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Abstract: Different starches were extracted from wheat flour and maize flour. Thermal transitions can be monitored
directly by the technique of differential scanning calorimetry (DSC). Two peaks were observed the first peak refer to the
gelatinization temperatures where occurred at ~53-54°C and the second peak was attributed to the dissociation of
amylose—lipid complex. In addition the rheological properties of starches from wheat and maize flours were characterized by
using low-amplitude oscillation. The results showed that Starch samples formed weak-gel networks by association between
swollen granules. Blue dextrin method was also used to determine the swelling volume of heated and unheated wheat starch.
The results indicated that gel-like character concentrations below close-packing.
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1. Introduction

The normal interpretation of the rheology of starch in
high-moisture systems [1-3] can be summarised in the
following:- with heating in excess water, the ordered (double
helix) structure of amylopectin dissociates and the granules
swell (gelatinisation) [1], thickening occurs by physical
contacts between the gelatinised granules [2], disordered
amylose leaches out, at very high temperatures and shear
rates, further release of polysaccharides can occur by
disintegration of swollen granules [3], with cooling and
storage, amylose may form a network crosslinked by
aggregated double helices. At longer times, amylopectin
may also re-order into double helices; these ordering
processes are known collectively as retrogradation [3].

The central conclusion from the work reported here is that
when starch is gelatinised under quiescent conditions (i.e.
without stirring or other mechanical agitation), physical
contacts resulting from space-occupancy by swollen granules
are augmented, or superseded, by adhesive interactions (i.e.
by granules associating with one another).

The results presented came from two otherwise unrelated
studies. The first [4] was an investigation of the effect of
pre-heating wheat flour on its subsequent rheology when

heated and cooled in excess water, and included rheological
characterisation of starch extracted from heated flour and
from an unheated control. The second was an investigation [5]
of the co-gels formed by heating mixtures of whey protein
isolate with waxy maize starch.

2. Materials and Methods

The waxy maize starch used was a hydroxypropylated
preparation crosslinked by phosphorus oxychloride
(C*Polartex 06716 from Cerestar). White flour from soft
wheat was obtained from Odlum Group Ltd., Dublin, and
contained 13 % moisture, 74 % starch, 9.1 % protein, 2.8 %
fat and 0.26 % ash. Heating (30 min at 125°C) was carried
out in sealed pouches of aluminium foil. Starch from heated
flour and unheated control was obtained [4] as the residue
remaining after sequential extraction of protein [6-7]. The
residue was rinsed (3 X) with water, compacted by
centrifugation, and separated manually into prime starch and
tailings starch [7]. Only the prime starch fraction was used.

Differential scanning calorimetry (DSC) measurements
were made at a heating rate of 0.5°C/min on a Setaram DSC
III microcalorimeter, using 10.0 wt % aqueous slurries of
starch, with water as thermal reference. Sample and
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reference pans (typical loading ~850 mg) were balanced to
within + 0.5 mg. Rheological measurements were made on a
CarriMed CSL-100 rheometer, using parallel plate geometry
of diameter 40 mm and gap 0.5 mm. Starch slurries were
loaded at 40°C and coated around their periphery with light
silicone oil, to minimize loss of water by evaporation.

Determination of swelling volume: Starch (~3.5 wt %)
from heated and unheated wheat flour was gelatinised by
heating for 15 min at 90°C and cooled to ambient
temperature. Swollen granules were then sediment by
centrifugation (15 min at 1500 % g), and swelling volume (Q)
was determined from the mass of sediment relative to the
total mass of the sample. The values obtained were virtually
identical (Q = 9.62 ml/g for starch from heated wheat flour
and Q = 9.56 ml/g for the unheated control). Complete
space-occupancy (cQ = 1.0) by fully-swollen granules
would therefore occur at a concentration (c) of ~10.4 - 10.5
wt % for both, and the onset of close-packing (~65 %
space-occupancy; cQ = 0.65) at ~6.8 wt %.

