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Abstract

The effect of sucrose on gelation of oxidised starch (partially depolymerised amylopectin-tvithrboxyl group per 30 residues) has
been studied by small-deformation oscillatory measurements (1 a6.§ strain) of storage and loss moduli’(andG"). Solutions were
prepared at 9%, cooled to 8C at PC/min, and held at % for 500 min. In the first series of experiments, the combined concentration of
sucrose and starch was held fixed at 65 wt%. Sharp increases in moduli, attributable to double-helix formation, were observed during cooling,
and moved to progressively higher temperature as the concentration of starch was increased (from 10 to 40 wt%). At all concentrations,
however,G” on reaching 8 was higher tha&’, indicating that intermolecular interactions at this stage are largely topological. Formation
of “true” gel networks(G’ >> G") was observed during holding at@ and is attributed to intermolecular helix—helix aggregation. The
holding time at the onset of gelation decreased as the concentratiohstarch was increased, and at concentrations in the rai2@eto
~30 wt% showed the *dependence expected for a simple dimerisation process. At higher concentrations the slope became steeper,
consistent with some limited aggregation during cooling. In a second series of experimentsc wiasrkeld fixed at 40 wt% and sucrose
concentration was varied (between 0 and 25 wt%), the time-course of gelatit@ shh@wed little change with increasing sucrose content,
but there were large increases in the moduli attained on completion of cooling. Measurement of the same samples by differential scanning
calorimetry showed that the extent of ordering during cooling varied frrio ~15% of the helix content in the ungelatinised granules as
the sucrose concentration was increase from 0 to 25 wt%. Replacement of sucrose by glucose or fructose decreased the rate of conformationa
ordering during cooling, in the sequence: fructesglucose< sucrosebut on holding at C the order was reversed, with fructose causing
rapid gelation and sucrose having least effect. A similar inverse correlation between ordering and aggregation has been observed for other
biopolymer systems, and is tentatively ascribed to stability of individual helices inhibiting slight changes in conformation required for
efficient packing.© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction same. For example, glucose, fructose and sucrose all
enhance the stability of the conformationally ordered junc-
Conformational ordering and intermolecular association tions in gels of gelatin (Oakenfull & Scott, 1986), carragee-
of biopolymers can often be promoted by introduction of nan (Nishinari & Watase, 1992) and agarose (Watase,
sugars and related polyols as cosolute. This phenomenorKohyama & Nishinari, 1992), but to different extents,
can be explained, in part, by the associated reduction inwith the degree of stabilisation following the order:
water content. Water is a particularly effective solvent for fructose< glucose< sucrose in each case. Generalities of
biopolymers, because of its ability to form hydrogen bonds this type are commonly attributed to modification of water
with hydroxyl groups and other polar substituents of the structure, with the degree of modification induced by differ-
polymer chains. Partial replacement by a material with ent polyols being determined by their steric compatibility
less capacity for hydrogen bonding would therefore be with the pattern of hydrogen bonding between water mole-
expected to promote polymer—polymer association by redu- cules. In particular, the spacing of equatorial hydroxyl
cing competition from polymer—solvent interactions. groups on sugar rings matches the “lattice” structure of
Different cosolutes, however, can differ substantially in liquid water (Tait, Suggett, Franks, Ablett & Quickenden,
the magnitude of the changes they produce, although their1972), and the relative effectiveness of different sugars in
order of effectiveness with different biopolymers is often the stabilising intermolecular association of biopolymers often
correlates well with their content of equatorial hydroxyls,
* Corresponding author. Tel+353-21-903625; fax:-353-21-270001. calculated as a weighted-average for the configurations
E-mail addressed.morris@ucc.ie (E.R. Morris). present in solution (e.g. Watase et al., 1992). As discussed

0144-8617/00/$ - see front matt€r 2000 Elsevier Science Ltd. All rights reserved.
Pll: S0144-8617(99)00158-7



