrups processed by the acid, acid-enzyme and

erizJnae-enz¡¡me conversion methods. Differences in carbohydrate distribu-

tion reflect the differenE catalyst specificities of the three conver-

sion processes. Acid-eatalysed hydrolysis is a random process. Conse-

quently, the different oligosaccharide fractions up to DP 5 (maltopent-

aose) are distributed relatively evenly in the syrup (table 1). Con-

versely, the enzymic processes employ enzJ¡me catalysts which have well

defined action paEterns and substrate specificities (e.g. amyloglucosi-

dase and B-amylase) so chat certain carbohydraËe components, usually

glucose or malcose, predoninate (tables 2 and 3).

2.2.4 Properties and Appllcatlons

The functional properties of starch hydrolysates are largely de-

pendent on their DE and carbohydrate composition. Table 4 shows Ehe

relacionship between DE and functionality for varíous maltodextrins and

corn syrup solids.

Properties that are dependent on structural developmenË, such as

viscosity and cohesiveness, increase with decreasing DE. Low DE hydroly-

sates contribute viscosity, body and "mouthfeel" to gravies, sauces,

chewy candies and other foods. They are also used as binding agenËs in

cereal bars, as encapsulators of flavours and essential oils, and as

foarn stabilizers and air retainers in instant whips, toppings, marshmal-
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TABLE 1 Oligosaccharide
glucose syrups'

compositionl of acid converted

DE3 30

Glucose syrup

DE 34-36 DE 42-43 DE 55

Dextrose

Maltose

Maltotriose

Maltotetraose

Maltopentaose

Maltohexaose

Maltoheptaose

Higher sugars

10

9

10

ö

7

6

5

45

13. s

11. s

10

9

8

6

5.5

36.5

l9

L4

L2

l0

I

7

5

25

31

l8

t3

10

7

5

4

I2

2

3

Data are
contenf.

Source:

Dextsrose

expressed as percentage of total carbohydrate

Birch and Kearsl"y (L974).

equivalenË.
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TABLE 2. Oligosaccharide compositionl of acid- errzqe
converted glucose syrups'

Type

High maltose High conversion
( arnyloglucos idase )

DE3

Dextrose

Maltose

Maltotriose

l,Ial to Ee trao s e

It[altopentaose

Maltohexaose

Higher sugars

6

45

L2

J

2

2

30

48

9

52

15

2

z

2

18

63

37

32

ll

4

4

3

9

70

43

30

7

5

)

2

10

2

3

Data are
content.

Source:

Dextrose

expressed as percentage of total carbohydraÈe

Birch and Kearsl"y (L97/+).

equivalent.
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TABLE 3 Oligosaccharide compos i tionl
of enzyme-enzyne converted
gl.r.orL ryt.rp.2

Glucose Syrup

nn3 +z DE 6s

Dextrose

Maltose

I'faltotriose

Maltotetraose

MalÈopentaose

Maltohexaose

High sugars

2.5

56.0

16.0

0.7

0.4

0.7

23 .7

34. 0

47.0

3.0

2.0

1.5

1.0

11.s

2

3

Data are expressed as percentage of
Eotal carbohydrate content.

Source: Birch and Kearsley (I97/+) .

DexErose equivalent.
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TABLE 4" Functional-ity aç a function of DE for
commercial SHPsa

Starch Maltodextrins Corn Syrup Solids

36201510Dextrose Equivalent (D.E.)

Viscosity/ Bodying Agent

Browning Reaction

Cohesiveness

Freezing Point Depression

HygroscoPicitY

Sweetness

Prevention of Coarse Crystals

. , ,, r "t'*-'r *r-

..",'..""-'--'"'

a

a

Þ

",-,, ,- - - ,r ,t 7
-..., '' ' *-. - ,

Solubility

Osmolality

L source: Anonymous (Bul1etin 1L005, GPC)
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lows, etc.

At constant solids content the viscosity of a starch hydrolysate is

also influenced by its carbohydrate profile. Figure 6 illustrates rhe

effect of temperature on the viscosity of three glucose syrups of iden-

tical DE (42). Each syrup has been processed by a different merhod.,

giving each its own carbohydrate spectrum. The acid-converted. syrup

contains a higher concentration of high nolecular weight components than

either of the enzymically hydrolysed syrups and, consequently, has

higher viscosity at. any given temperature.

The applications of starch hydrolysates as drying aids and in the

prevention of coarse crystal formation are closely related to their

viscosity effects. structural integrity is maintained in freeze-,

sPray-, and drum-dried foods if low DE maltodextrins are incorporated

into the product prior to drying. The increased viscosity, contríbuted

by the maltodextrin, sets the "natural" microstructure of the food.

Control of erystallization increases with decreasing DE. Low DE starch

hydrolysates are added to a food formulation to increase its viscosity

to such an extent that crystal growth is significanEly retarded. This

principle is applied in the prevention of ice recrystallization in

frozen food systems (Bevilacqua and zaritzky, L982; Harper and shoemak-

êr, 1983; Franks, 1985), lactose recrystallization iri dairy products

(ifhice and Cakebread, L966; Flink, 1983) and sucrose recrystallization

in hard candies (McNulty and F1ynn, L977; Herrington and Branfield,

1984). Higher DE SHPs are included in ice cream formulations to promote

the development of fine (as opposed to coarse) crystals and thus a

smoother cexÈure and better appearance (Levine and Slade, 1988).

The abílity of a starch hydrolysate to absorb moisLure (i.e. its



Figure 6. Relationship between viscosity and temperature for DE 42
glucose syrups manufactured by different conversion methods.
Source: Howling (L979) .
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hygroscopicity) increases with increasing DE. Using starch hydrolysates

of specific DE, the food processor can greatly prolong the shelf-life of

a particular product. High DE starch hydrolysates, for example, are very

hygroscopic and prevent foods, such as cakes, bread and icings, from

drying out. 0n the other hand, for products such as hard candies, where

absorption of moisture reduces quality, the required solids conterì.t can

be attained by employing non-hygroscopic, low DE naltodextrins.

The oligosaccharide distribution of a starch hydrolysate especÍally

affects its colligative properties. SHPs of high nolecular concentration

(i.e. those containing high quantities of glucose and maltose) will

elevate the boiling point of a food system. This effect is important in

the producEion of high boiled sugar confectionery. By careful choice of

glucose syrup and glucose to sucrose ratio, the boiling point can be

reduced by as much as 5oC resulting in less browning of the product and

reduced energy costs (l'fcDonald, 1984).

Siurilarly, a linear relationship exisÈs between freezing point

depression and DE; i.e., depression of the freezing point is greacer

with increasing DE (Kearsley and Birch, 1-975) (figure 7). Norrnally, low

DE SHPs are used in the manufacture of frozen dessert products, such as

ice cream, in order to minimize freezing poinÈ depression, v¡hile aE Ehe

same time adding body and rnouthfeel, and conËrolIing ice recrystallisa-

tion.

Another colligative property, osmoÈic pressure, is often manipulat-

ed to control microbial spoilage in jams and marmalades. High DE (high

molecular concentration) glucose syrups are i-ncorporated into the formu-

lations of such products üo increase their osmotic pressure beyond that

at which spoilage organisms can survive.



Figure 7. Freezing point
tions and b) conmercial
(r-e7s).

depression vs. DE for a)
glucose syrups. Source:

glucose syrup frac-
Kearsley and Birch
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When choosing a particular starch hydrolysate for any of the above

menËioned applications, ics other physico-chemical properties must be

considered. For example, when used as a meaE extender or as a body

enhancer in gravy mixes, the sHP can not be overly sweet. sweetness

increases v¿ith increasing DE and thus a lower DE hydrolysate would be

appropriate for these purposes.

Similarly, there is a linear relationship between solubility and

DE. Certaín applications require the SHP to be in t.rue solution (e.g.

boiling point elevation) while for others complete solubility is less

important (e.g. bulk dilution, viscosicy development).

Another factor to consider is the Maillard browníng experienced by

a starch hydrolysate as its reducing sugars can react with nitrogenous

compounds. As the reducing sugars content increases (i.e. as DE in-

creases) browning reaction rates increase. ilhere browning is undesirable

(e.g.canned fruit) lower DE glucose syrups are used. In some cases

browning is highly desirable (e.g.development of a brown crust in

bread, manufacture of toffee) and thus high DE syrups are employed.

2.3 Phase Transltlons of Polyaeric Materials

2.3.L Glass TranslËfon

Most polyrners are either completely amorphous (i.e. randomly ar-

ranged) or have a partially-crystalline structure (Nielsen, L974). When

the melt of such materials is cooled, it gradually becomes more viscous

and rubbery. If the temperature is reduced still further, below a cer-

tain point, the polymer abruptly changes from a soft, flexibLe rubber to

a hard, rigid glass. This rubber to glass transformation is referred to

as the glass transition. The temperature at which it occurs is called
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the glass Lransition cemperature, Tg, and is characteristic of each

polymer. In many ways the glass transition resembles a second-order

thermodynaruic transition. For example, at Tg there is a discontinuous

change in specifie heat (Cp) and specific volume, as shown in figure I

for glassy and partially-crystalline polymers (Biliaderis et al., f986).

AlËhough the glass Lransition is associated with the changes in these

second-order variables, it is considered to be a kinetic phenomenon

(Eisenberg, f984). In this regard, application of free volume theory has

proved useful in analysing glass transition behaviour (Young, 1981). The

free voltune is the space in a solid or liquid sarnple which is not occtl-

pied by polymer molecules (Fox and Flory, 1950). IE originates primarily

from the inefficient packing of disordered chains in the amorphous

regions of the polymer and, to a lesser extent, from the nonharmonic

vibrations of che constituent atoms (Cowie, I973; Sears and Darby,

1982). In the liquid state, where free volume is high, molecular motion

takes place relatively easily since there is space for molecules to move

about. As the melt is cooled, however, the free volume decreases and

molecular moÈion becomes more rescricted. EvenÈually a temperature is

reached at which che free volume has a certain value, common to all

pol1mers, which is so lol¡ that segmental motion no longer takes place,

This temperaÈure corresponds to T*. Below T' the polymer chains are

locked into a random network. Above this point, translational movement

of the entire chain is possible (Billmeyer, 1984).

Changes in the extent of molecular motion of a polymer passing

through its glass transition are nanifested by equally abrupE changes in

its physico-chemical properties. At Tg there are dramaÈic changes in



Figure 8. Generalized response of specific heat (dashed lines) and
specific volume (solid line) as a function of cemperature for three
idealized pol¡rmers in the glass transition and melting temperature
regions: T*, melting temperature; Tn, glass transition temperature;
V, specific volume; Cp, specific häat. Source: Biliaderis et aI.
(le86).
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specific volLrme, specific heac (figure 8a), refractive index, permeabir-

ity, dielectric constant, and electrical or rhermal cond.uctivity. As

wel1, there is a sharp increase in modulus and vÍscosity as a glass-

forming polymer is cooled below Tr; thus, the reaction rates of diffu-

sion-controlled Processes, such as crystallization, drop significantly

and abruptly at Tr.

The T* is of considerable technological importance in that it

defines the lower limit of usefulness of a non-crystallizing rubber and.

the upper limit of practical utility of a glass-like thermoplastÍc

(Brydson, L972) . within the temperature range for the rubbery srate

(i.e. from T, to T, + 100oc), the viscoelastic properties of amorphous

polymers have been shown to be empirically related to T* by the i,iil-

liams-Landel-Ferry (i{LF) equation (Ferry, 1980) :

Ioslg(kTlkTs) : L7.44 (r rg) [sl.6 + (r - rs)]-1 (1)

where k ís the reaction rate consEanc at a particular temperature. This

equation describes the kinetic nature of the glass transition and de-

fines the exponential temperature dependence of any diffusion-controlled

relaxation process (soesanto and i.iil1iaus, 1981; Levine and slade,

1986). The impact of WLF behaviour on polymeric systems can be illus-

trated as follows: for AT (i.e. T - Tg):0, 3,7,11 and ZIoC, corre-

sponding relative reaction raEes would be 1, 10, L02,103, and 105,

respectively (Levine and Slade, 1986). Thus the kinetics of diffusion-

controlled processes such as crystallization and, blooning and bleeding

of additives in composite products can be altered dramatically by even

small temperature changes (Brydson, L972; Levine and slade, 1986).
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2.3.2 CrystallizaEior. and Heltlng

Crystallization is a first-order chermodynamic process whereby an

ordered structure is produced from a disordered phase (Young, 1981). As

the temperature of a polymer melt is broughc below the melting point

(T*) segmental motion of individual chains is greaÈly decreased. In this

reduced energy environment hydrogen bonds, dipolar, van der Waals, and

other attractive forces between adjacent polymer chains last longer and

are thus able to stabíLize the polymer into a highly ordered state.

CrystallizaLion is a two-step process. In the first step a stable nucle-

us, from which the crystal can gro\Àr, is formed. Nucleation is classified

as being either homogeneous (spontaneous) or heterogeneous (catalytic)

(Cowie, L973). Homogeneous nucleation depends on the random, spontaneous

orientation of polymer chains into a geometry conducive co crystaLlLza-

tion. Heterogeneous nucleation results from the presence of foreign

parËicles that are able to act as crystallizati-on catalysts. The second

sEep of crysLallization involves the diffusÍon of molecules from the

liquid to the solid/Iiquid interface created during nucleaEion. This

step is termed crystal propagation. Under most practical conditions

propagatíon is rapid compared to nucleation so chat che latter is the

rate determÍning step (Bi1lmeyer, 1984).

The nr,tnber, size and morphology of crystals formed depends heavily

on the rate of supercooling and the temperature to which the maEerial is

cooled. At low cooling raEes nucleation Lends to be sporadic and a

relatively srnall number of Large spherulites are formed. 0n the other

hand, high cooling rates result Ín the formation of many nuclei and a

large number of smal1, imperfectly formed crystals are obtained (Young,

1981) . The maximum raEe of crystal growth occurs betr^Ieen (Tm - 10K) and
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(Tg + 30K) (cowie, L973). At temperarures close Eo T, the segmenral

motion of individual chains is too great to allow many stable nuclei to

form, while near T, the viscosity of the polymer melt becomes so high

that morecular diffusion is slowed significantly. rf the melt of a

crystallizable polymer is supercooled below T, a glass is formed. on

reheating above T' cryscallization may occur. The degree of crystal-

linity greatly affects the mechanical properties of crystalline polymers

(Allcock and Lampe, 1981). Most crystalline polymers consist of micro-

crystallites embedded in an amorphous matrix. These crystalline domains

stiffen the polymer by functioning as crossLinks for the amorphous

regÍons (figure 9) (Allcock and Lampe, 1981). As rhe degree of crysral-

linity increases the polymer becomes tougher and more leathery.