The swelling volume of the phosphate-cross linked waxy
maize starch was determined [5] by the polymer exclusion
method [8], using blue dextran (from Sigma). The principle
of the method is that polymer molecules cannot penetrate
starch granules. Swelling of the granules on gelatinisation in
a polymer solution increases the concentration of polymer in
the surrounding liquid, and the volume occupied by the
swollen granules can be determined from this increase
(which, for blue dextran, can be quantified by measuring the
optical density of the supernatant after sedimentation of the
swollen granules by centrifugation). The swelling volume
obtained in this way for cross linked waxy maize starch was
Q = 11.9 ml/g, which agreed well with the value derived by
measurement of the mass of sediment granules after
centrifugation. An attempt to determine the swelling volume
of starch from heated wheat flour by exclusion of blue
dextran was unsuccessful, but informative.

3. Results and Discussion
3.1. Differential Scanning Calorimetry (DSC)

As shown in Figure 1, the DSC traces obtained for starch
from heated and unheated wheat flour were closely similar,
indicating that pre-heating the flour has little effect on the
ordered structure of the starch component. Both traces show
an intense gelatinisation endothermic centered at ~53 - 54°C,
followed by a much smaller endothermic at higher
temperature (~95°C), which can be attributed[9] to
dissociation of amylose-lipid complex. The onset of
gelatinisation occurs (Figure 1) at ~40°C, which was used as
the loading temperature in the rheological studies reported
below, to minimize sedimentation of un-swollen granules.
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Figure 1.DSC heating curves (0.5°C/min; baselines subtracted) for 10.0 wt %
starch from heated (@) and unheated (O) wheat flour

3.2. Changes in Moduli on Heating and Cooling

Figure 2 shows the changes in G' (Figure 2a) and G"
(Figure 2b), recorded at 10 rad s” and 1 % strain, during
heating (40 - 90°C) and cooling (90 - 5°C) at 1°C/min for
starch from heated wheat flour, and from the unheated
control. The starch concentration used was 7.4 wt %, chosen
to match the concentration in 10.0 wt % flour (starch content
74 %).

The control starch shows a sharp increase in both moduli
in the early stages of heating, as would be expected from
gelatinisation and swelling of the granules, followed by a
reduction at temperatures approaching 90°C, which can be
attributed[2] to some loss of granule structure. The traces
recorded on subsequent cooling to 5°C are comparatively
featureless, showing only small, monotonic increases in G'
and G". The changes in moduli observed for starch from
heated wheat flour are similar in form, but the absolute
values of both moduli are consistently higher throughout
heating and cooling.
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Figure 2.Changes in (a) G' and (b) G" (10 rad s”'; 1 % strain) during
heating (triangles) and cooling (circles) at 1.0°C/min for 7.4 wt % starch from
heated (filled symbols) and unheated (open symbols) wheat flour

3.3. Rheology after Gelatinisation under Ouiescent
Conditions

The mechanical spectra recorded for the same samples
after completion of heating and cooling (Figure 2) are shown
in Figure 3. Both spectra have obvious gel-like character [10]
(G' > @G"; little variation of G' with frequency, ; steep,
linear reduction in log  * on increasing log , with a slope
close to -1), but the values of G, G" and  * for starch from
the heated wheat flour are about twice those of the unheated
control. This enhancement in rheology cannot be attributed
to greater space-occupancy since, as reported in Section 3,
both samples have virtually the same swelling volume (~9.6
ml/g).

The moduli recorded after heating and cooling under
quiescent conditions (low-amplitude oscillation at 10 rad s-1
and 1 % strain) over a range of values of starch
concentration
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Figure 3. Mechanical spectra (5°C; 1 % strain) showing the
frequency-dependence of G' (squares), G" (circles) and n* (triangles) for
7.4 wt % starch from heated (filled symbols) and unheated (open symbols)
wheat flour after gelatinisation under low-amplitude oscillation

(c = 1.0 to 10.0 wt %) are also inconsistent with simple
physical contacts between swollen granules. As shown in
Figure 4, the plot of log G' versus log ¢ for starch from
unheated wheat flour is broadly similar to those obtained for

gelling biopolymers [11], with a progressive increase in
slope as concentration is decreased towards the minimum
critical gelling concentration (c,) and a limiting slope of ~2
(c*-dependence of G") at ¢ >> c¢,. In particular, there is no
evidence of any sudden increase in moduli, or other
discontinuity in the concentration-dependence of G' or G",
as the degree of space-occupancy approaches and exceeds
the onset of close-packing (at cQ = 0.65). Similar
concentration-dependence of moduli was observed for
starch from heated wheat flour[4] and for crosslinked waxy
maize starch, [5] with again no discontinuity at the onset of
close-packing.