262 V. Evageliou et al. / Carbohydrate Polymers 42 (2000) 261-272

in the preceding paper (Evageliou, Richardson & Morris, calorimetry (DSC) to characterise (Cooke & Gidley,
2000c), however, such correlations may arise indirectly, 1992) the extent of conformational ordering (double-helix
through competition between water—cosolute and poly- formation) and small-deformation rheological measure-
mer—cosolute interactions (Nilsson, Piculell & Malmsten, ments to follow development of network structure through
1990), rather than as a direct consequence of changes irhelix—helix aggregation. We also report a brief comparison
water structure. of the relative effectiveness of sucrose, glucose and fructose
The present work centres on the effect of sucrose onin promoting both stages of structuring.
gelation of oxidised starch, which, as outlined in an accom-
panying paper (Evageliou, Richardson & Morris, 2000b),
can be regarded as partially depolymerised amylopectin,
with a low content of carboxyl groups-(L per 30 residues) 2. Materials and methods
formed during the depolymerisation (oxidation) reaction.
The primary structure of amylopectin, like that of the essen-  The oxidised starch was identical to the sample used by
tially linear amylose component of starch, is based on a Evageliou, Richardson and Morris (2000a,b) for investiga-
(1 — 4)-linked repeating sequence of-p-glucosy! resi- tion of co-gelation with pectin (& Set 06598, batch
dues, but with extensive branching through — 6) SH 1338, from Cerestar). It has an intrinsic viscosity
linkages. In the native starch granule, the linear sequenceqGiannouli, Richardson and Morris, unpublished) of
(of length ~15 residues) radiating from each branch point [n] = 0.35dl g ! (measured in water at 20). Glucose
are associated into co-axial double helices, which can beand fructose (moisture content1%) were Reagent grade
packed in one, or both, of two polymorphic forms (“A- from BDH. The sucrose used was normal food grade,
type” and “B-type”), depending on botanical source. In purchased locally. Citric acid was AnalaR grade from
non-waxy starches, the granule also contains disorderedBDH. Distilled deionised water was used throughout.
amylose, but waxy varieties, such as the waxy maize starch Solutions were prepared by dispersing the starch in
used in commercial production of oxidised starch, consist slightly more than the total amount of water required for
almost entirely of (ordered) amylopectin. (For general back- the final solution, placing the sample in a water bath at
ground on structure and conformation of starch polysacchar- ~95°C, and holding, with occasional stirring, until a clear
ides see, for example, Clark, Gidley, Richardson & Ross- solution was obtained (typically after 15—30 min, depend-
Murphy, 1989; Gidley, 1987, 1989; Noel, Ring & Whittam, ing on concentration). The appropriate amount of sugar
1993; Ring, 1985). (sucrose, glucose or fructose) was then added, with contin-
On heating in excess water, the amylopectin structure ued stirring until the solution was again clear, and the
melts, and the granules swell, in a process known as “gela-sample was adjusted to the correct final weight by addition
tinisation”, with (partial) release of disordered amylose, if of water or continued evaporation, as appropriate. For
present. On further heating and/or application of mechanical consistency with our previous studies of co-gelation with
shear, the granule structure can be fully disrupted, giving a high-methoxy pectin (Evageliou et al., 2000a,b), where
solution of starch polysaccharides. Oxidised starch is parti- acidic pH was required to induce gelation of the pectin
cularly susceptible to disintegration, and under the condi- component, all solutions included 0.6 wt% citric acid
tions of sample preparation used in this investigation (added as the last stage of sample preparation).

(stirring for ~30 min at ~95°C) the granule structure is Rheological measurements were made using highly trun-
completely destroyed (Picout, Richardson, Rolin, Abeyse- cated cone-and-plate geometry (diameter 50 mm; cone
kera & Morris, 2000). angle 0.05 rad; minimum gap 1 mm) on a sensitive proto-

On cooling, gelation of non-waxy starches occurs initially type rheometer designed and constructed by one of us
by association of amylose into double-helical junctions, (R.K.R.). Samples were loaded at’@5 and their periphery
with further association of helices into aggregated assem-was coated with light silicone oil to minimise evaporation.
blies (of B-type morphology). Previous studies (e.g. Clark, They were then cooled td6 at TC/min and held at % for
1995; Ring et al., 1987) have shown that re-ordering (retro- 500 min, with measurement of storage modul@) (and
gradation) of amylopectin also involves the same two loss modulus of ") at a fixed frequency of 1 rad $and
processes (helix formation and development of B-type fixed strain of 0.5%. Temperature was controlled by a
aggregates). In contrast to amylose, however, double-helixHaake circulating water bath and measured using a thermo-
formation in amylopectin is likely to occur predominantly couple in contact with the stationary element.
between adjacent strands within the same molecule, rather Differential scanning calorimetry (DSC) measurements
than between sequences on different molecules, with forma-were made on a Setaram microcalorimeter, using a heating
tion of a continuous network therefore arising largely from rate of 0.8C/min and sample mass 6f0.9 g. Sample and
the aggregation process. reference pans (balanced to withif®.5 mg) were loaded at

In the present work we have explored the effect of sucrose ambient temperature, cooled t8C5 and held for appropri-
on the time-temperature course of structure formation from ate times before scanning to°@ Baselines were interpo-
solutions of oxidised starch, using differential scanning lated by applying a polynomial fit to heat flow values
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Fig. 1. Changes in (&' and (b)G" (1 rad s'*; 0.5% strain) during cooling
from 95 to 5C at PC/min for mixtures of oxidised starch with sucrose at a
combined concentration of 65 wt%, illustrated for starch concentrations
(wt%) of 10 ©), 15 (#), 20 (O), 22.5 @), 25 (»), 30 (A), 35 (J) and

40 (m).
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presented previously in an accompanying paper on co-gela-
tion with pectin (Evageliou et al., 2000b), where they were
used for direct comparison with the corresponding mixed
systems; Fig. 1, however, includes traces for two additional
starch concentrations (22.5 and 35 wt%) which were not
shown in the previous paper. The changes in moduli for
the same preparations during holding for 500 min & 5
are illustrated in Fig. 3, and the effect of starch concentra-
tion on the final values o6’ andG” recorded at the end of
the holding period are shown in Fig. 2b.

As shown in Fig. 1la, the samples all have significant
elastic character®) at the loading temperature of @5,
which, as will be demonstrated later by results from DSC, is
well above the melting temperature for amylopectin double
helices, even in the presence of high concentrations of
sucrose. The elastic response must therefore come from
physical entaglement (interpenetration) of neighbouring
molecules. In the initial stages of cooling, most of the
samples show a slight reduction i@/, which can be
explained by reduction in hydrodynamic volume as the
temperature is decreased (Yamakawa, 1971), with conse-
guent reduction in the degree of entanglement. At the high-
est starch concentrations, however, this initial reduction is
swamped by a large increase@j, attributable to the onset
of double-helix formation. The increase @ is accompa-
nied by a corresponding increase@i (Fig. 1b), and both
are displaced to progressively lower temperature as the
concentration of oxidised starch is decreased.