Melting is in effecc Ehe opposite of crystallization; i.e. a disor-

dered phase is obtained by heating an ordered structure above iEs Tm.

The melting of a perfectly crystalline polymer is characterLzed by

marked changes in first-order thermodlmamic functions such as volume and

enthalpy, and by a well defined melcing tenperaEure, TE' (figure 8b).

However, polymers are rarely completely crystalline and, as previously

noÈed, the crystals Ehat are formed vary in size and norphology. Thus

roelting of crystalline polyrners normally Eakes place over a range of

temPeratures. This range reflects the variability of crystal size and

perfection in the polymer.

2.3.3 Factors Affectlng T, and T,

The use of polymers in pracEical applications depends heavily on

their T, and T, (Young, 1981). Because of this, there has been consider-

able interest in deËerminíng the factors which control these tempera-



Figure 9. Molecular structure of a microcrystalline pol¡rmer.
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tures. Based on the stipulated relationships between free volume, molec-

ular motion and phase behaviour in polymeric systerns, two important

generalizacions regarding the factors chat control T, and T* can be

made. First, the factors that raise or lower T, tend to have a similar

effect on T*; í.e. for homopolymers, it is not possible to control T,

and r* independently (Billmeyer, 1984) . second, êñy factor thar \./irl

reduce the free volume of a porymer will elevate its T, and r*. con-

versely, any factor that vrill increase the free volume will depress both

T, and T*.

Factors affecting the T, and T* of a polymer can be categorized as

follows:

A) Chemical Structure

B) Molecular Weight and Chain Ent.anglement

C) Branching

D) Polymer Composition and Plasticizers

E) Crosslinking and Crystallinity

A) Chemical Structure. The overiding factor which determines the

phase Eransition temperatures of a polymer is the chemical structure of

its nain chain and side groups. Chain flexibiliEy is a measure of the

ability of a chain to rotate abouL the constituent chain bonds (Cowie,

L973). Flexible main chains rotate in a "crankshaft" motion (figure 10a)

and have a higher free volume than rigid (non-rotating chains) (Sears

and Darby, L982). Thus polymers containing groups such as Si-O, CH¡-CH2

and CH2-O that rotate easily about their bonds have correspondingly low

T* and T, values. On the other hand, the presence of a phenyl group in

the main chain increases sËiffness (i.e. reduces free volume) and causes



Figure 10. sources of free volume for prasEicization: a) main chain
"crankshaft" motion; b) chain end motion; c) side chain motion; and
d) external plasticizer motion. source: sears and Darby (1982).
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a Large increase in both T* and T, (Cowie , L973).

An additional restriction to main chain bond rotation is imposed

by the steric effects of side groups. polymers with large, bulky side

groups have a lor¡ free volume and, hence, elevated T, and r* as compared

to polymers with small or flexible side groups. Superimposed on this

group sÍze factor is the effect of polarity. The presence of polar side

grollps such as -cl, -oH or -cN tends to raise the T, and r* more than

non-polar groups of equivalent size. This is because the polar interac-

tions restrict bond rotation (Young, 198f).

B) Molecular I,Ieight and Chain Entanglement. Another source of free

volume in polymers is chain end motion (figure 10b). The end of a chain

is less restrained than a segment in the center of a chain and, there-

fore, more prone to violent motions, which create greater free volurne

(Brydson, L972) . Thus as the number of chain ends is reduced, the free

volume decreases and T, and T* are elevated. Since molecular weíght is

inversery proportional to chain end concentration (young, 1981), it

follows that T* increases with increasing molecular weight (Billmeyer,

1984) . The relationship between the T, and molecular weighr (MI,I) of

polymers is given by the expression:

To-To'-K,/Mw
bb

(2)

where K is a constanE characteristic of each polymer and rr- is the

glass transition temperature at infinite molecular weighÈ (Fox and

Flory, 1954). For polystyrene (K: f.75x105), rhe T, increases from 83oC

for a sample wich MW:104 co loooc for a sampre of infinire MÍ,I (Fox and

Flory, L954) .

A simílar relationship exists between T* and molecular weight; i.e.
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The effect of molecular weight on T' however, levels off at high

molecular weight due to entanglement coupling of polymer chains; i. e. a

limit is reached in which further increases in molecular weight have

little or no effecË on T, (Billmeyer, L984; Levine and Slade, f986).

C) Branchíng. The effect of polyraer branching on T, and T* is de-

pendent on the degree of branching (Young, 1981). Low levels of branch-

ing effectively increase total free volurne by introducing additional

chain ends (figure 10c) and T, is depressed (Brydson, L972). In the case

of crystalline polymers, branching reduces packing efficiency. Conse-

quently the crystalline content is lov¡ered and the polyner melts at a

lower temperature (Cowie, L973).

Conversely, a high density of branching will have the same effect

as bulky side groups in restricting chain mobility and raise Lhe transi-

tion temperatures.

D) Plasticizers and Pol-ymer Blends. The T, and T* of a pol¡rmer are

also influenced by its composition. For hornopol¡mers, a single composite

T, is observed and can be predicted using the Flory-Fox equation (Fox

and F1ory, 195¿r) :

as molecular weight increases

is elevated. For example,

T*: lI4oC, r¿hereas a sample

L973).

(and chain end concentration decreases) T*

polypropylene, with M\^I: 2xLO3 , has a

with MW: 3x104, has a Tm: l70oc (Cowie,

(3)

Eemperature of the blend

w1 and w2 the correspond-

1 - Wr ,Wz
rs - E;'rs,

where To, To1 and To2 are the glass transition
bb-

and the constituent polyners respectively, and
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ing constituent weight fractions (Billmeyer, L984). Thus, ê porymer

comprised mainly of a constituent with a low T* will also have a low Tr.

An effective method of depressing the T* and r* of polymeric mate-

rials is to include compounds of lower molecular weight (figure fOd).

These compounds, known as plasticizers or softeners, increase the free

volume of the system by introducing additional chain ends. Their plasti-

cizíng effect is enhanced if they are slightly branched and free of side

groups that may interact with the polymer. An example of a very effec-

tive plasticizet is water, which causes a large depression in the T, of

synthetic polymers (Jin et al., 1984) and bioporymers (Biliaderis et

aI., 1986; Hoseney et al., 1986; Levine and Slade, 1986).

E) Crosslinking and Crllstallinity. Crosslinking raises T, and T*

by introducing restríctions on the nolecular motions of polymer chains.

An example of this is the sulphur vulcanization (i.e. crosslinking) of

natural rubber. At room EemperaEure natural rubber is tacky and tends to

flow. Vulcanization elevates the T, of natural rubber such that it

exhibits useful elastomeric properties (Young, 1981).

In crystalline polyrners, microcrystallites act as crosslinks by

tying segments of polymer chains togerher (figure 9). The crysralline

structures reduce free volume in the polymer, effectively restrict chain

motion and chereby increase T, (Biliaderis er al., 1986).

2.3.4 Methodologies Used To Probe Phase Transitions

Considering the technological inportance of phase Eransitions of

polymeric rnaterials, it is not surprising thaÈ so mueh aEÈention has

been paid to developing accurate, reliable methods for the detection of

T, and T, and the assessnent of related thermophysical changes. Meuhod-
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ologies used to probe phase cransitions are defined by: a) the property

they monitor and, b) whether the test sample is analysed directly or in

comParison to a reference material The methods used to examine phase

behaviour of polymeric materials are thermomechanical analysis (TMA),

differentíal therrnal analysis (DTA), and differential scanning calorime-

try (DSC).

TMA refers to the group of techniques that measure directly the

mechanical response of a Ëest material to temperature change. Examples

of TMA include: thermodilatomeÈry, which measures volume expansion or

contraction as the sample is heated or cooled; density gradienE tech-

niques, which moniEor sample density as a function of temperature; pene-

Lromecry, which Eeasures the depth to which a weighËed needle penetrates

a polymer as it is heated; and torsional rigidity tests, which record

the resistance of a polyner to torsional forces as it passes from one

phase to another. In each case, phase Eransitions are characterízed by

marked changes in Ehe properEy being monitored.

DTA measures the temperature difference between a substance and a

reference material as a function of time or temperature. Phase transi-

tions appear as peaks or gradual deviaEions fron the baseline of a DTA

curve; the temperature at which these changes occur represent T* and Tn,

respectively.

Conversely, with DSC, the temperature of the test sample is main-

tained equal to that of a reference material ÈhroughouE Ehe run. The

¡mounE of energy absorbed or emitted by the test sample in order to

maintain this zero Eemperature difference with the reference material is

monitored as a funetion of time or temperature. Figure 11 is a general-

ized DSC curve of a polyneric system illustrating Ehe phase transiEions



Figure 11. Phase changes from amorphous Lo crystalline in an idealized
pol¡rmer; where Tg: the glass transition temperature, Tc- Ehe crystal-
lization cemperature, Tp: the peak ternperaEure of the melting endo-
therrn, and Tm : the melting temperature.
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ic undergoes upon reheating. The glass transition is accompanied by a

change in the heat capacity of the sample as shown by the baseline shift

at point A. Recrystallization (i.e., the crystallizatíon of previously

vitrified crystallizabLe material) is evidenced by the exotherm (segment

BCD). The area under the exothermic peak is proportional to the amount

of heat released in the recrystallization process. The endothermic peak

(segrnent EFG) is characEeristic of the melting of sanple crystallites.

Both the onset temperature (point E) and Ehe peak temperarure (point F)

of the endoEherm have been used to represent the melting point. The

enthalpy change associaEed with melting is calculated from the area of

the endothermic melting peak.

Techniques for locating phase transition temperaEures can be

further eaEegorízed as static or dynarnic according to the frequency or

rate r/¡ith which measurements are made. In static methods, such as ther-

nodilatometry and densicy gradient analysis, enough time is allowed

between measurements to allow the sample to equilibrate and relax aE

each observaÈion temperature. on the other hand, in dynamic methods

measuremenËs are conducted much faster and the sample is no longer

allowed Ëo come to equilibríurn. Thus, for dynanie methods, the transi-

Ëion region is dependent on the rate of measurement. rn general, ic is

observed that with an increasing rate of measurenenE, T, and T* in-

crease. Examples of dynamic meÈhods ínclude DTA and DSC. i{hile static

methods are more accurate, dynamic methods provide reasonable estimates

of T* and T* in a more practical time frame. Of Ehe meEhods discussed,

DSC has proven to be the mosE successful for the study of food materi-

als. This is because it provides a relatively fast and reproducible

estimate of the Ëemperatures and heat quantities associated with phase
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transitions using only small amounts of sample

2.4 Phase Transition Behavlour of Carbohydrate Materials

Since the development of more sensitive thermal analytical tech-

niques, the phase Eransition behaviour of carbohydrate materials has

been researched extensively. Studies on both frozen aqueous-carbohydrate

systems and dry carbohydrate materials have demonsErated the non-equi-

libriu¡n nature of conventional food processing and storage methods, and

Ehe existence of various metastable states. In this section, the phase

transition phenomena of carbohydrate materials and the thermodyn:mic and

kinetic factors governing them are discussed with reference to their

effects on food quality and stability.

2,4,L Subzero Temperature BehavÍour of Frozen Aqueous-
CarbohydraËe Systems

The physico-chemical properties of a solidified aqueous syscem are

determined, to a large extent, by the manner Ín which it was transformed

into the solid state. Two phenomena, fteezi-ng and vitrification (glass

formation) are involved to varying degrees according to Ehe raËe and

extent of cooling, and the concentration and nature of the solutes in

the system. Under equilibrit¡m conditions of slow cooling, aqueous solu-

tions tend to the thermodynamic state of lowest free energy - the crys-

talline sEate (Ange1l and Choi, 1986). Thus during equilibriurn fxeeztng,

large spherulitic ice crystals separate out as a pure phase. Conversely,

a metastable state is produced if the aqueous solution is cooled below

its equilibrium freezing point without crystallizí-ngl i.e. if it is

supercooled. This occurs vrhen suitable nuclei have not been made avail-
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able to the cooled liquid (MacKenzie, L91l: Franks, 1986). rf supercool-

ing proceeds below T' the sLlpersaturated liquid vitrifies into ân

amorphous metastable solid (a glass). Even if nucleation (homogeneous or

heterogeneous) occurs during cooling, the rate of cooling may be high

enough to prevent significant crystal propagation within the experimen-

tal timeframe so that, instead, small irregularily shaped crystals are

produced.

Both hornogeneous nucleation and ice crystal propagation require

diffusion of \.rater molecules (Franks, 1985; AngeII and Choi, 1986) .

Furthermore, the diffusion rate of soluEe molecules away from the ad-

vancing ice front affects the sLze, morphology and distribution of the

ice crystals formed (Biliaderis, 1989). If in any way diffusion is

retarded, the raËe and exEent of crystalLizaxíon will decrease and a

non-equilibriurn state (a rubbery fluid if T'<T<T* and a glass if T<Tg)

wilI predominate. As discussed in section 2.3.L, the viscosity of a

maEerial increases with decreasing temperature, reaching an upper limit

of 1014 Pa.s at ics Tr. Since diffusion races decrease with increasing

viscosity, diffusion-controlled processes, such as ice crystallizatLon,

are prevenËed or, at leasÈ, greatly retarded if the aqueous systen is

rapidly cooled to teuperatures approaching Tg. MetasÈability in frozen

aqueous systems is thus based on the kinetic (as opposed to thermodynam-

ic) control of freezing dynanics (Franks , L982).

The low temperature phase Èransition behaviour of frozen aqueous-

carbohydrate systems can be graphically represented in a liquid-solid

state diagram which plots Tro and T, values over a range of solute con-

cenErations. An exauple of a typical phase diagram for a carbohydrate-

v/ater system is shown in figure 12 (Schenz et al., L984; Biliaderis,



Figure 12. Liquíd-solid staEe diagram for a v¡ater-sucrose system;
T* : uoelting tenperature, Tn : glass transition temperature,
Tn' : glass Eransition tempäracure of the maxirnaLLy freeze
cõncentrated solute macrix. Source: Biliaderis (f989).
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1989). Colligative depression of the equilibriurn melting temperaturer

Tm, is observed down to a point on the melting (liquidus) curve corre-

sponding to the eutectic temperature, Te (Franks, 1986). However, most

carbohydrates do not readily crystallize at T" (Sirnatos et a1. 1975;

Franks, 1985). Instead, the solutions become supersaturated and the

melting curve becomes progressively steeper towards lower temperatures

with increasing solute concentration (Franks, 1985; Biliaderis, 1989).

