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The gelation of heat-treated, aqueous starch suspensions has been explained either in terms of a
nanoscopic amylose aggregation or a fractal-like phase separation. These concepts, as well as the sup-
porting experimental evidence, at first sight seem incompatible. The present study exploits rheometry
in combination with in situ small angle X-ray scattering and clearly points to creation of finely dispersed,
elongated nano-objects when a starch gel is formed in the presence of shear forces. These objects are
interpreted as aggregated amylose double helices that provide the system with physical, intermolecular

I;g:ggrds'. crosslinks. Increasing the aggregate size and concentration increases the gel storage modulus. The gela-
Rheology tion process is enhanced in the presence of amylose-lipid complexes as, during heating, short amylose
Small angle X-ray scattering fragments are liberated from these complexes that, upon cooling, promote amylose aggregation and thus
Gelation gel formation. When shearing is stopped, the aggregates promptly grow and agglomerate into larger frac-

tal objects resulting in an increased gel stiffness. The present work thus suggests that small scale amylose
aggregation and the formation of fractal phases have to be considered as subsequent events rather than
as mutually exclusive concepts. Finally, it is argued that size-induced polymorphic changes may also

contribute to the starch gel stiffness.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Native starch occurs in the form of partly crystalline granules
that mainly consist of amorphous amylose and semicrystalline
amylopectin. Amylose, the smaller of the two polymer frac-
tions (around 25%), is predominantly linear, whereas amylopectin
(around 75%) is highly branched (Buléon, Colonna, Planchot, & Ball,
1998; Tester, Karkalas, & Qi, 2004). Next to being the major energy
source in the human diet, starch is also an important determinant
in the texture of foods (Wang, Bogracheva, & Hedley, 1998) such as
mashed potatoes and bakery products.

In their natural form at room temperature, starch granules are
not soluble in water and, in the absence of external forces, precip-
itate from aqueous solutions. In excess water, temperatures above
the gelatinization temperature induce irreversible changes lead-
ing to swollen, and even disrupted starch granules (Delcour et al.,
2010; Delcour & Hoseney, 2010). The gelatinization temperature is
defined as that at which starch granules lose their birefringence.
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They swell, amylopectin crystals melt, and amylose gains mobility
and leaches out of the granules (Jenkins & Donald, 1998; Tester &
Debon, 2000; Waigh, Gidley, Komanshek, & Donald, 2000).

All events that occur during heating beyond the loss of birefrin-
gence are collectively referred to as pasting (Delcour & Hoseney,
2010). During pasting, a strong viscosity increase of the starch dis-
persion is noted first (Atwell, Hood, Lineback, Varriano-Marston,
& Zobel, 1988), which decreases again upon further heating. This
rheological complexity can be explained by the interplay of gran-
ule swelling, granule rigidity and amylose leaching (Delcour &
Hoseney, 2010; Juhasz & Salgo, 2008; Tester & Morrison, 1990). In
the process, at a sufficiently high starch concentration, the swelling
granules may impinge at a given temperature and ultimately fill the
space completely. At that stage, the system viscosity is predomi-
nantly determined by the granule rigidity (Steeneken, 1989). Shear
forces promote the homogenisation into a uniform starch paste.
Cooling of the hot starch paste causes the viscosity to increase again
and produces a gel, the formation and structure of which are rel-
evant to, e.g. the thickening of soups and sauces as well as glue
systems, and which is the subject of the present paper.

Gelation has frequently been studied by analysis of amylose
suspensions, which are molecularly less complex than starch sus-
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pensions. Miles, Morris, Orford, and Ring (1985) and Miles, Morris,
and Ring (1985) attributed gelation of amylose systems dur-
ing cooling to phase separation of the homogenized matrix into
a polymer-rich and a polymer-deficient (i.e. water-rich) region.
Although crystallization of amylose by aggregation of the ear-
lier formed amylose double helices might take place within the
polymer-rich phase, these authors suggested that phase separation
on its own could be responsible for gelation.

The secondary role of crystallization was challenged by I'’Anson,
Miles, Morris, and Ring (1988). They investigated the gelation pro-
cess in amylose solutions with combined synchrotron small angle
X-ray scattering (SAXS) and wide angle X-ray diffraction (WAXD).
As the SAXS patterns did not reveal any features that could be asso-
ciated with phase separation, it was argued that the large phases
scattered outside the SAXS angular window. Only smaller, phase-
internal features were in view right from the start of gelation, which
were identified as rod-like crystallites. However, their crystalline
nature is rather speculative since only after a considerable time
B-type diffraction patterns were observed in WAXD. Similar obser-
vations were made by Imberty and Perez (1988). Interestingly, the
nano-object concentration in the work by I’Anson et al. (1988)
increased during the course of gelation, parallel to the increase in
shear modulus.