On completion of cooling to & (at I/min), the visco-
elastic response (Fig. 2a) at the lower end of the range of
starch concentrations studied is predominantly solution-like
(G' > G”"). At higher concentrations the moduli converge,
but G” remains slightly higher tha®’ up to the highest
concentration of oxidised starch used (40 wt%, in combina-
tion with 25 wt% sucrose). It seems likely, therefore, that
the intermolecular interactions on completion of cooling are
still largely topological, and that the increases in moduli
(Fig. 1) result from association of flexible, disordered
strands into stiff, extended helices, making it more difficult
for individual molecules to move through the surrounding

recorded at temperatures above and below the range of thematrix of neighbouring chains. After holding for 500 min at

endothermic transition.

3. Results
3.1. Rheology at 65 wt% total solids

Fig. 1 shows the changes @l (Fig. 1a) andG” (Fig. 1b)
observed during cooling from 95 to°G for mixtures of

5°C (Fig. 2b), the samples prepared at starch concentrations
below ~20wt% (logc= 1.3) remain predominantly
viscous(G” > G), but at higher concentration8’ rises
steeply aboveG’, demonstrating formation of an exten-
sively crosslinked network during the holding period &5

As found during cooling (Fig. 1a), the changesGhon
holding at 8C (Fig. 3a) occur in two stages: an initial slight
reduction followed by a sharp increase, which is displaced
to progressively longer times with decreasing concentration

oxidised starch with sucrose at a combined concentrationof oxidised starch and becomes undetectable at starch

of 65 wt% (i.e. with water content held constant at 35 wt%).

concentrations below-15 wt%. As discussed above, the

The starch concentrations used range from 10 to 40 wt%increase in elastic response can be attributed to inter-
(with 55—25 wt% sucrose). The effect of starch concentra- molecular association by helix—helix aggregation. The

tion on the values 06’ andG” attained on completion of
cooling is shown in Fig. 2a. Both figures have been

initial reduction may also be due to aggregation of helical
sequences, but within the same molecule, thus reducing the
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Fig. 2. Variation ofG’ (M) andG” (®) with concentrationd) of oxidised Fig. 3. Changes in (&’ and (b)G” (1 rad s %; 0.5% strain) during holding
starch in mixtures with sucrose at a combined concentration of 65 wt%: at 5°C after cooling from 98C at °C/min for mixtures of oxidised starch
(@) on completion of cooling from 95 to°6 at PC/min; and (b) after with sucrose at a combined concentration of 65 wt%, illustrated for starch
holding at 5C for a further 500 min. concentrations (wt%) of 20Y), 22.5 @), 25 (A), 30 (A), 35 (J) and 40 ®).

number of individual strands forming “entanglements” with and G” for the samples shown in Fig. 3 are illustrated
adjacent molecules (i.e. reducing the topological restrictions directly in Fig. 4, which shows ta8 (G"/G’) plotted against
on network rearrangement). holding time at 8C. In all cases, tad passes through a
At the highest concentrations of starch, the sharp increasemaximum, which occurs at progressively shorter times as
in G’ (Fig. 3a) is accompanied by a shallow maximun@ih the concentration of oxidised starch is increased. Thus, for
(Fig. 3b). An initial increase and subsequent decrea&¥'in  the reasons discussed above, development of gel-like char-
is often observed in the early stages of biopolymer gelation, acter is preceded by an initial increase in the relative propor-
and can be readily explained. Formation of a continuous tion of viscous response.
network requires a minimum critical degree of crosslinking.  The effect of starch concentration) (on the final values
Before this stage is reached, intermolecular associationof tané at the end of the 500 min holding period &C5is
raises the effective molecular weight in solution, with shown in Fig. 5, in direct comparison with the values
consequent increase in viscous respor@é).(At higher attained on completion of cooling (i.e. at the start of the
degrees of association, beyond the critical point, large cross-holding period). In both cases there is a smooth reduction
linked species in the solution state become incorporated inin log tané with increasing logs. As mentioned previously,
the gel network, thus raising’ but decreasing”. the values recorded on completion of cooling approach, but
The time-dependent changes in the relative value8’of  do not reach, tad = 1 (G' = G”) at the upper end of the
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10 T T T T r 27.5 wt% starch (with 42.5 and 37.5 wt% sucrose, respec-
tively), but are omitted for clarity. The intercepts with the
axis at dlog G')/dt = 0, which define the transition from
decreasing to increasing values@f, could be determined
with good precision (to within about5%). The time at 8C
required to reach this point will be denotedtgéonset time
for gel formation).

The variation ofty with starch concentratiorc) is shown
in Fig. 7a. There is a smooth, increasing progression to
higher values of, with decreasing concentration of starch.
Fig. 7b shows the same data plotted on logarithmic axes.
The decrease in logg with increasing loge is virtually
linear across the concentration range from 26-@0 wt%
0.01 1 L : L L starch, with a slope close te2. At higher concentrations of

0 100 200 300 400 500 starch (35 and 40 wt%), the decrease in tpdpecomes

progressively steeper, which may reflect the increasing
content of ordered structure already present in these samples

Fig. 4. Changes in taf (1 rad s *; 0.5% strain) during holding af& after at the start of the holding period (i.e. formed during the
cooling from 93C at T'C/min for mixtures of oxidised starch with sucrose  cooling process shown in Fig. 1).

at a combined concentration of 65 wt%, illustrated for starch concentrations

(wt%o) of 20 (0), 22.5 @), 25 (A), 30 (A), 35 () and 40 m).