Figure 15 also illustrates the depression in T, with decreasing sucrose

concentration (and increasing t moisture). I^Iater acting as a plasti-clzet

increases the free movement of the solute molecules in the amorphous

state such that a lower temperature is required for glass formation. The

resulting glass curve defines Ehe various temperature and composicion

combinations at which the aqueous-sucrose system is kinetically stable

due to the intrinsic slowness of large-scale reorgani,zaÈion at tempera-

tures below T, (Franks, L982; Angell and Ghoi, 1985). During cooling of

an aqueous-carbohydraEe solution, a point (Tg') is reached, correspond-

ing to the intersection of the liquidus and glass curves, at which no

more ice freezes out and the supersaEurated solute matrix is vitrified

(Levine and Slade, 1986; Biliaderis, 1988). For each solure, rhere is a

characteristic maximum water content of the aqueous glass at Tr' which

corresPonds to the ¡mount of unfrozen r¡/aEer; i.e. the composiuion of the

freeze-concentrated soluEe phase is consEant and independent of the

initial concentration (Levine and Slade, 1986; Biliaderis, f988). The

"unfreezability" of this water fraction is due to the kinetic retarda-

tion of diffusion of water and solute molecules at the low temperatures

approaching Tg, and not to tight equilibrium binding by solute (i.e.

soluËe hydration) as implied by usage of the term "bound" water (Franks,
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1985; Franks, L986; Levine and slade, 1988). consequenrly, rhe unfrozen

water is best regarded as a plasxícízer for the amorphous solute matrix,

depressing the T, of the latter (Franks, l9B5; Franks , Lgg6; Levine and

Slade, f988 ) .

Food products prepared by convent.ional processing rnethods are

generalry found to be in a metastable state (To and Flink, l97ga). As

such, these materials will strive to attain mechanical and thermodynamic

equilibriurn if stored at temperatures exceeding their respective T, (or

Tg'). The glass transition is thus the underlying and prerequisite

phenomenon to al1 diffusion-controlled, relaxation related collapse

processes which determine food stability and quality (Levine and Slade,

1986). Furthermore, as wich rhe glass transition itself, these kinetic

processes are controlled by the superposed dependent variables of time,

temperature and, t moisture (Tsourouflis et al., L976).

An example of che collapse phenomenon in a frozen food system is

the recrystallization of ice (i.e. "grain growth") in frozen dessert

products. SÈorage of these products at temperatures exceeding Èhe re-

crystallizaxion temperacure, T. results in a resumption of the original

ice crystallization Process that was interrupted when the rnaterial

assumed an amorphous solid state. Other manifestations of structural

relaxation of frozen food systerns going through their glass transition

include: lactose recrystallization ("sandiness") in dairy products,

shrinkage ("melt-back") of amorphous materials during f.reeze-drying,

over-run loss in ice crean, and enzynatic acEivity at subzero tempera-

fures.
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2.4.2 Phase Behaviour of Dry Garbohydrare Ì4[arerials

As with frozen aqueous-carbohydrate systems, the stability of dry

carbohydrate materials is determined by a combination of thermodynarnic

(equilibriun) and kinetic (non-equilibriurn) factors, which in tìjrn are

affected by the critical variables time, temperature and moisture con-

tent (Karel and Flink, 1983; Levine and slade, LgB6; Levine and slade,

1988)' For example, a freeze dried carbohydrate is rnaintained in a

kinetically stable state if stored at temperatures below its character-

istic collapse temperature, Tc. However, if the naterial Ís rewarmed

above T" or plasticized (with additional moisture) so that its T" falls

below the existing sEorage temperature, viscous flow is iniEiated,

resulting in the structural collapse of the freeze dried amorphous

matrix under its own weight (To and Flínk, 1978b). This structural

breakdor^rn is mosÈ noticeable as a radial shrínkage ("melt-back',) of the

freeze dried "cake" (To and Flink, 1978b), but is arso manifested by the

loss of entrapped aroma and flavour volatiles and the oxidation of

encapsulated lipids (Tsourouflis er al., r976; To and Flink, l97gc).

Other examples of structural collapse of dried food products may be

cited. The caking of anorphous powders that have been exposed to humíd

air or fluctuaÈing temperatures ís attributed to the structural collapse

phenomenon (I.Ihite and cakebread, L966; Moreyra and peleg, 1981; Kare1

and Fllnk, 1983). rn spray- or drum- drying operarions, if rhe operaring

temperature or hunidity in the chamber is too high, the "dried" powder

will stick to the dryer walls (To and Flink, 1978b). The ',sticky-poinr,'

temperaËure that marks the transition from a stable dry powder to a

viscous state is thus related to collapse (Tsourouflis et ar., Lg76).

In certain processes limited structural relaxation is actually
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desirable. For example, the instantising of powders by agglomeratÍon

involves a controlled raising of the moisture content so that a Limited

collapse of the powdered materials occurs. The partially collapsed

particles stick togeÈher in clusters, which are then dried to the de-

sired moisture content (Tsourouflis et al., Lgl6).

The term "collapse" is not limited to descriptions of structural

breakdornrn, but rather is used in general to describe any of the relaxa-

tion-related, diffusion-controlled processes associated with the glass

transition. Thus processes such as sugar recrystallization (e.g. sugar

bloom in chocolate and graining in boiled sweets), plating of colour

agents on the surfaces of amorphous powder particles, and enzymic activ-

ity in dry powders are also regarded as collapse phenomena. Levine and

Slade (1986) observed that the same mechanism that drives the glass

transition (i.e. viscous flow and diffusion at Tr) controls al1 collapse

phenomena. Furthermore, they concluded thaÈ Ehe various phenomenological

threshold temperaÈures (e.g.T.: Tr: Tsticky point) are all equal to

the particular T, (or Tr') which corresponds to the solute(s) concentra-

Eion for the situation in question (Levine and slade , Lgg6 and 19gg).
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EXPERIHENTAL

3.1 HaËerials

Thirty six commercial SHPs from corn and potato sources, provided

by various supplÍers IGrain Processing co., Muscatine, rowa; American

l(aíze-Products co. (Amaizo), Harnmond, rndiana; A.E. sLaley Manufacturing

co., Decatur, rllinois; AVEBE, Hopelawn, New Jersey] v/ere used. starch

hydrolysates ranged in DE from 0.5 xo 42. D-glucose and D-maltodexrrin

standards up to and including D-rnaltoheptaose v¡ere obtained frorn Boeh-

ringer Mannheim GmbH, west Germany. waxy maize starch was provided by

the st. Lawrence starch co., Mississauga, ontario, and wheaE starch by

ogilvie Mi11s, Medland, onEario. pullulanase (amylopecrin 6 -

glucanohydrolase , E . C .3 .2 .1 . 41 ) was purchased from Hayashibara BÍochemi -

cal Labs. Inc., Okayama, Japan. L-ascorbic acid was obtained from Fisher

Scientific Co., Fair Lawn, New Jersey.

3.2 Methods

3.2.L Conpositlonal Analysis Of Starch Hydrolysates

The maltodextrin composition of the SHPs was determined using high

performance liquid chromatography (HPLC). The chromatographic system

consisted of a model M-60004 pump, a u6K injector, and a modeL 44L

refractive index detector (l,Iaters AssociaEes, Milford, MA) . The system

was interfaced to a Vista data station (Varian 401) for data acquisition

and peak area inËegraEion. Native (i.e. nondebranched) and debranched
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samples (20 mg mL-1, 50 ¡tL injection voLume) r¿/ere run isocratically ac a

.flow rare of 0.6 mL min-l through an Aminex Hpx-42A (300 x 7.g mm)

column (Bio-Rad Labs., Richmond, CA) in conjunction with a guard column.

The eluent \,¡as distilled \{ater thac had been filtered and degassed. The

column temPerature was 85oC. Column calibration \¡/as carried out wÍth

standard solutions of the homologous series of D-glucose up to and

including D-maltoheptaose (4 mg nL-1, 20 ¡L injection vorume). prior ro

sample injection a sËandard cleanup procedure was applíed by passing the

sample through a SEP-PAK C18 cartridge (I^Iaters Associates) and filtering

through a 0.45 pm cerlulose acetate fircer (Mirlipore corp., Bedford,

MA) . AII samples \¡¡ere analysed in triplicate.

Starch hydrolysates \ì¡ere debranched using pullulanase. prior to

use, the enzyme was dialysed (roolecular weight cutoff 104) ax 4oC çor L2

hr against acerare buffer (0.025M, pH 5.7) co remove alr sarrs. solu-

tions containing starch hydrolysate (100 mg) and dialyzed pullulanase

(0.1 mL; 40 ru) in acetaÈe buffer (5 roI,, 0.05M, pH 5.7) \¡/ere incubared

at 35oc for 24 hr and were then boiled for 15 min. Ariquots of I mL

debranched digests were used for HPLC analysis. The remainder was con-

centrated (10X) in a Fisher isotemperaËure dry bath and kept for DSC

analysis.

3,2.2 Evaluatlon of rhe Thernal BehavLour of Frozen Aqueous-sHp By DSC

A) General Proeedures. All DSC measurenents were performed with a

DuPont 9900 thermaL analyzer equipped with a 910 DuPont cell base and a

DSC ambient pressure cell. The cell base r{as operated at 10X sensitivity

and calibrated wich indir,rm metal. Samples (20-lTz w/w SHp in disrilled

water) of 10-15 rng total weighc were hermetically sealed in an aluminum
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coated pan, and scanned (against an empty reference pan) at a heating

rate of looc min-l, from -60oc (in all cases well belo* Tg,) to +30oc.

rnicial cooling to below -60oc, using liquid nicrogen, ensured maximal

freeze concentration of the samples. Triplicate scans were made on aII

samples. Data were recorded as heat flow in mi^I mg-l as a function of

temperature at 1.0 s-1 time intervals and stored on floppy disks. DaEa

analyses were performed using the DuPont software analysis program. The

analogue derivative funcEion on the DuPont 9900 allowed the precise

determination of TE'wirh a reproducibility of t loc for repeated.

analyses of the same sample. The analysis program was also used to

quantify ice formation in the frozen aqueous system by measuring the

enthalpy value (AH) for the melting endotherm.

B) Evaluation Of Thermal Parameters. ln preliminary tests of both

native and debranched starch hydrolysates, all sarnple solutions for Tr'

determination consisted of 20* w/w hydrolysate solids in v¡ater.

Heat of fusion values for sanples over a range of moisture levels

(20-70t w/w) were used to determine the characterisËic unfreezable water

content of a frozen aqueous-carbohydrate systern. By extrapolaÈion Lo

zero enthalpy, where no more freezable water is evident, an estimaËe of

the unfreezable \,¡acer (g HZO g-1 rnaËerial) was obtained.

The Tr' of frozen aqueous binary mixtures of SHps was predicced,

according to Ehe Flory-Fox equation (equation 3, section 2.3.3) , on the

basis of the Tr'of each of the constituent starch hydrolysaËes and

their corresponding weight fractions. Sample composition ranged from

08sHPl:1008sHP2 to 100BsHPl:0tSHp2. All sampres r4rere prepared ar a

constant concentraËion of 30* w/w of total hydrolysate solids in water.
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The applicability of the FIory-Fox equation to frozen aqueous-

carbohydrate systerns was further tested by examining a series of binary

mixtures, each of ç¡hich had a common reference maltodextrin and a second

maltodextrin of varying DE. The two components were cornbined in a 1:1

ratio by weight, while maintaining a total solids content of 30t w/w.

To study the effect of heating rate on Tr', frozen starch hydroly-

saues of varying DE were heated at different rates and their Tr' hras

determined. Heating races employed ranged betr¡een L-2O}C nin-1. For this

analysis, the sauples were prepared at a concentration of 20È w/w.

3.2.3 Klnet1c Studies 0f L-A,scorblc Acld Oxidation In Aqueous
Starch Hydrolysates

The performance of SHPs as preservative agents lras assessed by

rnonitoring Ëhe effects of SHP incorporation on the oxidation kinetics of

L-ascorbic acid solutions. Using tIV spectroscopy, the raËe of oxidation

of ascorbic acid to dehydroascorbic acid was measured. Ascorbic acid was

added to 20 and 408 w/v acetate buffered (0 .O2ll, pH 5.5) starch hydroly-

sate solutions in a concentration of 2.5 mg ascorbic acid per 100 rnI- of



67

total Iiquid. The test mixture also conEained excess hydrogen peroxide

(1500 ppm) to ens\rre an adequate oxygen supply throughout the reacEion.

Samples were stored in both the liquid and frozen states; i.e. at tem-

peratures above and belor^¡ 0 oC. Duplicate tests were performed on all

salrples.

The absorbance of the reaction mixEure ltas measured aE 265 n-ro on a

Hewlett Packard 8451 single beam, diode artay spectrophotometer. For the

above 0oC studies, the reaction mixture r¿as stored directly in Ehe

sample cell of the spectrophotometer. Llater was circulated from a Haake

Dl water bath to maintain the sarnple cell ac the desired storage temper-

ature. Measurements were taken at time 0 and at subsequent inEervals.

Samples for the below OoC studies r4Ìere prepared as follows. AIi-

quots of one mL of the reaction rnixture were dispensed inco tesE tubes.

The tubes lrere tilLed (to facilitate rapid cooling and thawing) and the

Iiquid samples were frozen instantaneously using liquid nitrogen. The

frozen samples were immediately transferred co an alcohol bath and held

at the desired storage temperature. After a 5 min equilibraEion period,

aliquots were removed aË time 0 and at subsequent intervals. Each was

thawed by addition of 10 rnl. of acetate buffer (0.02M, pH 5.5, 20oC) and

subsequent storage at 20oC for 30 sec. Follor.ring 10 sec of mixing, the

absorbance of che solution was read.

Reaction rate constants (k) were determined at each Eemperature

assuming pseudo - first-order kinetics :

log(a-x): log a -kt
where a is the

decrease in

2.303

initial concentration of

the concentration of a

ascorbic acid

scorbic acid

(s)

and x is the

in tíme t.
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3.2.4 Rheologlcal Characterizatlon Of Starch SHps

A) Viscometry Studies. The viscosity of 20t and 40t w/v starch

hydrolysate suspensions in water v/as measured by ernploying the BohlÍn

Rheometer system (Bohlin Reologi, science park rdeon, Lund, sweden). The

concentric cylinder 25 systern with a bob diameter of 25 mm and an angle

of 1500 ç'as used. AII measuremenEs were conducted at 2OoC (well above

the temperatures required for rubber and glass formation for any of the

starch hydrolysates tested) and over a shear rate range of 9-1465 "-1. A

torsion bar with a torque element of 93.2 g cm was employed. Measure-

ments were taken at 10X sensitivity for samples wíth a DE>l and ac 1X

sensitivity for DE 1 saurples.