Later, Gidley and Bulpin (1989) and Leloup, Colonna, Ring,
Roberts, and Wells (1992) followed this line of thought and argued
that small solid aggregates of amylose double helices - acting as
intermolecular junctions - are directly responsible for gelation. In
contrast, Vallera, Cruz, Ring, and Boué (1994) studied amylose gela-
tionin deuterated water with small angle neutron scattering (SANS)
and concluded that their data — covering the same scattering vector
range as in the SAXS work by I’Anson et al. (1988) — could only be
interpreted as resulting from the presence of two ‘homogeneous’
phases: one being almost pure deuterated water, the other being
polymer-rich and displaying a fractal structure. The fractal aggre-
gates themselves were estimated to span over several micrometers,
which is consistent with a turbidity to visible light.

Literature on the principles governing the gelation of aque-
ous amylose suspensions thus presents seemingly incompatible
arguments in favour of either nanoscopic amylose aggrega-
tion/crystallization or fractal-like phase separation with morpho-
logical features up to wm length scale.

This ambiguity also exists in the literature dealing with the
gelation of starch suspensions, which - at least at the early stage
of the process - is believed to be dominated by the amylose
fraction. According to Miles, Morris, and Ring (1985), irreversible
amylose-amylose interactions take place quickly after cooling (few
minutes to few hours), and result in a starch gel. In contrast, ret-
rogradation of amylopectin with recrystallization of its side chains
only occurs over a period of several days (Atwell et al., 1988; Miles,
Morris, Orford, et al., 1985). This was confirmed by Putaux, Buléon,
and Chanzy (2000) who investigated the aging and aggregation of
very dilute amylose and amylopectin dispersions with transmis-
sion electron microscopy. However, similar to the SANS work cited
above on amylose gels, Suzuki et al. used the concept of fractal
phases to interpret the SAXS of rather highly concentrated aque-
ous starch suspensions (Suzuki, Chiba, & Yano, 1997; Vallera et al.,
1994). Clearly, also in the literature dealing with starch gelation,
concepts of amylose aggregation or crystallization are as frequently
occurring as phase separation concepts in a rather confusing way.
This called for further research.

In the present study, the structural changes responsible for the
viscosity changes in heat treated and sheared wheat starch-water
mixtures are characterized during pasting and gelation through
combined rheology and time-resolved X-ray scattering experi-
ments using Couette cells. This work also addresses the influence
of adding short-chain amylose-lipid complexes to aqueous starch

dispersions. This item is included as a previous study by Putseys
et al. (2010) has indicated significant changes in starch viscosity
when analysing starch-water systems supplemented with either
pure glycerol monostearate (GMS) or short-chain amylose-GMS
complexes with a Rapid Visco-Analyzer (RVA). Characterising the
associated structural aspects may highlight certain features and
contribute to a general understanding of starch gelation.

2. Materials and methods
2.1. Materials

All chemicals, solvents and reagents were of at least analytical
grade and from Sigma-Aldrich (Bornem, Belgium) unless specified
otherwise. Potatoes were purchased on the local market. A com-
mercial wheat starch sample was from Syral (Aalst, Belgium).

2.2. Methods

2.2.1. Synthesis of amylose-glycerol monostearate complexes

Potato phosphorylase was extracted from Nicola potatoes
(Solanum tuberosum cv. Nicola) according to Gelders, Goesaert,
and Delcour (2005). Defatted amylose-GMS complexes with typi-
cal differential scanning calorimetry dissociation temperatures of
100°C were synthesized semienzymically as described elsewhere
(Putseys et al., 2010).

2.2.2. Starch rheology

Rheology studies were performed with a Physica MCR 301
rheometer (Anton Paar, Graz, Austria). Mixed aqueous wheat starch
dispersions (12 mL water; 8.0% starch dry matter, dm, without
and with addition of 1.0% pure, i.e. uncomplexed, GMS or 5.0%
defatted amylose-GMS complexes; percentages expressed as w/w,
calculated on starch dm) were added to a Couette measuring sys-
tem (Macosko, 1994). A sufficiently high starch concentration, i.e.
8.0% (w/w), was selected as to reach a space filling arrangement
of swollen granules during the pasting process (the minimum
concentration is around 6.0%, evidence available but not shown).
Surpassing this stage avoids effects on the viscosity related to the
volume occupied by the starch granules or remnants thereof.