tan §

Time (min)

3.2. Effect of sucrose on rheology of 40 wt% oxidised starch

concentration range studied. After holding for 500 min at  The studies reported in the previous section originated
5°C, however, the separation & and G” at high starch  from an investigation of the effect of cosolutes on gelation
concentration approaches two orders of magnitude, which isof high methoxy pectin (Evageliou et al., 2000b). The start-
typical of a strong polysaccharide gel (Ross-Murphy, 1984). ing point was a preparation containing 65 wt% sucrose,

To quantify the relationship between sample composition which is a typical concentration for formation of strong
and gelation rate, the point during the holding period at pectin gels (Christensen 1986; Rolin 1993). One of the
which the values ofG’ begin to rise after their initial  main aims of the investigation was to explore the effect of
decrease was determined by plotting the first differential progressive replacement of sucrose by oxidised starch. To
of the holding curves in Fig. 3al(log G')/dt) against time distinguish changes induced by introduction of starch from
(t) at 5°C. The traces obtained are illustrated in Fig. 6 for those caused by reduction in sucrose content, the effect of
starch concentrations of 20, 25, 30, 35 and 40 wt%; analo- sucrose concentration on the rheology of the individual
gous curves were constructed for concentrations of 22.5 andpolymers (pectin and oxidised starch) was also charac-

terised, yielding the results reproduced here in Figs. 1 and
1 . v ' . . 2a for the starch component. In the present investigation, we
also carried out an analogous series of experiments in which
the concentration of starch was held fixed and only the
sucrose concentration was varied. The starch concentration
selected for study was 40 wt% (the highest concentration
used in the experiments reported in the previous section)
and the sucrose concentration was varied from 0 to
25 wt%, in increments of 5 wt%.

Fig. 8 shows the changes @i (Fig. 8a), ands” (Fig. 8b)
observed for these samples on cooling from 95 %6 fat
1°C/min). The curves are broadly similar to those obtained
(Fig. 1) on varying starch concentration at 65 wt% total
solids, and the moduli at°€ span approximately the
same range of values. Thus reducing sucrose content from
11 12 13 14 15 16 17 25 to 0 wt% while holding starch concentration fixed at
40 wt% has roughly the same effect as reducing starch
concentration from 40 to 10wt% while holding the

. - . . - . combined concentration of sucrose and starch fixed at
Fig. 5. Variation of tan with concentration ) of oxidised starch in . .
mixtures with sucrose at a combined concentration of 65 wt% on comple- 65 wt%. As the sucrose concentration is lowered, however,
tion of cooling from 95 to &C at °C/min (®) and after holding at® for a the initial reduction inG’' becomes progressively more
further 500 min ). evident, which, as discussed later, is consistent with

log tan §

-2

log (c/wt %)
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“condensation” of sucrose along the individual strands of
the branched amylopectin molecule, thus restricting the
degree of contraction that can occur in response to reduction
in temperature.

Fig. 9a shows the effect of sucrose concentration on the
values ofG' andG” attained on completion of cooling to
5°C. In the absence of sucros8, is about an order of
magnitude greater tha@', but the moduli converge as the
concentration of sucrose is raised. The variation of@g
with sucrose concentration (wt%) is essentially linear, with
a slope 0f~0.145. Thus the value @' for 40 wt% oxidised
starch after cooling from 95 to’6 at C/min increases by log (c/wt %)
about a factor of 10 for each 7 wt% of sucrose added to the Fi o :

: . . . ig. 7. Effect of starch concentratior)(in mixtures with sucrose at a
starting solution. As shown in Fig. 10, however, the further combined concentration of 65 wt% on the onset tire for increase in
increase in moduli during holding atG becomes progres- G’ (Fig. 3a) after initial reduction, plotted on: (a) linear; and (b) logarithmic
sively smaller as the sucrose concentration is increased,axes.
with consequent convergence of the valuesGf (Fig.
10a) andG” (Fig. 10b) recorded at different concentrations that the values o&’ for samples of different sucrose content

log (t, /min)

1.3 1.4 1.5 1.6

of cosolute. converge during holding (Fig. 10a), whereas those observed
Fig. 9b shows the effect of sucrose concentration on the at different starch concentrations diverge (Fig. 3a). A second
final values orG’' andG” after holding for 500 min at%&. major difference is that the sharp increases in moduli attri-

In contrast to the massive variations observed (Fig. 9a) atbutable to helix—helix aggregation are displaced to progres-
the beginning of the holding period (i.e. on completion of sively longer times on decreasing starch concentration
cooling from 93C), incorporation of 25wt% sucrose (Figs. 3, 6 and 7), whereas the corresponding increases for
changes the final moduli by less than an order of magnitude, samples prepared with varying concentrations of sucrose but
and the separation @&’ andG” remains roughly constant fixed content of oxidised starch occur (Fig. 10) over essen-
(i.e. constant tad) across the full range of sucrose concen- tially the same time period.
trations studied.