B) Dynamic Rheometry Studies. The antistaling behaviour of starch

hydrolysates ín polysaccharide gels was investigated using the Bohlin

Rheometer System in the oscillatory mode. Starch hydrolysates were ad.ded

at 20t w/w (basis) to 20t w/v solutions of wheat and waxy maíze starch-

es. After thorough mixing, the sample vras encapsulated in a screvrcap,

metal cylinder (25 mro x 62 urn) and heated at 95oC for 15 min. ths s¡mp1e

cylinder was then transferred to a waterbaEh au 6oC and equilíbrated at

this temperature for 15 min. For wheat starch gels, a thin slice (ap-

proximaÈely 1 ron) of the gelatinized sample was placed. on the lower,

precooled plate of the parallel plate apparatus (plate diameter : 30

nrn). The upper plate was lowered into the gel and excess material was

trisuned from the periphery with a blade. Light paraffin oil was added to

a level just coverÍng the upper plare and held by a rayer of masking

tape surrounding the base of the measuring apparatus. Using this method,

evaporation of the sample q¡as prevented. I^Iaxy maize samples were pre-
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pared in an identical fashion, but had a more pastelike consistency;

thus the cone and plate 5/30 system (cone angre : 5.4o, cone diameter :

30 mm) was employed.

All experiments were conducted at 6+0.loC using a torsion bar with

a torque element of 93.2 g cm. Small amplitude oscillatory measurements

were performed at 0.20 Hz and 10* amplitude (2* strain). Data were col-

lected at 15 min intervals for up co 20 ]nr. values for the srorage (G,),

loss (G") and complex (G*) moduli, as well as viscosity were obtained.

Duplicate runs were performed on all samples.

3.2.5 StaÈistical Analyses

Where applied, data were analysed by standard staEistical methods.

The Duncan's mulEiple range Eest was used for comparing means among

various treatments. Correlation analyses were performed using linear

regression. Mean values and standard deviations v/ere calculated for all

replicates.
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4.L

4 RESULTS AND DTSCUSSION

Physico-chemical Properties Of Cornmercial SHps

An example of the glass transition and roelting phenomena as they

are manifested in a typical thermal curve of a frozen starch hyd.rolysate

is shown in figure 13. As previousry noted (section 2.3.4), rhe grass

transition is characterized by the shift in Ehe heat capacity curve at

Tg' , while melting of ice is evidenced by the large end.othermic peak

immediately following the glass Eo rubber transformation. Figure 13 also

demonstrates the effective application of the derivative feature of the

DuPont 9900 in precisely deterrninittg Tg,.

rn table 5 the measured rr' values for a homologous series of

monodisperse carbohydrate standards, analysed by chis mechod, are list-

ed. The Tr' values range from 229.75 K for glucose itserf (100 DE) ro

259-65 K for maltoheptaose (1.56 DE). A direct plor of these resulrs
(Tg' as a function of molecular weight; curve A of figure 14) reveals a

plateau region in which further increases in molecular weight have

little or no effect on Tr' As previously mentioned (section 2.3.3),

Levíne and Slade (1986) have attributed such behaviour to intermolecular

entanglement of polymeric chains (leading to network formaÈion) that

occurs above the critical polymer concentration, c* (Ferry, 19g0). The

limiting Tr' value defines the upper boundary with which one can effec-

tively conËrol Tr' by altering the molecular weÍght of the carbohydrate



Figure 13. Typical DSC
line) for an aqueous
temperature (Tg') and
mln -.

thermal curve and ics
SHP (30t w/w) showing
the melting enthalpy

first derivative (broken
the glass transition
(AH); heating rate : 10oC
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TABLE 5 1g' v"l,resl for monodisperse glucose monomer
and oligomer standards

Sarnple Manufacturer DL T,' (K)
b

D - Glucose

D -Maltose

D -Maltotriose

D - Maltotetraose

D -Maltopentaose

D -Maltohexaose

D -Maltoheptaose

Boehringer

Boehringer

Boehringer

Boehringer

Boehringer

Boehringer

Boehringer

100

50

25

12.5

6 .2s

3. 13

1. s6

229.75+I.08

242.22+0.40

249 .L4+0.07

252 .62+0 .23

255 .04+0.02

256.03+0.03

259 . 65+0. 0s

1 ¡sc analysis performed on
in section 3.2.2.2; (n:3)

2O* w/w samples as described



Figure 14. Effect of molecular weightperse glucose monomer and oligomers
on
dL

Ehe
30r

Tg' of
w/w.

aqueous monodis _
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solute. curve B in figure L4, a plot of Tr' as a function of reciprocal

molecular weight, shows an inverse linear relationship becween the cr¡/o

parameters. This behaviour is consistenL with the well known molecular

weight dependence of T, for synthetic poryrners (equation 2, section

2.3.3.2) (Billmeyer, L984; Levine and srade, 1986) and, in rhe case of

the present studies, is described by the following regression equation:

,g' : 257.23 0 . 2g Mi.I- 1 (6)

where r: -0.990, p< 0.001. rn this equarion, rhe y inrercepr (2s1.23)

corresponds to rE'', and the slope (-0.28) equals the constant, K.

The Tr' values for the 35 commercial, polydisperse starch hydroly-

sates analysed are listed in table 6. These results, ploEted in figure

15, show a similar inverse linear relaEionship between DE and rr, (i.e.,

the greater the DE the lower the Tr') and are in agreement wich the

recently reported findíngs of Levine and slade (1986). Measured Tr,

values range ftom 245.58 K for Fro -dex 42 (coarse) and Star-Dri 42F to

267.05 K for Amaizo ARD2308 (rable 6). rn general, for rhe higher DE

products (DE 35-42) the T*' values at any given DE were simílar among

samples of different origin; a difference of no greater Ehan 0.9 K was

observed between s¡mples of identical DE. Conversely, for the lower DE

starch hydrolysates, the differences are much greaÈer; e.g. Star-Dri 15

and Maltrin M150 have a difference of 2.36 K. For samples from similar

starting materials (e.g., waxy maize, corn and dent corn) this variance

can be attributed to the processing meËhod used by the different manu-

facturers. Because different methods are used, Ehe molecular polydisper-

sity, the degree of branching, and thus the Tr' icself, would be expect-
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TABLE 6. Tg' valuesl for commercial starch hydrolysates

Sample Manufacturer Source DE2 T'' (K)
b

Fro-dex 42 (coarse)

Fro-dex 42 (fine)

Star-Dri 42C

Scar-Dri 42F

Star-Dri 42R

Star-Drí 42X

Maltrin M365

Fro-dex 36

Star-Dri 35F

Star-Dri 35R

Fro-dex 24D

Fro-dex 24-924

Star-Dri 24R

Maltrin M250

Star-Dri 20

Maltrin M200

Lo-dex 15

Star-DrÍ 15

Malcrin M150

Lo-dex 10

Amaizo

Amaizo

Staley

S taley

S caley

Staley

GPC

Amaizo

Staley

S taley

Amaizo

Amaizo

S taley

GPC

S taley

GPC

Amaizo

Staley

GPC

Amaizo

42

42

41

42

+z

41

36

36

35

35

28

z+

24

23.4

20

20

18

15

15

l1

Waxy maize

I^Iaxy maize

Corn

Corn

Corn

Corn

Dent corn

Waxy maize

Corn

Corn

Waxy maize

Waxy maize

Corn

Dent corn

Corn

Dent corn

Waxy maize

Dent corn

Dent corn

Waxy maize

245.58+0.28

246.42+0.L6

246.33+0.88

245.58+0.20

245.94+0.04

245.65+0.29

248.72+0.08

249.64+0.LL

249.03+0.01

248.83+0.02

253.48+0.L4

255.59+0.01

253.30+0.05

253 .7 6+0 .02

259. 50+0.13

255.97+0 .03

257 .56+0.L0

26L.36+0.L7

259.00+0. l5

26L.68+0 .44
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TABLE 6 cont

Sample Manufacturer Source DE T,' (K)
ö

Maltrin M100

Maltrin ¡'t500

Maltrin M700

Star-Dri 10

Lo-dex 5

Maltrin M050

Maltrin M040

Star-Dri 5

Star-Dri 1

ARD23O8

AVEBE IO

AVEBE 6

Staley 3.8

AVEBE 2

Staley 0.5

GPC

GPC

GPC

S taley

Amaizo

GPC

GPC

S taley

S taley

Amaízo

AVEBE

AVEBE

Staley

AVEBE

Staley

Dent corn

Dent corn

Dent corn

Dent corn

I.Iaxy maize

Dent corn

Dent corn

DenE corn

Dent corn

Dent corn

Potato

Potato

Potato

Potato

Potato

10.9

10

10

10

7

5.7

q

5

1

0.5

0.

10

6

3.

2

260. 55+0. 33

259 .7 6+0 .7 L

260.77+0.09

262 .50+O . 03

263.03+0.25

264.40+0 .09

264.63+0.OB

263.04+0.27

265.88+0.28

267 .05+0.04

263.40+0.LI

265.26+0.L3

265.86+0.03

266.6L+0.0L

267 .04+0.L4

DSC analysis performed on 20* w/w samples as
3.2.2.2; (n:3) .

DE values !/ere provided by the manufacturer.

described in secEion



Figure 15. Relationship between
aqueous SHPs at 20\ w/w.

DE and Tg' of various polydisperse
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ed to vary from product to product. Variability in Tr'between SHps of

the same DE buc from different plant sources might reflect the different

chemical comPosition and struccure of the respective starting starch

materials. For exampre, sHPs from potato generally have Tr,values that

are 1-3 K higher than that of corresponding corn based products. This is

because SHPs manufactured from potato starch inherently have a higher

hydrodynamic volume (due to the presence of phosphate groups; swinke1s,

f985) and thus are expected to show hígher Tr' values rhan starch hydro-

lysates produced from corn. Differences in Tr' between the carbohydrate

standards and commercial sHPs of similar DE (rables 5 and 6) could

reflect differences in the levels of chain polydispersiry. A polydis-

Perse SHP is more likely to undergo chain entanglement than the corre-

sponding monodisperse carbohydrate standard since the former is com-

prised of long oligomer chains (in mixture with short chains), while the

latter contains a homogeneous mixËure of oligomers of identical chain

lengths. From cables 5 and 6 iE is seen Ehat'the carbohydrate standards

consistently have Tr' values that are 2-10 K lower than Lhose observed

for SHPs of comparable DE.

The relationships presented in figures 14 and l5 provide a

physico-chenical basis for cryostabílization technology. A controlled

elevation of Tr' in a frozen food system to temperatures approaching or

even exceeding the conventional fteezer temperature, Tf, through the

inclusion of carbohydrate solutes of specific molecular weight or DE,

would improve sËorageability of low-temperature preserved products.

Furthermore, the linear relaËionship shown in figure 15 may be used. as a

calibration curve to predict the Tr' of a sHP by knowing íts DE value.
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The equation describing the regression line in figure 15 is:

,E' * 267.00 0 . s0 (DE) (t)

where r: -0.99L, p< 0.001.

Elevation of Tr' wich decreasing solute DE, as observed in figures

14 and 15, can be attributed directly to the parallel increase in solu-

tion viscosity. As a soluLion becomes more viscous with the addicion of

higher molecular weight materials, its free volume decreases, allowing

its transition from a liquid Eo a rubber and Ehen to a glassy sEate to

occur at a higher temperature. To investigate the effect of solu¡ion

viscosity on Tr', shear rate s!/eeps were performed on 29 commercial SHps

at both 20 and 40* w/v concentrations. The viscosity values obtained at

the maximum shear rate of 1.47x103 r-1 "r. given in table 7. Alt samples

but one (Star-Dri 1 40* ,,t/v) exhibited classical Newtonian behaviour;

i.e' a constant viscosity over a broad range of shear rates, as illus-

traEed by figure 16 for a mrmber of representative samples. In contrast,

Star-Dri 1 (DE 1) was the only sample that demonstrated pseudoplastic

(shear-thinning) behaviour (figure Ll). These findings supporr rhe

distinction made by Levine and Slade (1986) in idenrifying high molecu-

lar weight polymers from oligomers by theír capaeity for molecular chain

entanglement coupling. Solutions of high molecular weight polyners Ehus

behave as rubber-like viscoelastic networks at concentrations above the

criuical polymer concentration. As shor¿n by the viscosity as a function

of shear rate profile for star-Dri L (40t, w/v) (figure 17), at very high

shear rates this neEwork exhibits shear thinníng behaviour, presumably

due to disentanglement of the polymeric chains. The shear thinning

behaviour shown by Star-Dri I is typical of aI1 pseudoplasric materials



TABLE 7. -'lViscosity' of commercial starch
hydrolysates aE 20 and 408 (w/v)
concentration

Sample Viscosity (kPa. s)

202 40r

Amai,zo 42 (coarse)

Amalzo 42 (fine)

Star-Dri 42C

SLar-Dr:- 42F

Star-Dri 42R

Star-Dri 42X

Maltrin M365

Amaizo 36

Star-Dri 35F

Star-Dri 35R

Amaizo 24D

Amaizo 24-924

Star-Dri 24R

Maltrin M250

Star-Dri 20

Maltrin M200

Amaizo 15

Star-Dri 15

Maltrin M150

2 . 90+0. 06

3 . 00+0. 23

3 . 15+0. 02

3.23+0.04

3.06+0.10

2.99+0.02

3 . 08+0.02

3 .67+0 .07

3.03+0.17

3.22+0.06

3.69+0.20

4. 15+0. 13

3.33+0.13

3.58+0.08

4. 05+0. 23

3.82+0.05

4.27+0.07

4.44+0.06

4. 86+0.08

7 .07+0.67

7 .62+L .06

7.87+0.18

7 .94+0.LO

6.92+0.21

7 .53+0.L7

8.52+0.09

LL.40+0.22

8.01+0.79

8.38+0. L5

L3.89+0.77

L3.56+0.24

10.73+0.28

11. 74+0.13

L2.75+0.04

L4 .3L+0 .42

16.91+0.28

2I .54+0 .4L

20.85+0.33
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TABLE 7 cont

Sarnp le Viscosity (kPa

202

. s)

40s

A¡naizo 10

Maltrin M100

Malcrin M500

Maltrin M700

Star-Dri l0

tunaizo 5

Maltrin M040

SEar-Dri 5

Star-Dri 12

6.28+0.09

5.64+0.06

5. 51+0.12

5.88+0.17

6. 39+0.07

9.08+0.15

L2 .65+0 .62

15.83+0.15

39.36+0.55

36.25+0.85

31.51+1.52

30.54+1.34

28.30+0.77

36.LL+O.12

67 .L9+L.94

98 .L4+6 .55

175.0+1.0

27I8+L74

Viscosity determined at a
lt47xL03 "-1 ", described
(n:2 ) .