As shown in Figure 5a, the mechanical spectrum obtained
for the control sample of wheat starch at a concentration of
2.5 wt %, where the swollen granules occupy less than a
quarter of the total volume (cQ =0.24),is predominantly
gel-like:
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Figure 4. Concentration-dependence of G' (@) and G" (O), measured (10

rad s™'; 1 % strain) at 5°C after heating and cooling under low-amplitude
oscillation, for starch from unheated wheat flour

G' is virtually independent of frequency across the range
studied (0.1 to 100 rad s) and at low frequencies it exceeds
G" by more than an order of magnitude. The upturn in G" at
higher frequencies can be readily explained by a significant
"sol fraction" of material that does not form part of the gel
network.

Formation of a continuous network at concentrations far
below those at which the swollen granules are forced into
contact with one another cannot be explained by gelation of
the amylose component of the wheat starch since, as shown
in Figure 5b, a similar gel-like spectrum was obtained [5] at
the same low degree of space-occupancy (cQ = 0.24) for
cross linked waxy maize starch, which, like any waxy starch,
is of course essentially devoid of amylose. Because of it’s
somewhat higher swelling volume (11.9 ml/g in comparison
with 9.56 ml/g for the wheat starch), however, the
concentration of the waxy maize starch at cQ = 0.24 is lower
(2.0 wt % in comparison with 2.5 wt %), and the moduli are
also lower (Figure 5), as would be expected for conventional
gelling biopolymers.
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Figure 5. Mechanical spectra showing the frequency-dependence of G' (),
G" (@) and n* (M) after gelatinisation under low-amplitude oscillation at
the same degree of space-occupancy (cQ = 0.24) for (a) starch from
unheated wheat flour (c = 0.25 wt %; Q = 9.56 ml/g) and (b) crosslinked
waxy maize starch (¢ = 0.20 wt %; Q = 11.9 ml/g)

The obvious interpretation of all the rheological evidence
presented so far is that starch, when gelatinised under
quiescent conditions, forms continuous networks by
associative interactions (i.e. by the swollen granules
adhering to one another).

The enhanced rheology (Figures 2 and 3) of starch from
heated wheat flour indicates that pre-heating
the flour increases the adhesiveness of the gelatinised
granules, which is consistent with an unexpected change in
their interaction with blue dextran, reported below.

3.4. Interaction with Blue Dextran

When starch from unheated wheat flour was gelatinised in
a solution of blue dextran, swelling of the granules caused
the expected increase in concentration of polymer in the
surrounding liquid, and the swelling volume calculated from
this increase was cQ = 9.56 ml/g derived by sedimentation
of the swollen granules. When the same procedure was
applied to starch from heated wheat flour, however, the
concentration of blue dextran in the solution phase
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decreased, rather than increasing and the gelatinised
granules had a deep blue colour which persisted after
repeated rinsing with water.

This behavior is unlikely to have arisen from penetration
of blue dextran into the granules, particularly since DSC
(Figure 1) showed no evidence of any significant change in
their internal structure prior to gelatinisation. The most
likely interpretation is that the exterior of the granules is
modified during pre-heating of the flour (possibly by
changes in surface protein), with the modified surface then
being capable of binding to the dye chromophores of blue
dextran, and of causing stronger adhesion between
gelatinised granules (with consequent enhancement of
network structure).

3.5. Effect of Shearing during Gelatinsation

In systems where interactions are limited to physical
contacts (e.g. solutions of entangled polymer coils) the
frequency-dependence of N* and shear-rate dependence of
viscosity () superimpose closely[10] when comparison is
made at equivalent numerical values of frequency (wrad s™)
and shear rate (y' /s"). However, departures from this
generality (which is known as the "Cox-Merz rule") [12]
occur for weakly-cross linked networks that remain
interacted under low-amplitude oscillation but are broken down
by shear[10], giving n* >n.