As described above, reduction in sucrose content at fixed 3 3 pitferential scanning calorimetry
concentration of starch (Fig. 8) has roughly the same effect
on structure formation during cooling as reduction in starch  In the first series of DSC experiments, the samples used
concentration while holding the total solids content fixed were identical to those described in the previous section
(Fig. 1). The subsequent changes on holding &€,5 (40 wt% oxidised starch; 0—25 wt% sucrose). The solutions
however, are entirely different. One obvious difference is were filled into the DSC pan at90°C, cooled to ambient
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temperature over a period 6f25 min, weighed for balan-
cing with the reference pan, loaded into the calorimeter,
cooled to 8C at C/min, and held at & for ~25 min to
allow the instrument to equilibrate. These conditions were
chosen to give roughly the same extent of structure forma-
tion as in the early stages of the holding period in the rheo-
logical experiments (Fig. 10). The samples were then
scanned to & at a heating rate of :6/min, which repre-
sents a compromise between the conflicting aims of avoid-
ing excessive “thermal overshoot” while minimising further
structure formation in the early stages of heating (where the
sample is at low temperature). The resulting traces are
shown in Fig. 11. All samples show a single, well-defined
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sucrose is shown in Fig. 12. There is a smooth upward
curvature fromAH = 0.25 Jg for 40 wt% oxidised starch

in water to AH = 2.0 Jg for the sample incorporating
25 wt% sucrose.

To give an indication of the extent of conformational
ordering implied by these enthalpy values, Fig. 13 shows
the endotherm obtained on heating a slurry of ungelatinised
oxidised starch (30 wt% in water). The transition enthalpy is
13.0 J/g, which is close to the value &fH = 132 Jg
obtained (Abdulmola, Hember, Richardson & Morris,
1996) on the same instrument for unmodified waxy maize
starch, indicating that the oxidation process does not cause
any significant loss of conformational order within the unge-
latinised granules. Comparison with the valueabfshown
in Fig. 12 suggests that the moduli observed for the same
samples on completion of cooling t6G (Fig. 9a) corre-
spond to levels of structural ordering ranging fren2% to
~15% of the order present intitially in the starch granules
prior to gelatinisation.

A second series of DSC experiments was carried out to
explore the extent of additional conformational ordering
on holding at low temperature, by recording heating
endotherms for the same preparation of oxidised starch
after storage for increasing lengths of time &C5The
sample used was 30wt% starch in combination with
35 wt% sucrose. The reason for choosing this composition
was that the initial reduction and subsequent increas® in
andG” (Fig. 3) during holding are particularly well defined,
and occur on a convenient timescale for duplication in DSC
studies. Solutions were loaded and cooled as described
above, and heating scans were recorded for samples held
for 0.5, 1.5, 4.0 and 6.0 h afG. The endotherms obtained
are shown in Fig. 14.

There is a massive increase in peak area (i.e. transition
enthalpy) with increasing storage time. As shown in Fig. 15,
the variation ofAH with holding time is essentially linear,
confirming that the initial decrease and subsequent increase
in moduli observed over the same time period (Fig. 3) are
both associated with a progressive increase in helix content.
The value ofAH recorded at the longest holding time used
(6 h) is~10 J/g, which, by comparison with the gelatinisa-
tion endotherm (Fig. 13), corresponds to more than 75% of
the content of ordered structure present intitially in the
ungelatinised starch granule. The small positive intercept
at zero time in Fig. 15 can, of course, be attributed to the
(constant) fraction of ordered structure formed during cool-
ing to 5C and balancing of the calorimeter.

3.4. Relative effectiveness of sucrose, glucose and fructose

The composition studied in the second series of DSC
experiments described above (30 wt% oxidised starch with

endotherm, which increases in magnitude and extends to35 wt% sucrose) was also used as the starting point for a
progressively higher temperature as the concentration ofbrief investigation of the effect of replacing sucrose by

sucrose is raised. The variation of transition enthalpy
(AH) per gram of starch with increasing concentration of

glucose or fructose (the other most common sugars encoun-
tered in food applications of biopolymers). Since the
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mixtures with 40 wt% oxidised starch: (a) on completion of cooling from 95  holding at SC after cooling from 95 at”C/min for 40 wt% oxidised starch

to 5°C at C/min; and (b) after holding at°& for a further 500 min. in the presence of sucrose at concentrations (wt%) af)0% (@), 10 (A),
15 (a), 20 () and 25 m).

molecular weight of sucrose is 342, in comparison with 180 in the Section 1, is the sequence anticipated from steric
for glucose or fructose, the concentration of either mono- compatibility with water structure, and observed experi-
saccharide required to give a solution with the same molar mentally for conformational ordering and gelation of other
concentration of individual sugar rings as in a 35 wt% solu- biopolymers.

tion of the sucrose disaccharide 4s36.84 wt% (35X 2 X During holding at 8C (Fig. 17), however, there is a sharp
180342, which was therefore the concentration used in reversal in order, with glucose and, particularly, fructose
preparation of mixtures with 30 wt% starch for comparison, causing a much greater, and more rapid, increase in moduli
on a molar basis, with the same concentration of starch inthan the same weight concentration of sucrose. Since the
combination with 35 wt% sucrose. To allow comparisons of cooling and holding traces shown in Figs. 16 and 17 for
the relative effectiveness of the three different sugars to also30 wt% starch with 36.84 wt% sucrose are only marginally
be made on a weight basis, the behaviour of 30 wt% starchhigher than the corresponding traces for the same concen-
in the presence of 36.84 wt% sucrose was also studied. Fig.tration of starch in combination with 35 wt% sucrose
16 shows the changes &' (Fig. 16a) andG” (Fig. 16b) (shown by filled triangles in Figs. 1 and 3), comparison on
seen during cooling from 95 to°6 for samples prepared the basis of molar concentration of sugar rings gives the
using 36.84 wt% of all three sugars. There is an obvious same qualitative pattern as comparison on a weight basis.
systematic increase in the extent of structure formation in It would therefore appear that the relative effectiveness of
the order: fructose< glucose<< sucrosewhich, as outlined the different sugars in promoting initial conformational
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Fig. 11. DSC endotherms, recorded at a heating rate GCMhin after Fig. 12. Effect of sucrose concentration on the enthalpid)( of the
thermal equilibration 25 min) at 3C, for 40 wt% oxidised starch in endothermic transitions obtained (Fig. 11) for 40 wt% oxidised starch
the presence of sucrose at concentrations (wt%) o)) % (@), 10 (A), after thermal equilibration<25 min) at 5C.