Viscosity for Star-Dri 1_was determined at a
shear rate of only 58 

"-1 
d.r" to lirnitations of

the measuring systen in handling solutions of
very high viscosity.

shear race of
in section 3.2.4.L;



Figure 16. Viscosity
varying DE.

as a function of shear rate for SHps (4OZ w/v) of
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Figure 17. Viscosity as a function of shear rate for 40* w/w Star-Drí
I (DE 1.0).
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(Tung, f988).

Figures l8a and b represent reLationships between DE and solution

viscosity for the starch hydrolysates at 20 and 40* w/v respectively. As

seen by these plots, at both solute concentrations, solution viscosity

increases exponentially with decreasing solute DE. In the context of

free volume theory, the relationships between viscosity and r*,, for 20*

(w/v) samples is shown in figure 19. An upper Tr, limit, corresponding

to the onset of chain entanglemenE, is attained at approximately 265 K.

Beyond this value, further increases in solute molecular weight have

little or no effect on Tr', but continue to dranatically influence the

viscoelastic properties of the sample neEwork; i.e, increase ge1

strength at constant temperature, as reflecEed by increases in viscosity

(figure 19). Ferry (f9S0) has observed similar behaviour for synrheric

polymers ' Figure 19 emphasizes the irnportance of choosing the correct

starch hydrolysaÈe for a particular food systen. Choosing a SHP with a

DE even slightly lower than ideal will offer little protection to Ehe

food sysÈem; i.e. Tg (') will remain much lower Ehan T.torage. The

relationships presented in figures 14, 15 and 19 should aid rhe manufac-

turer/ptocessor in selecting the appropriate sËarch hydrolysate for

specific formulations.

Unfreezable water was also quantified by measuring the heat of

fusion, aH (figure 13), for samples over a broad range of moisture con-

Ëents. Figure 20 is a plot of melting entharpy of ice as a function of

v/ater content in the sarnple for a typical sEarch hydrolysate (DE Zo).

By extrapolating to zero enthalpy, where no more freezable r^rater exists,

the amounË of unfreezable vrater can be recorded. Unfreezable water

values for the starch hydrolysates examined (table 8) ranged from 0.18-



Figure 18. Viscosity as a function of DE of starch hydrorysares aE a)
20* w/v and b) 40t w/v.
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Figure 19. Relationship between sample
perse aqueous starch hydrolysates at
of varying DE.
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hydrolysate (DE 20).
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TABLE 8 Unfreezable waterl of glucose-
based oligomers and commercial
starch hydrolysates

Sample Unfreezable i¡Iater

1(e HZO g-'solid)

D - glucose

D - malEose

D -maluotriose

D-maltotetraose

D -maltopentaose

D-maltohexaose

D - mal toheptaose

Star-Dri 42X

Star-Dri 35R

Amaizo 24D

Star-Dri 20

Maltrin M150

Arnaizo 10

AVEBE 6

Star-Dri 5

Star-Dri 1

0.18

0.25

0.28

0. 14

0.23

0.24

0.27

0.35

0. 15

0.30

0. 25

0.20

0.30

0.25

0.L2

0.29

1

' Determined by extrapolation to zero
enthalpy as described in section
3.2.2.
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1

0. 35 g HZ} g- L solute. Any relationship bet\¡/een molecular síze and

unfreezable water content r^¡as not observed, Levine and Slade, however,

determined unfreezable water contents for a homologous series of commer-

cial corn syrups (1986) and a less homologous group of sugar solids

(L987 ) and found that there is an inverse linear relationshÍp between

Tg' and unfreezable water with correlation coefficienrs of -0.91 and

-0.89 respectively. Based on these results, their conclusion was that

for a homologous set of glucose oligomers, the fraction of total rrTater

unfrozen in the glass at Tr' decreases with increasing molecular weight

of the solute. 0n the other hand, these researchers found a poor corre-

latíon (r:-0.47) between unfreezable water and reciprocal molecular

weight for a group of diverse polyhydroxy compounds. These findings, as

well as our osln (presented in table 8), confirm the observations of

Franks (1985), who noted Ehat among the (non-homologous) sugars and

po1yols, most widely used as "lvater binders" in fabricated foods, the

amount of unfreezable \,ùater does not show a simple dependence on molecu-

lar weight of the solute. As Levine and Slade (1988) have recently

pointed out, the critieal importance of the unfreezable r¿ater as a

plasticizer necessíÈates further investigation into the relationships

between TE', viscosity, solute structure/concentration/ molecular

weight, and unfreezable water.

In this context, Tg' values for monodisperse glucose oligomers and

sÈarch hydrolysates, prepared at concentrations ranging from 20 -70* w/v

and analysed by DSC, axe shown in table 9. When these results v¿ere

plotted for a mrmber of represenEative sanples (figure 2L) it was seen

that Tr' was independent of initial solute concentration for low molecu-

lar weight sâmples (e.9. glucose, Star-DrL 42X). This finding suggests
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TABLE 9 Tg' valuesl for
based oligomers
hydrolysates at

monodisperse glucose-
and commercial starch
various concentrations

Sample Concentration
(z w/v)

Tg' (K) 2

D - Glucose

D -Maltose

D -Mal totriose

D -Maltotetraose

D -MaltopenÈaose

D -Maltohexaose

20.08
30.00
40 .66
50 .40
60. 36
70. 00

20.sL
30.16
40 .00
50.83
60.00
72.86

20.00
30 .00
40.00
52.74
60.00

20.00
30 .45
40.74
5L.28
60.35

20.4L
30 .00
40.45
s1. 78
60 .06

20.L6
30 .48
4I.56
s1.15
60.59

230,64+0.754
23r. 31;0. 38a
234. 0s;O . 3sb
n2.3r¡o. t4ab
23L .69+0 .84a
231.06;0. 9sa

243 .7 6+O .7Oa
242.g0+o.63ab
243.25i0.08a
24L.sLlO .3sb
242.s410. Osab
240.2010.24c

250.22+0.064
2s0.00;0.0sa
249 .67+0 .OOa
248 . L7 +O .42b
243 .85¡O .28c

25L.37+O .034
2s0 .43;0 . 06b
2s0 . 69;0 .0sb
248.8r¡O.L7c
247 .s6+0.LLd

255.74+0.OOa
255.84+0.13a
255.77+O.O4a
254.O4iO.Osb
252.}t¡O.Lzc

256.38+0.L44
2s7.0s;0. o3b
256.90+0. Olb
2s4. 3O;0. O3c
2s4.sll}.O8d
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TABLE 9 . cont.

Sample Concentration
(Z'.t/v)

Tg' (K)

D -Maltoheptaose

Star-Dri 42X

Star-Dri 35R

Anaízo 24D

Star-Dri 20

Maltrin M150

259 .92+0.034
259 .6L¡O .L4a
2s9.20;0. orb
257 .æJo.otc
2ss.82;0. l8d

246.L5+O.3Oa
246.36io.oLa
246.LL¡O.4oa
24s.78+O.O}a
245.69+0.Oß
243. 3stO.0lb

248 .82+O .244
24s.45io.o3b
249.6r;0.0sb
248.89;0. O9a
248 .7 6¡0 .Lîa

253 .48+0 . 084
2fi.44¡O.Oza
2s3.60;0.03a
252.6s70.04b
249 .08¡0.32c

259 .49+0 . OOa

2s9. s1;0.034
259.38+0.034
258.72¡O.nb
255.8010.19c

259.16+0.054
259 .27lO.07a
2s9.02;0. o8a
2se.06;0.0ra
255 .84¡O .6sn.

26L.43+0 .054
26L.45¡O .L4a
261. 3O;0. O2a
2ss.62¡0.ßb

20 .4L
30.39
40.00
50.00
62.30

20.00
2s.00
30 .00
39.80
50.00
60.00

20.00
30.00
40.00
50 .00
60.00

20.00
30.00
40.00
50.00
60.00

20.L3
30. 18
41.11
s1.13
6L.94

20.00
30 .46
40.31
50.54
59.34

L9 .95
30.9s
40.L4
s1.75

Amaizo 10
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TABLE 9. cont

Sarnp 1e Concentration
(* w/v)

Tg' (K)

AVEBE 6

Star-Dri 5

Star-Dri 3.8

Star-Dri 1

265.27+0.054
26s .6210 .O}b
26s.4L¡o. toab
264.48+O.Ozc
263.14;0.0sd

264 .32+O .054
264.3glo.o4a
2æ.84¡o.I/+a
26r.42+0.O3b
262.4L+O.s}c

266.38+0.184
266.23+O.LOa

266. l8+0. 184
265.92+0.ßa
265.84+0.22a
264.4slo.o4b
2æ.79¡0.32c

20.20
29.88
42 .38
52.r0
6L.40

20.00
30.07
40. 88
s1.09
6L.36

20.00
30.00

20.00
30.95
40.33
50.68
60. 19

1 osc analysis as

For each sample
same letter are
(p<0.05).

described in section 3.2.2.2

, Tn' values followed by che
noË significantly differenr



Figure 21. Effecc of solute
varying DE; heaEing rate

concenÈr4tion on Tg' for commercial SHPs of
100c min- l.
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that a glass of constant composition is attained under equilibrium

conditions where water is allorved to freeze. As reported. by Simatos et

al. (L975), various researchers have made similar observations for fish,

egg white and york, beef muscle, different proteins, casein, plasma, and

dough systems using older DTA methodologies. However, in the present

study, it was noEed that, aside fron glucose and Star-Dri 42X, alr other

carbohydrate materials exhibited depressed T*' at high concentrations

(>508 w/v), under the fxeezíng protocol used. rt appears that the ere-

vated viscosities, as a result of high solute concentrations, are re-

sponsible for incomplete phase separation during freezing; i.e. some of

the freezable water re¡nains in the amorphous state rather than freezing

ouL as ice. This additional water present in the glass exerts a plasti-

cízing effect and could explain the depression in Tr' for these samples.

Moreover, for all carbohydrate dispersions exhibiting depressed Tr'

values at high solute concentration, ice recrystallization (an exother-

mic effect) was observed. This provided addÍtional evidence that these

particular samples were cooled at a relatively rapid rate (i.e. non-

equilibrium freezing process), so that some of the freezabLe water did

not have adequate Èime to crystallize into ice, and, instead, remaíned

in the arnorphous phase surrounding the ice crystals. simaÈos et al.

(L975) has reported similar behaviour (i.e. depressed T*'values and ice

recrystallization) in plasna solutions that have been rapidly cooled.

The effect of heating rate on the apparent T*' values is illustrat-

ed in figute 22. For all samples EesÈed, chere is consistently a slighr

increase in the calorimetrically measured Tr' with increasing heating

rate; this is a direct reflection of the dynaroic characËer of DSC analy-

sis in determining phase transition temperatures. As a result of Ehese



Figure 22. Effect
of varying DE.

of heating rate on Tg' f.or commercial SHPs (20t w/v)
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findings, a constant Íntermediate heatÍng rate of 10oC min

to obtain a reasonable estimate of Tr' over a practical

time frame.

I r", adopted

experimental

A further asPect of the behaviour of frozen hydrolysates examined

in this study was the identification of predicEive equations that would

allow assessment of Tr' on the basis of oligosaccharide composicion and

their respective Tg' The Flory-Fox equation (equation 3, section

2.3'3), originally developed to describe the T* of binary mixrures of

synthetic polymers (Fox and Flory, 1954), vras tesEed with the frozen

aqueous carbohydrate systems of this study. To and Flink (f978b) firsr

ernployed this equation in predicting the characteristic collapse temper-

ature (T"), of freeze dried carbohydrate mixtures of known composition.

Following this approach and working with frozen aqueous binary mixtures

of SHPs, we observed that similar relationships exist. Figure 23 illus-

trates the dependence of T*' on composition of Ehe carbohydrate mÍx-

tures; both the DSC measured and the predicted (using the Flory-Fox

equation) TE' values are given for monodisperse (figure 23a) and poly-

disperse (figure 23b) carbohydrate sysEems respectively. As can be seen

from these figures, the Flory-Fox equation provid.es estimates of Tr'

that are very close to the experimentally observed values.

The above rationale was furËher exEended to polydisperse sysEems

fot 2l starch hydrolysates in an attempt to predict their effective Tr,

from their oligosaccharide cornposition as determined by HPLC. A typical

chromatogrrm for the analysis of one of the SHPs (Amaízo t+2) is shown ín

figure 24. Under the outlined operating conditíons for the HPLC analysis

(section 3.2.L), good separation r^¡as obtained for oligosaccharides wiEh

DP of 1-7. Table 10 summarizes the oligosaccharide composition of the



Figure 23. Prediction of Tg' for binary mixÈures: a) maltose/maltohept-
aose and b) Fro-Dex 42/Lo-Dex 5; 30t w/w toual- solids at various
weight fractions for the tv/o components.
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Figure 24. Typical HPLC chromatogram of a commercial SHP (Nnaizo 42,v1

mg mL-'). Column: Aminex HPX-424 oligosaccharide analysis. Eluent:
DDI H2O. InjecËion volume: 50 p,L. Temperature: 85oC. Detection:
refractive index; actenuation 16X.
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scarch hydrolysates analysed. Differences in oligosaccharide distribu-

tion were not only evident among samples of varying DE, but also among

samples of identical DE provided by different suppliers. The cornposi-

tional data obtained for all Maltrin products were, in each case, in

very close agreement with both the manufacturer's specifications (MaI-

trin: Maltodextrins and corn syrup solids; Grain processing corp.,

Muscatine, Iowa) and the results of Brooks and Griffin (1987) as deter-

mined by HPLC. The oligosaccharide profiles for all other starch hydro-

lysates compared favourably to the compositional data supplied by the

corn Refiners Association as reported by Hobbs (19s6). Based on the

oligosaccharide composition and the experimentally determined Tg, of the

respective individual oligosaccharide standards, predictÍons of Tr, f.or

polydisperse hydrolysates were made by employing the generaLízed form of

the Flory-Fox equation, as described in section 3.2.2. A comparison

between the DSC measured glass transicion EemperaËures and those pre-

dicted by Ehe Flory-Fox equation is illustrated in figure 25. Assuming

that this theory holds , Tg' predicted should equal T*,measured (by DSC),

as represented by the solid line. Although a linear relaEÍonship between

the two temperaËures eras found (y - 1 .22x - 59.82; r : O.gg7, p< 0.001),

there seemed to be a devÍation of the measured values frorn what the

theory predicts, parËicularily for high DE samples; i. e. in the presence

of 1or,¿ molecular weight material the composite glass appears to vitrify

at a much lower temperature than that predicted assuming Ehe Flory-Fox

formalism.