The Couette system consists of an outer stationary cup (radius
14.46 mm) and an inner rotating bob (radius 13.33 mm). The small
measuring gap (1.13 mm) ensures a constant shear rate through-
out the gap. The gap length of 40 mm leads to a large contact area
between sample and geometry which is beneficial for samples of
low viscosity. A layer of mineral oil on top of sample and geometry
prevented water evaporation. The dispersions were equilibrated
for 2 min at 40°C, heated to 95°C at a rate of 5°C/min and kept at
this temperature for 10 min. Afterwards, the mixtures were cooled
to 40°C at 5°C/min, and this temperature was held for 20 min.
During the initial equilibration, the rotor speed was adjusted to
result in a shear rate of 194.6s~1, while, from the heating phase
onwards, it was 34.6s~! throughout the rest of the run. The rotor
speeds and time-temperature profile were comparable to those
commonly used for starch samples in RVA, as described by Putseys
et al. (2010). At specific points in the temperature regime, shear
was stopped for 30s, to allow dynamic tests for on-line measure-
ment of storage (G’) and loss moduli (G”), expressed in Pa. The
oscillatory strain was 1.0% in order to be in the linear viscoelastic
domain, and the frequency, o, was 1.0 Hz.

2.2.3. Time-temperature resolved small angle X-ray scattering
and wide angle X-ray diffraction

In situ simultaneous SAXS and WAXD experiments were per-
formed at DUBBLE, the Dutch-Belgian beam line (BM26) at the
European Synchrotron Radiation Facility (ESRF; Grenoble, France)
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using a wavelength of 1.033 A. The samples were placed in a poly-
carbonate Couette cell that allows X-ray access. The cell geometry
is identical to that described by Pople, Hamley, and Diakun (1998),
with modifications for temperature control by air powered heat-
ing guns (Homminga, Goderis, Hoffman, Reynaers, & Groeninckx,
2005) to be able to apply the same temperature-shear rate program
as in rheometry.

The starch samples were weighed and slurried in deionized
water [required dm content of 8.0% (w/w)]. Of such dispersions,
5.5 mL was transferred to the Couette cell. The samples were heated
from 25°C to 95°C at 5°C/min and then kept at this tempera-
ture for 10 min. They were then cooled to 40°C at a cooling rate
of 5°C/min, and this temperature was held for 20 min. At the
beginning of the temperature program, the shear rate was set to
300s~! and the bob of the Couette cell was gently moved up and
down in the cup to prevent starch precipitation. This initial shear
rate - chosen to make sure no starch precipitation occurred - is
higher than the one used in the rheometry experiments. Explorative
tests (data not shown) demonstrated that the initial shear rate
does not affect the overall starch pasting (and gelation) processes.
At 75°C (during heating), a temperature above the gelatinization
temperature of the starch sample, the shear rate was lowered to
the same value as in the rheology experiments (34.6s1). Up to
this stage, no X-ray patterns were collected. X-ray patterns were
only collected consecutively every 12s starting as soon as the
temperature had reached 95°C. The 12s acquisition time results
in a scattering pattern every 1°C during the cooling segment. In
fact, the X-ray characterization only started once the granules are
swollen and fill the whole space, as to be able to - at least from
this perspective — treat the SAXS data in terms of a homogeneous
system.

The SAXS patterns were measured on a two-dimensional (2D)
multiwire gas-filled detector placed at 3.0 m from the sample. The
data were averaged azimuthally using the home-made ConeX soft-
ware (Gommes & Goderis, 2010) and are expressed as the intensity
as a function of the scattering vector modulus q=4m/A sin(6/2),
with A being the wavelength and 0 the scattering angle. The SAXS
pattern of a water-filled Couette cell at the corresponding tem-
perature was subtracted as a background after normalization of
both patterns by the intensity of the beam measured by an ioniza-
tion chamber downstream from the sample. The measured g-range
spans from 0.2nm~! to 1.5 nm~!, roughly corresponding to length
scales (d=2m/q) ranging from 4 to 30 nm. The reflections of sil-
ver behenate were used to calibrate the scattering angles (Huang,
Toraya, Blanton, & Wu, 1993).

WAXD data were collected on a two-dimensional VHR Pho-
tonic Science (East Sussex, United Kingdom) CCD detector. The
scattering angles were calibrated using a poly(ethylene) standard
and, expressed in terms of g, cover the range 6nm~!<g<39nm~".
The patterns were normalized to the intensity of the incoming
beam, corrected for the detector response and the dark cur-
rent prior to being averaged azimuthally (Gommes & Goderis,
2010). Although WAXD data were collected, they are not dis-
cussed here since no noteworthy changes were observed at
any stage during the imposed time-temperature-shear program.
The WAXD data only revealed the liquid-like scattering due to
the amorphous polymeric sample holder and the amorphous
starch molecules in solution. No crystalline reflections were
observed.