15 (A), 20 (J) and 25 m).

ordering (double-helix formation) during cooling follows starch concentration might be expected to have a greater
the normal progressionfructose< glucose<< sucrosg, effect on gelation properties, but, as shown in Fig. 10, the
but that their order of effectiveness in inducing helix— changes in moduli observed for samples prepared with the
helix association (formation of B-type aggregates) is same concentration of starch but varying concentrations of
reversedsucrose< glucose< fructose. sucrose (0—25 wt%) occur over essentially the same time
period (which, in itself, is indicative of a process controlled
predominantly by simple mass-action).
4. Discussion The most likely explanation for the large difference in
concentration-dependence between the two investigations
The comparisons shown in Figs. 2 and 9 of the values of is the different criteria used to define gel time. In the inves-
G’ andG” recorded on completion of cooling t6G, and tigation by Clark (1995), the samples were prepared in
after holding at 3C for a further 500 min, strongly suggest narrow tubes, which were periodically tipped a few degrees
that the increases in moduli observed during cooling (Figs. 1 from the vertical. The gel time was taken as the point at
and 8) arise predominantly from expansion and stiffening of which the surface of the sample first remained perpendicular
individual molecules (with consequent enhancement of to the walls of the tube, rather than flowing towards the
topological interactions), and that formation of a “true” horizontal. The criterion used in the present work, by
crosslinked gel network by intermolecular helix—helix contrast, was the onset of the increasesineading to gel
aggregation occurs largely during the holding period®@.5  formation, rather than the actual development of a cohesive
For the samples prepared at 65 wt% total solids, the network, which probably requires the elastic modulus to
holding time {,) at the onset of gelation for starch con- reach a finite threshold value. It is obvious from Fig. 3a
centrations between-20 and~30 wt% follows (Fig. 7b) that the times required for the samples of low starch concen-
the ¢ >-dependence expected for a simple dimerisation tration to reach even the minimum value®f observed at
process. At higher concentrations the slope becomes steepethe highest concentration (40 wt%) would be very much
but, as suggested previously, this probably reflects angreater than thé, values plotted in Fig. 7b, thus giving a
increase in the extent of intermolecular association that much steeper concentration-dependence, as observed by
occurs during cooling, with consequent reduction in gel Clark (1995).
times at 3C. Another major difference is that in Clark’s investigation
A much steeper concentration-dependence of gel timethe samples were quenched tt€5whereas in the present
(~c~>? was observed in an investigation by Clark (1995), work they were cooled from 98 over a period of-90 min.
using partially depolymerised amylopectin prepared by acid It is possible that the weak, topological network formed
hydrolysis and dissolved in water. The small content of during this comparatively slow cooling process may have
carboxyl groups in the oxidised starch sample used in the biased subsequent aggregation towards intermolecular asso-
present work is unlikely to be a significant factor. Introduc- ciation, whereas rapid quenching might be expected to
tion of increasing concentrations of sucrose with decreasingfavour intramolecular ordering, with association into a
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Fig. 13. Gelatinisation endotherm (0Gmin) for oxidised starch (30 wt% Fig. 15. Effect of holding time at®® on the enthalpyXH) of the endother-
in water). mic transitions obtained (Fig. 14) for 30 wt% oxidised starch in combina-
tion with 35 wt% sucrose.

continuous network then occurring by a process more akin
to crystallisation than to simple helix—helix aggregation.  moduli during cooling observed (Fig. 8) for the same
The main aim of the present investigation, however, was samples.
to explore the effect of cosolute. As shown in Fig. 12,  Asoutlined in Section 1, cosolutes can promote self-asso-
increasing concentration of sucrose (0—25 wt%) at constantciation of biopolymers by: (i) replacing part of the water;
concentration of starch (40 wt%) causes a larg8&-fold) and (ii) associating with the water that remains. Both of
increase in the values dfH for samples measured shortly these will, of course, reduce the effectivenes of polymer—
after completion of cooling to°&. Previous studies (Cooke water interactions in competing with polymer—polymer
& Gidley, 1992) have shown that the changes in enthalpy association. Theoretical and experimental studies by Nils-
from disordering of amylopectin crystallites during gelati- son et al. (1990), however, have shown that conformational
nisation of starch come predominantly from melting of equilibria of biopolymers can also be displaced by direct
double helices, rather than from the accompanying dis- interactions between the polymer and the cosolute, leading
aggregation process. It seems evident, therefore, that incorto enhancement or depletion of the concentration of
poration of sucrose causes a large increase in the rate oftosolute at the surface of the polymer chains.
helix formation, as is also indicated by the changes in In the investigation reported in the preceding paper
(Evageliou et al., 2000c), we compared the relative effec-
tiveness of sucrose, glucose and fructose in promoting gela-
tion of high methoxy pectin at acidic pH, and found that
glucose is much more effective than fructose, with sucrose
also having a much greater effect than fructose, but substan-
tially less than glucose. This departure from the normal
order of effectiveness (fructose< glucose< sucrosg
anticipated from water—cosolute interactions, and observed
experimentally for gelation of other biopolymers (e.g.
Nishinari & Watase, 1992; Oakenfull & Scott, 1986; Watase
et al., 1992) was attributed to unusually strong polymer—
cosolute interactions induced by hydrogen bonding between
the carbonyl moiety in the methyl ester and carboxylic acid
groups of pectin and the primary alcohol groups of the
15 1 L ) . . ) cosolute molecules (2 in fructofuranose, 1.5 per residue in
30 40 S0 60 70 80 90 100 sucrose and 1 in glucopyranose). Since attachment of sugars
to the polymer chains would, of course, inhibit association
into intermolecular junctions, and thus partially offset the
Fig. 14. DSC endotherms (6&/min) for 30 wt% oxidised starch in combi- eﬁeCt_Of reduction in water content, the anticipated _Order of
nation with 35 wt% sucrose after holding &Csfor 30 min ©), 1.5 h @), effectiveness follows the sequence observed experimentally
4h (@) and 6 h m). (fructose< sucrose< glucose. Evidence of similar