This departure from ideality was confirmed by similar tesrs on a

series of binary míxtures, each of which had a couunon reference malto-

dextrin and a second naltodextrin of varying DE combíned in a 1:1 ratio.



Figure 25. Comparison
Tg'-measured (DSC)
varying DE. Solid
tionship.

betr¡een Tg' -predicted (Flory-Fox equaËion) and
(shown by broken line) for polydisperse SHps of

line refers to the rheoretically predicted rela-
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Figure 26. Comparison betr¡een Tg'-predicted (Flory Fox equation)
and Tg'-measured (DSC) (shown by broken line) for binary rnixtures of
monodisperse maltoheptaose + monodisperse glucose mononer and oli-
gomers (I:L w/w; 30t w/w total solids/H2O): a) glucose; b) malrose;
c) maltocriose; d) maltotetraose; e) maltopentaose; f) roaltohexaose;
C) maltoheptaose. Solid line refers Eo the theoretically predicted
relationship.
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Fi.gure 27 . comparison betv¡een Tg'-predicted (Flory-Fox equation) and
Tg'-measured (DSC) (shown by broken line) for binary mixtures of
MaltrÍn M040 + monodisperse glucose and maltose, and comnercial SHPs
(1:1 w/w; 30* w/w total solids/H2O): a) glucose; b) malrose; c)
Fro-Dex 42; d) Malrrin M365; e) Malrrin M250; f) Malrrin M200; g)
Malrrin M150; h) Malrrin tf100; and i) Malrrin M040. solid line
refers to the theoretically predicted relationship.
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For both monodisperse and polydisperse binary systems (figures 26 and, 2l

respectÍv.ly), the mixtures containÍng high DE maltodexrrins also exhib-

ited a more depressed rr' value than that predicted by the Flory-Fox

equation. Thus it appears that in the presence of low molecular weight

constituents the effective free volume of the Bixture is much greater

than that theoretically anticipated.

To test the possibilicy of having greater free volume effects due

to the presence of branched oligosaccharides, as it is known for

branched synthetic pol¡rrners (section 2.3.3; Brydson, Lgl2), the starch

hydrolysaEes were re-analysed after being debranched with a purified

pullulanase preparacion. As shown in table 11, the oligosaccharide

profile of most of the sËarch hydrolysates \./as altered only to a small

degree by the pullulanase treatment, indicating that these samples were

relatively free of a-l,6 linkages in their native sEate. FurEhermore, as

illustrated in figure 28, debranching did not significanrly affecr rhe

linear relationship between Tr'measured and rr'predicted values (y :

1. 18x ' 50 .23; r : o .94, p < 0.001) As v¡erl, as \¡/as the case for the

native samples, the composiLe glasses of the debranched small molecular

weight hydrolysates vitrified at a much lower temperature than Eheoreti-

cally predicted. Therefore, differences between measured and. predicted

values of Tr' appear to be due exclusively to the effect of solute

molecular weight rauher than a combined effecc of solute molecular

weight and strucEure.



S
an

pl
e

T
A

B
LE

 1
1'

 
0I

fg
os

ac
ch

an
id

e 
co

np
os

itl
on

l 
of

 v
ar

lo
us

 d
eb

ra
nc

he
d2

 c
om

tr
er

cl
aL

 
st

ar
ch

 h
yd

ro
ly

sa
Le

s3

Á
¡u

al
zo

 4
2

S
La

r-
D

r1
 4

2F

A
na

iz
o 

16

M
aì

-t
.r

in
 M

16
l

S
U

ar
-D

rl 
35

R

À
m

al
zo

 2
4D

A
m

al
zo

 2
4-

92
\

S
ta

r-
D

rl 
24

R

M
aI

t,r
in

 M
25

0

M
aI

tr
ln

 M
20

0

S
La

r-
D

rl 
20

A
ua

lz
o 

15

D
P

I

18
.5

3a
0.

33

17
 .

 0
81

0.
 t

r 
0

15
.4

5r
0.

19

7 
.7

 1
+

0.
 1

!

1t
t 
.1

z]
.7

5

10
.8

6:
0.

 l
5

9.
66

10
. 

l8

8.
95

*0
. 

r6

9.
96

:ti
 9

4.
43

+
0.

20

4.
 1

 6
+

0.
 3

4

7 
.5

21
0.

66

D
P

2

12
.2

41
0.

 l9

12
. 

\7
 +

O
 -

 2
6

10
.6

41
0.

11

22
. 

tl 
B

¿
0.

 l0

10
.7

zr
:o

.5
7

8.
01

+
0.

17

7.
22

10
.0

6

8.
46

+
0.

28

B
 .

 3
6:

0.
 3

5

7 
.9

2x
o.

17

7.
96

t.O
.2

3

6 
. 
01

10
. 

tl 
2

D
P

3

9 
. 
85

+
0.

 2
4

1 
0.

 0
7+

0.
 1

 6

B
.?

01
0.

14

14
. 

10
10

. 
16

9.
26

10
.\2

1.
41

r0
.0

2

6 
. 
87

10
. 

0B

B
. 

86
10

. 
28

8.
05

+
0.

41

9 
. 
0B

+
0.

 0
4

9.
61

+
0.

06

5.
95

r0
.6

 1

C
o¡

¡p
os

ib
lo

n 
(f

)

D
P

4 
D

P
5

8.
1 

1r
0.

24

8.
 3

81
0.

 1
 6

?.
11

9t
0.

 I
 I

? 
. 
05

10
. 

03

8.
 2

2a
0.

 4
5

7.
 1

 0
a0

.0
1

6.
84

:0
.1

1

7.
82

7p
.2

5

8.
 r

 2
i0

.3
6

? 
. 
28

10
. 

08

7 
.6

12
.0

.2
2

5.
93

:0
.5

o

6.
58

r0
. 

2T

6.
98

r0
.0

9

6.
5t

ao
.0

6

5 
. 
56

10
. 

05

7 
. 
09

10
. 

tt7

6.
93

r0
.1

6

6.
85

:0
. 

0t

7.
64

t.o
.2

7

7.
91

10
.1

!

6.
79

t-
o.

7 
6

8.
 0

61
0.

 0
9

3.
 3

8r
l .

 ¡
12

D
P

6

5 
.7

 o
1o

 .2
2

5.
45

+
0.

12

5.
54

+
0.

 l
0

4.
B

9t
O

.O
B

5.
99

r0
.1

8

6.
19

10
.0

0

6 
. 
B

0+
0.

 2
6

9.
12

+
0.

27

6 
.8

51
0.

 2
5

1 
3.

 3
71

0 
. 
47

16
.8

7+
0.

 r
9

5.
 0

51
0.

00

D
P

T

3.
90

:0
.6

4

5.
27

 +
1.

50

4.
42

10
.2

9

4 
.7

9+
0.

92

5 
. 
23

t0
. 

¡1
8

2.
 1

 1
10

.0
0

5 
.6

7 
7p

 .
26

9.
90

+
0.

79

6.
00

10
.2

2

1l
.l.

1'
l0

+
0.

45

15
.8

9+
O

.2
2

'I 
. 
B

0+
0.

 0
0

, 
D

I',
/,,

35
.0

9

3¡
l .

 J
0

!1
.2

5

33
.'l

 2

j,)
.:l

51
.3

7

50
.0

9

.J
9.

21

lt 
lt 

. 
¡,

,

36
.7

 3

29
.8

r¡

6,
,.3

q

P N
J P



T
A

B
LE

 1
1 

co
nt

.

S
am

pI
e

M
al

br
ln

 M
l5

0

S
ta

r-
D

r1
 1

5

A
oa

lz
o 

10

M
aL

tr
ln

 M
l0

0

M
al

tr
tn

 M
50

0

S
La

r-
D

rl 
10

M
aI

Lr
in

 M
05

0

A
oa

lz
o 

5

S
ta

r-
D

ri 
5

H
al

tr
ln

 M
04

0

A
ve

be
 1

0

A
ve

bo
 6

D
P

t

2 
. 
97

+
0.

 3
4

3.
26

10
. 

04

2.
72

+
O

.1
7

2.
78

10
. 

20

1.
16

10
.1

5

3 
.5

81
0.

 2
0

2.
60

¿
0.

2t
|

3.
?7

+
0.

18

3.
 l9

+
0.

08

2.
40

r0
.2

0

2.
56

10
.0

8

2.
39

10
. 

1B

D
P

¿̂

4.
 1

21
0.

21

4.
40

r0
. 

l2

3 
. 
08

:0
. 

05

l. 
t 
lr0

.2
3

3.
17

t-
o.

22

2 
.6

7 
1O

 .2
2

0.
99

:0
.1

0

2.
31

r0
. 

tB

2.
 I

 1
+

0.
1J

0.
98

+
0.

01

1 
. 
47

+
0.

 0
3

o-
 7

9r
0.

06

D
P

3

5.
55

t0
. 

33

6 
.2

51
0 

.3
2

4.
20

10
.0

t1

4 
' 3

51
0.

 0
9

4.
25

10
. 

l4

l.4
B

+
0.

06

1.
 1

9+
0.

 1
 1

2.
84

:0
, 

I 
I

2.
 0

21
0.

 I
 I

1 
. 
37

t0
. 

04

2.
 6

7r
0.

 0
4

1.
39

ro
. 

oB

1 
D

"t
" 

".
" 

ex
pr

es
se

d 
as

 p
en

ce
nb

ag
e 

of
 b

ot
al

 c
ar

bo
hy

dr
at

e 
co

nL
en

¿
 (

fr
S

D
, 

n=
3)

.

2 
D

eb
na

nc
hl

ng
 c

on
df

tlo
ns

 a
s 

de
sc

rlb
ed

 l
n 

se
ct

lo
n 

3.
2.

1.

3 
np

lC
 a

na
ly

sf
s 

of
 s

La
nc

h 
hy

dn
ol

ys
at

es
 

as
 d

os
cr

fb
ed

 ln
 s

ec
tlo

n 
J.

2.
1.

4 
D

et
er

m
tn

ed
 b

y 
dl

ffa
re

nc
e:

 1
00

 -
 

I 
(D

P
l)

C
om

po
sl

tio
n 

(t
)

D
P

¡l 
D

P
5

5.
24

yo
.2

7

5.
41

r0
.2

4

4.
00

10
. 

1 
t

4.
r3

io
.0

6

{ 
. 
06

+
0.

 0
7

3 
. 
3h

0.
 2

0

1.
53

:0
.0

6

2.
7 

9¡
.o

 .
 1

7

t 
.9

81
0.

08

1.
36

:0
.1

6

2.
41

10
.0

8

t 
. 
33

s0
.0

3

5.
37

t0
.7

6

4.
85

r0
.2

2

4 
. 
00

10
. 

09

3.
99

10
.1

2

3.
 8

9:
0.

 2
3

3.
 2

B
r0

 .
 0

6

1 
.5

71
0.

0 
1

2.
58

t0
. 

32

l.!
tr

0.
25

0.
 6

91
0.

 0
5

1.
90

10
.0

8

1.
9?

r0
.0

?

D
P

. o

7 
.4

3r
0.

65

10
.6

31
0.

70

6.
 1

 6
ao

. 
06

6.
 I 

2a
o.

 2
8

5.
27

 x
o.

23

5.
56

10
.2

2

1.
99

10
.1

0

2.
 6

9!
0.

 I 
5

3.
 0

5r
0.

06

4.
 I

5r
o.

oB

2.
55

a0
. 

I 
B

D
P

?

I 
lt 

. 
tl 

11
0.

 B
0

I 
5.

 3
0r

2.
 8

9

7.
78

+
1 

.0
4

7.
55

+
o.

B
z

5.
 2

3r
0.

 4
0

6.
4t

11
0.

02

0.
 3

5+
0.

 1
 1

tl 
. 

19
+

0.
27

l.0
B

+
0.

 I 
0

5.
61

r0
.2

8

2.
 B

9+
0 

. 
35

>
 D

 I'
./

5r
1 

.9
3

lr9
.,-

lo

68
. 

06

61
 .

 g
r:

70
.7

7

71
.6

2

tl,
l. 

/8

78
. 

fÌ3

tl;
).

 ',
 ll

93
.?

.o

'1
9 

. 
2'

l

B
b.

 6
9

ts N
J

N
)



Figure 28. Comparison between Tg'-predicted
Tg'-measured (DSC) (shown by broken line)
perse commercial SHPs of varying DE. Solid
retically predicted relationship.

(Flory-Fox equation) and
for debranched polydís-
line refers Ëo Ehe theo-
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4.2 Technological fnplications Of Using Starch
Hydrolysates In Food Formulations

The signíficance of the phase behaviour of aqueous-carbohydrate

systems, as it relates to applied food technorogy, \ras examined in the

Last half of this research progran. Two separate studies were performed.

One dealt with the effects of incorporating starch hydrolysates in

aqueous soluEions of ascorbic acid on its oxidation kinetics. In a

second study, the antistaling effects of SHPs in starch gels, as moni-

tored by changes in viscoelasticity of the gel network, uTere examined.

4.2.L Reactf-on Kfnetics 0f Ascorblc Acid Oxidatlon

The additional cost associated with rnaintaining foods at subzero

temperature environments results in higher overall processing and/or

storage costs, or, often, the adoption of improper storage conditions by

the processor; i.e. storage at temperatures above Tr', at which deterio-

rative reactions and collapse-related phenomena are possible (Karel,

1985). Recently, Levine and Slade (1986) have proposed that inclusion of

qrater soluble carbohydraÈes into frozen systems, in order Eo elevate

their Tr' and thus retard the rate of physico-chemical deterioration,

could be an economical alternative to low temperaÈure processing and

sËorage. Using nodel food systems, they have demonstrated qualiËatively

the cryoprotective properties of some commercial starch hydrolysates.