In the studies reported here, comparisons were made
using a frequency of 10 rad s' and a shear rate of 10 s™.
These values were chosen as a compromise between the
conflicting considerations of having a shear rate high
enough to give reliable measurements and approximate to
normal processing conditions in industry and a frequency
low enough to prevent the elastic response of any
crosslinked network structure from being obscured by
simple physical interactions, which make a progressively
greater contribution to overall resistance as the frequency of
oscillation is increased [10].

The results obtained are illustrated in Figure 6 for 7.4 wt %
starch from unheated wheat flour. The increase in nN* on
gelatinisation is substantially greater than the corresponding
increase in N, and N* then remains above n throughout
further heating and subsequent cooling, giving a value of nN*
about 5 times higher than that of N on completion of cooling
to 5°C. Similar violation of the Cox-Merz rule was
observed[12] for starch from heated wheat flour, and, as
discussed above, strongly indicates associative interactions
that can survive the low-amplitude used in measurement of n*
but are disrupted by rotational measurements of n. Further
Cox-Merz comparisons were made for starch from both
heated and unheated wheat flour on completion of cooling to
5°C after gelatinisation under unperturbed conditions and
under shear at starch concentrations ranging from 1.0 to 10.0
wt %.
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Figure 6. Comparison of 7* from oscillatory measurements at 10 rad s”
(open symbols) and 1 from rotational measurements at 10 s™ (filled symbols)
during heating (triangles) and cooling (circles) for 7.4 wt % starch from
unheated wheat flour.

Figure 7 shows comparisons of the final values of n (10 s
for the sheared samples with the corresponding values of n*
(10 rad s™) for the same sheared preparations (obtained by
oscillatory measurements immediately after completion of
cooling) and for equivalent samples prepared by heating and
cooling under oscillation (as in Figure 2). The values of n*
for the samples gelatinised under oscillation are consistently
higher than the corresponding values of n for the sheared
samples, again indicating associations that can survive
low-amplitude oscillation but are disrupted by shear. The
sheared samples, by contrast, show reasonable Cox-Merz
superposition (N* = n), indicating that shearing during
gelatinisation prevents association, leaving only physical
contacts between the gelatinised granules.

For both sheared and wunsheared preparations,
low-amplitude oscillatory measurements of n* (10 rad s™'; 1 %
strain) were made over a period of 2 hours at 5°C after
completion of cooling. No changes in nN* were observed,’
demonstrating (i) that no further associations are formed by
the samples gelatinised under unperturbed conditions and (ii)
that the samples gelatinised under shear show no recovery
from the disruption caused by shearing.

4. Conclusions

The main conclusions from the studies reported above can

be summarized as follows.

e When starch is gelatinised under quiescent
conditions (such as low-amplitude oscillation) the
swollen granules adhere to one another, and form gel
networks at concentrations well below the onset of
close-packing (as illustrated in Figure 5 for both
wheat starch and crosslinked waxy maize starch).
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Figure 7. Comparison of oscillatory measurements of n* (10 rad s™; 5°C)
and rotational measurements of 17 (10 s™*) for sheared (open symbols) and
un-sheared (filled symbols) preparations (1.0 - 10.0 wt %) of starch from
heated (triangles) and unheated (circles) wheat flour. The dotted line
corresponds to perfect agreement between 1 and n* (Cox-Merz
superposition)

. Pre-heating wheat flour increases the adhesiveness
of the starch granules, giving higher moduli than for
control starch from unheated flour, although the
swelling volume remains virtually unchanged.

. Enhanced rheology indicates modification of the
granule surface, which also leads to binding of blue
dextran.

. Shearing (e.g. during rotational measurements of
viscosity) prevents association of swollen granules.

. Disruption by shear is irreversible (sheared
preparations showed no increase in N* on holding
for 2 h at 5°C).

. Evaluation of flours and starches by conventional

measurements under shear
(e.g. Amylograph) is therefore appropriate for
products such as soups and sauces which are stirred
during processing (preventing association of swollen
granules).
The same procedures, however, may be misleading
for baked products, where gelatinisation of starch
occurs under quiescent conditions, allowing
associations between gelatinised granules to form in
the product, but not during rotational testing.
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