Heat flow (mW)

Temperature (°C)
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Fig. 16. Changes in (a5’ and (b)G” (1rads*; 0.5% strain) during Fig. 17. Changes in (a3’ and (b)G” (1 rad s *; 0.5% strain) during hold-
cooling from 95 to 8C at ’C/min for 30 wt% oxidised starch in mixtures ing at 5C after cooling from 98C at ’C/min for 30 wt% oxidised starch in
with sucrose 4), glucose W) or fructose Q) at a concentration of mixtures with sucroseX), glucose W) or fructose Q) at a concentration of
36.84 wt%. 36.84 wt%.

behaviour has been seen for hyaluronate (Nakamura, 2000\very effective in accelerating conformational ordering
and high acyl gellan (Tsoga, Richardson and Morris, unpub- (Figs. 8, 9a and 12), it appears to be far less effective in
lished), both of which have a high content of substituents in promoting the helix—helix aggregation step required for
which the polar carbonyl moiety is also present as an accep-development of a continuous network. This could explain
tor for hydrogen bonding. why increasing sucrose concentration at fixed concentration
As shown in Fig. 16, however, the rate of ordering of of starch causes little change in the time-course of gelation
oxidised starch during cooling in the presence of equal (Fig. 10), or in the moduli attained after holding for 500 min
concentrations of the same three sugars follows the normalat 5°C (Fig. 9b).
sequencgfructose< glucose< sucros¢ Thus, as might The reversal of sequence for sucrose, glucose and fruc-
be anticipated from the very low content of carboxyl groups tose between the ordering and aggregation steps is puzzling.
in oxidised starch+{1 per 30 residues), hydrogen bonding Similar behaviour has, however, been observed for other
of these groups to the primary hydroxyl groups of the coso- biopolymer systems, including xanthan (Frangou, Morris,
lute molecules appears to be swamped by water—cosoluteRees, Richardson & Ross-Murphy, 1982), where urea
interactions. abolishes “weak gel” properties but displaces the order—
During subsequent holding at® the order is reversed, disorder transition to higher temperatuRhizobium trifolii
with fructose causing a very rapid increaseah(Fig. 17a) capsular polysaccharide (Gidley, Eggleston & Morris,
and sucrose having least effect. Thus, while sucrose seemd992), where partial debranching increases the stability of
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the ordered structure but progressively eliminates gel Evageliou, V., Richardson, R. K., & Morris, E. R. (2000c). Effect of pH,
formation; deacylated gellan (Morris, Richardson & Whit- Eugart‘ypgal”d ‘h:?f"z'g‘“;ggng on high-methoxy pectin Gaitho-
. . ydrates Polymerst2, —259.
taker, 1999), W.her.e.hlgh concentrat!ons of NaCl decreaseFrangou' S A. Morris, E. R., Rees, D. A Richardson. R. K.. & Ross-
the _SFab"'ty of md_|V|dua_| double helices pUt enhance the Murphy, S. B. (1982). Molecular origin of xanthan solution rheology:
stability of the helix—helix aggregates which crosslink the effect of urea on chain conformation and interactidournal of Poly-
gel network; andk-carrageenan (Norton, Morris & Rees,  mer Science, Polymer Letters Editjdz0, 531-538. .
1984), where the Iyotropic effect of co-anions produces Gidley, M. J. (1987). Factors affecting the crystalline type (A—C) of native
. o . . starches and model compounds: a rationalisation of observed effects in
large (,:hanges in stability of the double he_“x’ with corre- terms of polymorphic structure€arbohydrate Researcli61, 301—
spondingly large, but converse, changes in the extent of g4
helix—helix aggregation and associated thermal hysteresis. Gidley, M. J. (1989). Molecular mechanisms underlying amylose aggrega-
It would therefore appear that in these systems, and in the  tion and gelationMacromolecules22, 351-358. _

oxidised starch—sugar systems studied in the present work GdieY, M. J., Eggleston, G., & Morris, E. R. (1992). Selective removal of
changes that enhance the stability of the individual ordered monosaccharide sidechains fréthizobiuntapsular polysaccharide by

d hei d . further i guara-p-galatosidase: effect on conformational stability and gelation.
structures decrease t eir ten en'cy.to ass.oqate urt erintd  carhohydrate Research31, 185-196.
aggregated assemblies. Mechanistically, it is possible thatmorris, E. R., Richardson, R. K., & Whittaker, L. E. (1999). Rheology and
aggregation requires subtle changes in helix geometry for _gelation_ofgellan polysaccharide with Nas sole counteriofProgress
optimum packing, and that these changes become more in Colloid and Polymer Sciencd14 109-115. _
difficult as the stability of the isolated helices is increased. Nakamura, K. (2000). Physico-chemical properties of agueous sodium