In chis study, the performance of SHPs as preservacive agents, was

quantitatively assessed by monitoring the effecËs of incorporating

starch hydrolysates in frozen aqueous solutions on the oxidation kinet-

ics of ascorbic acid solutions. In the presence of oxygen, ascorbic acid
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(vita¡nin C) is

tion:

oxidized to

o
il

c
IHo-ç òIIHO-C IrlHC'
I

c
I

cH9H

dehydroascorbic acid according to the reac

o
ll

rzï* 1--rJ-, o:c g
O:C IrlHC'

I

HCOH
I

c4oH

(8)

using uV spectroscopy, the disappearance of the enedior can be

followed and thus an apparent first order reaction rate constant is

determined, as discussed in section 3.2.3.

For the subzero (oC) reaction kinetic studies, a series of frozen

test aliquots were prepared according to the method described in section

3.2.3 and stored at che specified subzero temperature. At regular time

intervals, individual aliquots were removed from the Iow temperature

baÈh, thawed, and the absorbances of the residual naterial ¡¿as measured

at 265 nn. Therefore, in figure 29, each point represents the amount of

residual ascorbic acid in each particular aliquot drar^¡n at time t. The

reaction rate constanE, k, was calculated fron the steep portion (line

AB) of the resulting curve using equation 5 (section 3.2.3). As shown in

table !2, the reaction rate constant for all sanples containing stareh

hydrolysate was significantly lower than that observed for the control

sample at any given storage temperaEure. In general, the more concen-

traEed samples (i.e. those prepared in the 40t w/v starch hydrolysate

soluËions) had lower reaction rates than the uore dilute preparations.

This can be explained by considering that at the Eesting temperatures,

almost all nixtures vrere in the rubbery state where the diffusion rates

of the reectenEs, and thus reaction rates, are conËrolled by the viscos-

iËy of the mediwn. For all samples, the rate of oxidaÈion decreased wirh



Figure 29. Ascorbic acid oxidation in a solUtion of acetate buffered
(0.02M, pH 5.5) ascorbic acid (2.5 ng rI, -1) conraining HcOt (f 500
ppm) and Maltrin M150 (20* w/v), stored at -4oC; reactioñ iace.ott-
stant, k, was determined frorn line segmenË AB.
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TABLE 1 2. Effect of SHP incorporation on the oxidatlon kineblcs of frozen
ascorbic acid solublons stored at subzero LeoperaLunesl

Sarople -1 60c

kx102 (Ein-l )

-1 20C -goC -4oc

Control

Star-Drl \2F (2OÍ)2

Haltrin t1365 (2ol)

l.lal¿rln H200 (20f )

HalLrtn Hl50 (20t)

Star-Drf 42F (40f)

Maltrln M365 (qOt)

Maltrln H200 (40f)

Haltrfn Hl50 (40t)

2.06s0.1 0

0.04t0.01

0.04:0.0 1

0. 1 110. 03

0.1510.01

0 . 0190. 00

0.02s0.01

0 .05+,0 . 02

0 . 05!0. 02

2.53r0.29

0. 06s0. 0 1

0.09+0.01

0.1410.10

0.1990.06

0.0310.01

0.04s0,01

0.07:0.02

0.1qio.03

2.81a0.29

0.11s0.02

0. 1610.0t1

o. 37:0. 1 6

0.53r0.16

0.05+0.03

0. 0?10. 02

0.42r0. 1 3

0. 36:0 . 03

2.95s0.65

0 .21+O . 02

0. tl 110 . 07

0.8310.21

0.94r0.28

0.2710.11

0.2110.04

o.771O.22

0.48+0.12

I D.ta ar.e @xpnessed as the reactlon raLe constant k (kxlO2 uin-l+sd; n=2), as
deternl¡ed by equat,lon 5, sectlon 3.2.3.

2 Percents ln parentheses represenB the concentratlon (ç¡lv) of the starch
hydrolysate solutLons.
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decreasing storage temperature. One interesting observation was the

increase in the reaction rate r¿ith decreasing DE values of the included

hydrolysate. This behaviour was observed at all storage temperatures and

at both starch hydrolysate concentrations Eested. However, due co the

sensitivity of k to the medium vÍscosity, the opposite behaviour was

anticipated; i.e. a decrease in reaction rates with decreasing DE. The

apparent inconsistency r¿ith what the theory predicts (i.e., decreased

reactíon rates for systems of elevated Tr') rnight be due to differences

in the acËual amounts of hydrogen peroxide available for ascorbic acid

oxidation in the mixture. The effective concentration of this oxídant

would depend on the extent of oxidauion of the hydrolysates themselves

by hydrogen peroxide. It would appear that, although there is an excess

of oxygen in the reaetion mixEure initially, addition of hydrolysates,

particularily those with a high concentration of reducÍng end groups

(i.e.high DE), reduces the effecEive concentration of the oxidant in

the composite system. As a result, samples containing starch hydroly-

sates of high DE would exhibit lower reaction rates than samples con-

taining SHPs of lower DE.

The resulÈs for the effect of storage temperature on reaction

kinetics, using the WLF fornalism, of 20t w/v samples are illustrated

graphically in figure 30. The data are presented as a plor of rhe log of

the react,ion rate constant as a function of AT (Tstorage - tg' of the

íncorporated SHP). The linear relaËionship between these tv/o parameters

defines the reaction kinetics of an aqueous sysEem as iE approaches its

glassy staËe. For all samples tested, the rate of ascorbic acid oxida-

tion decreased as the storage Èemperature approacheci Tr' . This is in

accord wiËh the WLF equation (equation 1, section 2.3.I), which de-



Figure 30. Effect of temperature on ascorbic acid oxidation kinetics in
frozen aqueous SHPs of varying DE.
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scribes the reaction kinetics of synthetic polymers in the rubbery

state. In fact, the relationships presented in figure 30 demonstrate the

exponential temperature dependence of the raEe of any deterioraEive

diffusion-controlled relaxation process. Though raising the Tr' above

Tscorage may not always be pracEical, the large energy savings associat-

ed with even a small elevation of Tr' can make the incorporation of

SHPs into food formulations economically worthwhile.

The measured k values f or the control samples ( table 1-2) \^¡ere

consistently higher than those reported in literature. Hatley eE al.

(1986) recorded an average k value of 1.79xL02 min-1 ax -2OoC for ascor-

bic acid solutions with a concentration of L.7 mg 100mL-1. This value

seems reasonable when compared to our results (k:2.06x102 min-l at

-16oC), considering that our experiments were conducted on solutions of

stightly higher concentration of ascorbic acid (2.5 mg 100 mt-1). On Ehe

other hand, Thompson and Fennena (1971) calculated k values that were

5-6X lower than those that we observed for dilute solutions (2.5 rng 100

mi,-l) of ascorbic acid. However, as Hatley et al. (1986) pointed out,

these low k values reported by Thornpson and Fennema could be a direct

consequence of inadequace supply of oxygen. In both our study and that

of Hatley et al. (1986), hydrogen peroxide was added to the sample

solution to ensure a fresh supply of oxygen throughout the reaction.

Results for the oxidation kinetics study of ascorbic acid solutions

sËored aË tenperatures that exceeded OoC are given in table 13. As was

found for the low-temperature samples, Lhe reacEion raEe constant for

each of the above OoC samples decreased with decreasing tenperature.

However, although Ehese samples were stored at temperatures well rvithin

the range (Tg' - tg'+l00oC) where WLF kinetics apply, they are still
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TABLE 13. Effec! of SHP incorponaLion on the oxidation kine¡j.ca of ascorbic ãcid solutlons
sLored at above OeC tenperaLuresl

SaEpl€ -o^)U 1 ooc

kx1 02 (Bin-1 )

1 50C 200c 250C

ConLroI

Haltrin H365 QOÐz

HaItrln 11200 (20í)

Mal¿rln Hl50 (20f)

Mal¿rln M365 (40t)

MalÈrin M200 (40f)

MaIt,rin Hl50 (40f)

1 . 30:0. 20

0 . 2510. 06

0.93+0.17

0.67:0.13

0.0810.02

0..l0+0.03

o. 8t{10. 20

3.90+1.20

0.41+0.08

2.53+0.50

1.59r0.19

0. 2210 . 03

1 .48+0. ll
1 .77 10 .53

8.50r2.30

0.5010.08

2. !010. 7 3

2.?0+0.41

0. 2310. 05

3.6010.90

3.2q+1 .00

I . 89.0. o9

0. 5510 . 09

4.2110.10

3 . 39+0. 80

0.4010. 1 2

7.30+1 .05

5 .35t0.72

1 3.90+¡.50

4.2610.95

7.7011 .93

7. 1011 .85

0.7010. 1 3

'I 2.01+1.64

1 0. 1 qrz. 63

1 D"¿" 
"r= 

expnessed as Lhe r.eacbfon rat.e constant k (kx1021sd; n=2), as deter.Eined by
equâg1oa 5, sectlon 3.2.3.

2 Per.cenÈs 1n parentheses nepresent the concenlralfon (w/v) of the sbarch hydrolysate
solutlons -
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very fluid due to their relatively low solids content. As a result,

Arrhenius kinetics would be expected co govern che reaction rates in

this temperature regime. As for the subzero study, at each temperature,

the reaction rate constants for samples containing SHPs were lower than

those observed for the control sarople. Again this may be attributed to

differences ín the amount of hydrogen peroxide available for ascorbic

acid oxidation. In Ehe control sample all of the hydrogen peroxide is

available for oxid.ation of ascorbic aeid. Conversely, in Ehe test sam-

ples, the hydrolysates themselves may be oxidised by the hydrogen perox-

ide, so that less oxidant is available to react with the ascorbic acid.

Moreover, relationships between sample concentraEion or DE and rate of

ascorbic acid oxidation were less clear. Accurate assessment of the

effect of the DE of the hydrolysate on k nighr also be complicated by

the presence of reducing sugars and impurities in the SHPs incorporated

into the test míxtures.

The reaction rate constanËs obtained for the conLrol samples ac

each temperaEure (table 13) were much higher (1.5-10X higher) rhan rhose

reported in Iiuerature. In studies by Thompson and Fennema (L97L),

samples were removed and their absorbance measured after 10 min (time

zero) and at subsequent Ëine intervals. Hatley et al. (1986), on the

other hand, took samples irnmediately after the addition of ascorbic acid

to the buffer/peroxide mixture (time zero) and at regular time intervals

thereafter, but held them at 30oC for 5 rnin prior Eo Ehe actual measure-

ment. In our studies we observed that the reaction began to slow down as

early as 4 min afEer the addition of ascorbic acid to the buffer/perox-

ide mixture (when stored at 25oC). Thus it appears that in the studies

of both Thornpson and Fennema (1971) and Hatley et al. (1986) only che
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"tail-end" of the reaction is observed, and thereby an unrealistic

assessment of the rate of ascorbic acid oxidation was made.

In comparing the results between the sub- and above-zero tests

(tables L2 and 13) it was observed thar, for arl samples analysed, rhe

rate of ascorbic acid oxidation increased with increasing temperacure

from -16 to 25oC. Discrepancies in chis pattern r4¡ere observed only for

samples stored at -4 and 5oC and most likely reflect differences in the

¡nethodologies used for sample measurements at subzero and above zeyo

temperature regimes.

4.2.2 Antlstallng Properties Of Starch Hydrolysates

Since sLarch gels are composites, in rvhich gelatinized granules are

embedded in an amylose gel matrix (Miles eË al., 1985), one approach to

preventing starch retrogradation would be to interrupE the interchain

associations between amylose molecules. In related studies by Welsh ec

al. (1980) on hyaluronaEe solutions and by Morris and co-workers (f980)

on carrageenan, alginaËe, and xanthan-galactonannan gels, it has been

denonstraÈed that a form of conpetitive inhibition can be used Eo pre-

venÈ polymer gelation. Results from these studies indicated that short

chain seÊruents (of sufficient length to participate in junction zones)

are in competition with longer polymer chains for binding sites on the

gel netrøork. Since these short chain segnenEs are able to participate in

only one stable co-operative junction zone (and noE tv¡o or more required

for establishing a continuous crosslinked neEwork of longer polymer

chains), they do not contribute to intermolecular netr¡ork formation. In

this context, we have exarnined the effect of incorporating soluble

starch hydrolysates of varying DE on the geI netq¡ork development of
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gelatinized u/heat and v¡axy maize starches.

Traditionally, starch gels have been examined under large deforma-

tions that can cause damage to the gel sLructure. A better r¡¡ay of prob-

ing the struccural changes of gels rvith time is by means of nondestruc-

Ëive rheological methods, such as small amplitude oscillatory tests.

Using the oscillatory mode of the Bohlin rheometer, the developrnent of

gel strengÈh over tíme, as manifested by increasing values of the stor-

age modulus (G'), Ì¡¡as fol1o¡.¡ed. Starch hydrolysaLes were ad.d.ed. to a

level of 20t by weight on a starch basis.

Figure 31 shows plots of storage modulus (G') as a function of

time for wheat starch (control) and wheaE starch-SHP composite gels. For

each sample tested, G'began to level off after 30-40 min of sEorage.

Values for G'within this pseudoplateau region (obtained after 10 hr

storage), given in table L4, were between 0.76 (star-Dri 1 + I.Is) and

3.27 (Control-WS 24* \I/v) kPa. Standard deviations for duplicare analy-

ses e¡ere less than 10t of the mean value. In comparing the Èwo control

samples (i^IS 24* w/v and I.IS 2o* w/v table 14; and rines L and z, respec-

Èively, figure 31), it is seen that the gel strength increased with

increasing polymer concentration. Miles et al. (1985) and clark et al.

(f989) have reporËed similar findings for less concentrated (1.0-7.0t

w/rt) amylose gels. According ro Miles er al. (1985), amylose gelarion

involves a phase separation into polymer-rich and polymer-deficient

regions, wiËh the development of a three-dimensional network occurríng

ín the polymer-rich phase. Furtherrnore, they noted that the local compo-

sition of the polymer-rich phase appears to be independent of overall

polyner concentration. This being the case, the greater gel sErength

observed for the more concentrated wheat starch gel (control sample 24t



Figure 31. Effect of commercial SHPs on the gel strength (storage modu-
lus, G') of gelatinized wheat starch (WS) samples; stareh hydroly-
sates were added at 4t w/v Eo 20* w/v wheat starch dispersions re-
sulting in a total solids concent of 24* w/v.