. . ’ hyaluronate solutions. In K. Nisinafroceedings of the Fourth Inter-

Assessment of the validity of this concept could be a worth- | \4tional Conference on Hydrocolloids, Osaka, Japarpress.

while target for future research. Nilsson, S., Piculell, L., & Malmsten, M. (1990). Nature of macromolecular
denaturation by urea and other cosolutes: experiments on agarose inter-
preted within a lattice model for adsorption from a mixed solvent.

Acknowledgements Journal of Physical Chemistr@4, 5149-5154.
Nishinari, K., & Watase, M. (1992). Effects of sugars and polyols on the
This work was carried out as part of an industrial— gggsl‘jg”i‘gzi“o” of kappa-carrageenan gdlsermochimica Acta
ac;ademm_: LINK [I_)I’Oject, Behaviour  of Blopolymer_ Noel, T. R., Ring, S. G., & Whittam, M. A. (1993). Physical properties of
Mixtures in Structuring Food Products”. We thank the parti- starch products: structure and function. In E. Dickinson & P. Walstra,
cipating companies (Unilever, Nestl€erestar, Hercules Food Colloids and Polymers: Stability and Mechanical Proper(jgs
and SKW Biosystems), and the UK Ministry of Agriculture, 126-137). Cambridge, UK: Royal Society of Chemistry Special Publi-

Fisheries and Food, for financial support. We also thank Dr  cation No. 113.

A.H. Clark (Unilever Research, Bedford) and Professor S.B. Noron: |- T.. Morris, E. R., & Rees, D. A. (1984). Lyotropic effects of
simple anions on the conformation and interactions of kappa carragee-

Ross-Murphy (King’s College London) for helpful discus- nan.Carbohydrate Research34 89—101.
sions. Oakenfull, D., & Scott, A. (1986). Stabilisation of gelatin gels by sugars and
polyols. Food Hydrocolloids 1, 163—-175.
Picout, D. R., Richardson, R. K., Rolin, C., Abeysekera, R. M., & Morris,

References E. R. (2000). C& -induced gelation of low methoxy pectin in the
presence of oxidised starch: part 1—collapse of network structure.

Abdulmola, N. A., Hember, M. W. N., Richardson, R. K., & Morris, E. R. ~ Carbohydrate Polymersn press. o '
(1996). Effect of xanthan on the small-deformation rheology of cross- Ring, S. G. (1985). Observations on the crystallisation of amylopectin from
linked and uncrosslinked waxy maize star€arbohydrate Polymers aqueous solutiorinternational Journal of Biological Macromolecules
31, 65-78. 7, 253-254.

Christensen, S. H. (1986). Pectins. In M. Glicksmaopd Hydrocolloids Ring, S. G., Colonna, P., I'Anson, K. J., Kalichevsky, M. T., Miles, M. J.,
vol. 3 (pp. 205—230). Boca Raton: CRC Press. Morris, V. J., & Orford, P. D. (1987). The gelation and crystallisation of

Clark, A. H. (1995). Application of cascade theory to the description of amylopectin.Carbohydrate Researcli62, 277-293. '
microphase-separated biopolymer gélaraday Discussiond.01, 77— Rolin, C. (1993). Pectin. In R. L. Whistler & J. N. BeMillemdustrial
91. Gums: Polysaccharides and their Derivatii@d Ed.) (pp. 257—-293).

Clark, A. H., Gidley, M. J., Richardson, R. K., & Ross-Murphy, S. B. San Diego: Academic Press. _
(1989). Rheological studies of aqueous amylose gels: the effect of Ross-Murphy, S. B. (1984). Rheological methods. In H. W.-S. Chan,
chainlength and concentration on gel modulMgacromolecules22, Biophysical Methods in Food Reseaycfpp. 195-290).Critical
346-351. Reports on Applied Chemistriyondon, UK: SCI.

Cooke, D., & Gidley, M. J. (1992). Loss of crystalline and molecular order Tait, M. J., Suggett, A., Franks, F., Ablett, S., & Quickenden, P. A. (1972).
during starch gelatinisation: origin of the enthalpic transit@arbohy- Hydration of monosaccharides: a study by dielectric and nuclear
drate ResearcH227, 103—112. magnetic relaxationJournal of Solution Chemistryl, 131-151.

Evageliou, V., Richardson, R. K., & Morris, E. R. (2000a). Effect of ~Watase, M., Kohyama, K., & Nishinari, K. (1992). Effects of sugars and
oxidised starch on high methoxy pectin—sucrose gels formed by rapid ~ Polyols on the gel—sol transition of agarose by differential scanning

quenchingparbohydrate Po'ymergz’ 219-232. CaIOrimetry.ThermOChimica Acta206, 163-173. )
Evageliou, V., Richardson, R. K., & Morris, E. R. (2000b). Co-gelation of Yamakawa, H. (1971)Modern Theory of Polymer SolutignNew York:
high methoxy pectin with oxidised starch or potato maltodextrin, Harper & Row.

Carbohydrate Polymergt2, 233-243.