139

I x Conlrol (WS 242 w/v)
2O Control (WS 20å w.zv)

3A Fro-Elex 4? + WS

4u Moltrln M20O + WS

5ôLo-Dex 5 * WS

B. Moltrln M04O + WS

7@Stor-Drl 1+wS -w-x-ks-x-x-x-Hx

#*ø-wø_ @t-@æw

*-x-x-;x-x-x-HV^*./^tß

r^-.o-iPio o-c-o-o-o-o-@-o- o-o-o-o-o-o
4
6
3

5
7

3
o
0-J

(¡?

t02
0L

0 E

ïlme (hrs)



I40

TABLE 14 Effect of SHP1
of gelatinized
samples

on the retrogradatÍon2
wheat starch (WS)

Sample G' (kPa) 3

Control (WS 20t

Control (i^IS 248

Fro-Dex 42 + \ÃS

Maltrin M200 +

Lo-Dex 5 + WS

Maltrin M040 +

Star-Dri 1 + I,IS

2.04+0.034

3 . 27+0 .05b

L.L7+O .L2c

I . 55+0. 07d

0. 84+0 .0le

1 .40+0 . 02f

0 . 76+0. 13e

w/v)

w/v)

WS

WS

SÈarch hydrolysates \,Íere added at 4* w/v
to 20t w/v wheat starch dispersions result-
ing in a total solids content of 24t w/v.

As reflecËed by increasing storage rnodulus
values (G').

Reported G' are those obtained after 10 hr;
values followed by the sarne letter are not
signifícantly different (p<0.05) .
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w/v, line I, figure 31) may be attributed to a higher concentration of

leached amylose in the intergranular regions. For wheat starch, rigidity

of the comPosice gels was greatly reduced when hydrolysates were includ-

ed (figure 31). With regard to the magnitude of this effect in relation

to the DE of che added hydrolysate, there u¡ere no clear trends. For

example, gels made with Lo-Dex 5 (DE 5) and Star-Dri t (DE f) (lines 5

and 7 respectively, figure 31) exhibited limiting storage roodulus values

that were approximately 4X lower than that of wheat starch alone (table

14); this can be rationalized in terms of competitive inhibition of

amylose chains. Apparently, these low DE sEarch hydrolysates are of

sufficienE chain length to participate in junction zones, and thereby

inhibit the formation of a conEinuous network of crosslinked longer

¡mylose chains. However, wheat starch gels Ëhat contained Maltrin M040,

a starch hydrolysate of comparable DE (4.7), but rnade by another manu-

facturer, vrere much stiffer (line 6, figure 3f). Chain polydispersity,

degree of branching, as well as differences in the degree of granule

swelling and amylose exudation during heating in Ehe presence of each

particular hydrolysate are the likeIy sources of such inconsistency.

Clearly, further studies on gels with well characterized fractions are

required Èo reveal specific interactions in che amylose network as well

as beüween the continuous and dispersed phases of the composite gels,

and thus establish relationships between structure and gel rheology.

The effect of commercial SHPs on gel development in waxy maize

starch systens is illustrated in figure 32. A signoidal-shaped gelation

curve, characteristic of anylopectin gel development (Ring et aI., 1987)

was observed for each sample. Limiting values of G' for Èhe rvaxy maize

dispersions analysed, after 18.9 hr sEorage, were in the range of



Figure 32. Effect of commercial SHPs on the gel strength (storage modu-
lus, G') of gelacinized waxy maize (WM) starch samples; starch hydro-
lysates were added at 7.62 w/v to 38t w/v waxy maíze starch disper-
sions resulting in a total solids content of 45.6* w/v.



L43

o
0-J

(9

l?
T lme (hrs)

,**r.ËffiELrl 
,

{,WYïYTT>;
iW*- rf{{u

/fÅ' xc.r
/// /ó ZoCor

N/ <í/ -,rÂ Ç+¡

'frl
I x Control
2 O Control
3 a Stor-Orl
4 o Moltrln
6 O Stor-Dr I

6 æl Stor-Brl

(Wþl 46.6 Z w/v)
(WM 38ã w./v)
4? + W'l

M200 + wM

5 + Wh4

t+wM



L44

Table 15, Effect of SHpl on rhe rerrogradarion2
of gelarinized waxy maize (!IM) starch
samp les

Sample G' (kPa) 3

Control (l,.rM 38* w/v) 210, 5+6.54

conÈrol (iru 45 .6* w/v) 2g1 .0+12 . 0b

Star-Dri 42 + Wl'î, 262.0+1g.gab

MatÈrin M2oo + wM 252.0+13.oab

Star-Dri5+WM 215.0+1g.04

Star-Dri I + I.rIM 233.5+19.54b

1 Starch hydrolysates were added at 7.6* w/v
to 38t w/v waxy maíze dispersions resulting
in a toËal solids content of 45.6t w/v

2 As reflected by increasing storage modulus
values (G, ) .

3 Reported G, are Ehose obtained. after 1g.9
hr; values followed by the s¡me letter are
not significanrly differenr (p<0.05).
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2L0.5-28L.L2 kPa (tab1e f5). Deviations in the modulus values for re-

peated runs vrere less than 1lt of averaged values. In contrast to wheat

starch gels, all composite waxy maíze-starch hydrolysate gels exhÍbiced

a greater rate of storage modulus development and attained slightly

higher limiting G' varues, after 20 hr storage ar 6oc than rhe less

concentrated (38* w/w) waxy maize contror sampre (tine z, figure 32).

These results imply that depolymerized starch chains have no inhibitory

effect on gel network formation involving the branched starch component

at high concentrations. For samples that contained SHPs, the increases

in modulus values (G'), compared to waxy maize arone (3g* w/v), most

likely reflect increases in rhe rorar solids (up to 45.6* w/w). waxy

maize alone gave a significantly higher G'value (zï]-.0 kpa) ar 45t

concentration versus the 38t control sample (zLO.5 kPa) . These results,

therefore, suggest thaË, while sEarch hydrolysates compeEitively inhibit

arqylose netr,¡ork formation, they have no apparent effect (aside from

increasing the * solids and a possible plasticizLng effect) on the

arnylopectin component of starch gels. The data of figure 31 and 32 are

also consistent with the findings of Ring (1987), who reported rhar: a)

¡mylose and arnylopectin become incompatible in concentrated agueous

solutions, leading to formation of separate amylose- and amylopeccin-

rich phases; and b) amylose and amylopectin form gels by t\,¡o different

mechanisns - amylose, primariry by entangrement coupring of polyner

chains leading to three dimensional network formaEion, and amylopectin,

by incra- and intermolecular crysÈallizaiion.
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CONCLUSTONS AND RECO}I}IENDATIONS

The present study was undertaken to investigate the thermophysical

and rheological characteristics of commercial starch hydrolysis prod.ucts

(SHPs) in relation to their functionality in food systeros.

The SHPs used in this study $/ere from corn and potaEo starch

sources and obtained from various suppliers. High performance Iiquid

chromatography (HPLC) proved to be an effective method of determining

the olígosaccharide coxûposition of these materials. It was found that

the starch hydrolysates were more accurately charac xerized by their

oligosaccharide compositÍon than by their dexÈrose equivalent (DE). In

general, debranchíng of the SHPs wich a purifíed pullulanase preparation

did not significantly change their oligosaccharide profiles. ihis result

would appear to indicate that, in their native state, the sHps used in

this study contained few ø-L,6 branch points.

The thernomechanical behaviour of commercial SHPs at subzero tem-

peratures ' as examined by differential scanning calorimetry (DSC) , hras

found to be indicatíve of sample composiÈion and structure, as well,

dependenE on the rate of heating and cooling. The glass transition

Eemperature (Tg') of the maxímally concentrated soluÈe ín frozen aque-

ous-carbohydrate solutions was beËween 229.75-259.65 K for monodisperse

glucose oligomers and 245.58-261 .05 K for polydisperse srarch hydrory-

sates. Moreover, Tg' r{as found to be inversely correlaEed with the

reciprocal molecular weight in monodisperse systems (r: -0.990,
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p<0.001), and DE in polydisperse sysrems (r:-0.99I, p<0.001). A direcr

plot of Tr'as a function of molecular weight, for the oligosaccharide

standards analysed, revealed a plateau region representing the limit of

T, elevation (257.23 K) and corresponding to the onset of chain entan-

glement. The importance of these relationships, from a technological

point of view, is that the physical properties of food products can be

rnodified, and their stabilities improved, by incorporating sHps of

specific molecular weight or DE in order Eo elevat. Tg' above the stor-

age temperature. Furthermore, these relationships are potentially useful

to food processors in selecting the appropriate SHP for a particular

food formulation.

For the SHPs tested, ,g'was slightly depressed ar higher solure

concentraEions (>50t w/v) . This finding would seem ro indÍcate rhar

freezing of aqueous-SHPs, under the experimenLal protocor used, was a

non-equilibriuro process and, the additional v/aEer trapped between ice

crystals, as a result of the fasx freeze, had a plasticizing effect on

the glass. As well, ice recrystallízation was observed for all samples

exhibiting depressed Tr' values, supporting the claim that these materi-

als were subject to non-equilibrium freezing. In a relaËed experiment,

any relationship between the unfreezabLe water content of frozen aque-

ous-SHPs and their molecular size was not found. Thus, although DSC can

be used to measure physical parameters, such as T*'and ice melting

enthalpies, that charaetertze phase transitions at subzero temperaÈures

of aqueous-SHPs, nore accurate results would be attained if the rate of

cooling could be controlled; i.e. if the rate of cooling was lowered so

ihai fceezing of these materials v¡ould be an equilibrium process. Fur-

thermore, it was noted that increasing Ehe raËe of heating of frozen
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aqueous-SHPs raised their apparent Tr'.

A predictive model was derived, using the Flory-Fox theory (Fox and

Flory , L954) describing the thermal properties of polymer composires,

which provided estimates of T*' based on the oligosaccharide composition

of starch hydrolysates. For both native and debranched SHPs a linear

reLationship between Tr'-predicted (calculated from the Flory-Fox equa-

tion) and Tr'-measured (deternined by DSC) r¡/as observed. However, in

both sample sets, there appeared to be some deviation of the measured

values from what theory predicts, particularly for high DE sarnples.

Further investigation into the factors that affect Tg' in food polymer

blends (e.9. intermolecular inEeractions) are recommended for Ehe devel-

opment of an equation that would more accurately predict the Tr, of high

molecular weight commercial starch hydrolysates.

The viscosity of aqueous-SHP solutions increased with increasing

solute concenEraLion and decreasing solute DE. Values of viscosity

ranged frour 2.90x103-3.94x104 Pa.s for 20* w/v samples and 6.92xL03-

2.72xL06 Pa.s for 40t w/v rnixtures ar a shear rare of 1.47xL03 s-1.

Based on daEa from shear rate sv¡eeps, the najoriÈy of SHPs analysed

exhibíted classical Newtonian behaviour; í.e. a constant viscosity over

a broad range of shear rates. These results suggesËed that the Èhicken-

ing and bodying properÈies of commercial sÈarch hydrolysates in fabri-

cated food forrnulations can be attributed primarily Eo their effect of

increasing both the total solids content and average molecular weight of

the final product. However, daEa from shear rate sv¡eeps performed on

Star-Dri I (DE 1), indicated Èhat low DE SHPs further contribute to

viscosiÈy developmenË by forming a rubber-like viscoelastic network via
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polymer chain entanglement.

ing UV sPectroscopy, and working with model systems consiscÍng

of aqueous solutions of ascorbic acid, it was demonstrated that starch

hydrolysates could be used to effectively inhibit deteriorative reac-

tions in stored food products. Retarded rates of ascorbic acid (vitamin

C) oxidation were observed for solutíons containing SHP. Reaction rate

constantss, k, varied between 1.30-13.90 rin-L for control sampres

(containing no sHP) as compared to onry 0.04-10.10 min-1 for rest mix-

tures (containing sHP) . For ftozen samples, at each temperature, k was

Iower in che dilute preparations (202 w/v) as compared to the 40t w/v

solutions. This result suggested that at the subzero storage cempera-

tures employed, the diffusion rates of Ehe reactants, and thus the

reaction rates, were controlled by the viseosity of che rnedium. Further-

more, it was found that ascorbic acid oxidation Ín the fxozen solutions

appeared to be governed by WLF kinetics. Because of the exponential

temPeraEure dependence of the rate of deteriorative reactions in food

systems maintained within the I.ILF temperature regime (Tg'-Tg'+100 K) ,

elevation of Tr' by incorporating SHps can greaEry improve product

quality and storageability. An attempt to relate ascorbic acid oxidation

kinetics to the DE of Èhe incorporated starch hydrolysate produced

inconclusive resultss, presumably due the reaction of the oxidant (hydro-

gen peroxide) wíth the SHP. Further investigations using alrernate tesr

reactions (possibly an enzymic reaction system) Eo demonstrate the

effect of solute moleculat size on the retardation of deteriorative

processes in frozen food sysEems is suggested.

The antistaring properties of sHps in polysaccharide gels were

examined using snall amplitude oscillaÊory tests. This nondesErucÈive
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technique measured both the rate and extent of structural deveLopment in

geLatínízed wheat and waxy matze starches. Variability between repeated

runs lras more likely due co differences in sample composition than

limÍtations of the measuring system. Based on data from gel strength

measuremenLs (storage modulus, G'), starch hydrolysates in starch sys-

tems appeared to compecitively inhibit amylose netrvork formation, but

had no apparent influence (aside form a possible plasticizing effect) on

the amylopeeEin componenE of starch gels. These findings further sug-

gested that amylose and amylopectin become incompatible in concentrated

aqueous solutions, thus leading to formaEion of separate arnylose- and

amylopectin-rich phases. While amylose molecules appear to gel primarily

by entanglement coupling of the polymer chains (a very rapid process),

amylopectin gelation is due to erystallization over extended time peri-

ods. However, additional development of the dynamic viscosity methodolo-

gy and further studies on gels with well characterLzed fractions are

required to more accurately assess the antistaling properties of SHPs in

gelatinized starch systems.

Overall, the results of the present studies have demonstrated Ëhat

the functionality of commercial stareh hydrolysaËes is directly related

to the thermomechanical and rheological properties of these polyroeric

materials. The nexÈ step in this research area would be to test the

Eheories derived from synthetic polymer science in actual food syscems.

In this context, sensory analysis and microstructure sEudies in conjunc-

tion with traditional rneÈhodologies employed co probe solution proper-

tÍes of polymeric materials (e,g. thermal analysis and rheological

neasurements) would be required.
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