3. Results

Fig. 1 shows the storage (G’) and loss (G”) moduli of the
8.0% starch dispersions without and with the different addi-
tives (1.0% pure GMS or 5.0% amylose-GMS complex), measured
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Fig. 1. Storage (G, O) and loss (G”, +) moduli of starch pastes subjected to a tem-
perature profile in a Couette cell with (a) 8.0% starch; (b) 8.0% starch + 1.0% glycerol
monostearate (GMS); and (c) 8.0% starch +5.0% amylose-GMS complexes.

in the Couette cell rheometer. Both G’ and G” increase during
the first heating segment with G’ rapidly overtaking G” indi-
cating that a more solid-like behavior and, thus, a network
is formed early on (Larson, 1999). Ultimately, 8.0% starch dis-
persions reach a space filling arrangement of swollen starch
granules. When approaching the 95°C isothermal segment, G
collapses whereas G” hardly changes. During cooling, both G
and G” rise with the increase of G’ being most pronounced. G’
increases further during the treatment at 40 °C and most spectacu-
larly for the sample supplemented with amylose-GMS complex.
The sample with pure GMS, on the other hand, hardly dif-
fered from the starch reference throughout the time-temperature
profile.

For all samples, G’ also tended to increase during the probing
times when shearing was stopped and an oscillatory analysis was
made. This increase in G’ in the course of the 30 s probing was par-
ticularly clear at the highest G’ values for the sample containing
amylose-GMS complex.

Fig. 2 represents typical SAXS patterns, on a double logarithmic
scale, obtained from the 8.0% pure starch dispersion. Note that in
the SANS data by Vallera et al. (1994) clearly a power law behavior
was present, which was interpreted as being due to a polymer-rich
phase with a fractal dimension (dy) of 2.6 and subunits with an esti-
mated size between 17 and 20 nm, based on the high angle limit
of the mass fractal regime in the SANS patterns. Beyond this high
angle limit, a so-called Porod regime appeared, which is indica-
tive of phases with sharp interfaces. Although our SAXS intensities
display a continuous curvature with no clear power-law scatter-
ing and, in particular, no Porod regime, we rigorously followed the
earlier work on starch or amylose gels (Suzuki et al., 1997; Vallera
et al,, 1994) and fitted the SAXS data with the following fractal
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Fig. 2. Time-temperature-resolved SAXS patterns of the 8.0% starch dispersion fitted (a) with the fractal model, and (b) with the blurred cylinder model. The graphs at the

right top corner are details of the fits for the first (top) and last (bottom) frames.

model (Pedersen, 1997; Teixeira, 1988)

I(q)= lo 1 4Ty 1) sinl(dy — 1) tan™" (g8)]
It~ 1)E/Rg)T (@7 1/

2
exp (_(qlig)> (1)

where Ij is the scattered intensity extrapolated to angle zero, I is
the gamma function, d is the fractal dimension, & is the upper cut-
off length of the fractal aggregates, and Ry is the radius of gyration
of the fractal’s primary particles. In Eq. (1), the form factor of the
primary particles is approximated by a Guinier function. This was
justified because of the absence of Porod scattering in the measured
g-range, meaning that - in the context of this model - the particles
were smaller than the present SAXS resolution.

The solid lines in Fig. 2a are the least-square fits of the SAXS
data with Eq. (1), with Iy, § and R, as adjustable parameters, and
dp=2.6. The latter value is justified based on previous SANS work
on amylose gels (Vallera et al., 1994). The fractal modeling gives an
acceptable fitting of the entire scattering pattern. Fig. 3a-c shows
the time evolution of the fitted parameters for all samples. The
results show a small and gradual increase in £ with time, which lev-
els off during the final holding phase. Rg decreases during the phase
at 95°C, but increases drastically (except for the sample containing
5.0% amylose-GMS complex) during cooling to end up at a value
similar to that of the starting material. It needs to be mentioned that
the Rg values, which represent the size of the fractal’s primary parti-
cles, are consistently smaller than the SAXS resolution. These values
are not very stable (and equally unreliable) as they only affect the
patterns (via a small curvature in a double logarithmic plot) at the
high g-side where the scattered intensity is relatively low. This
holds in particular for the initial very low Rg values. Iy remains
rather constant during the isothermal phases at 95 and 40°C, but
increases during the cooling phase in between. The sample contain-
ing 5.0% amylose-GMS complex, however, increases more strongly
during cooling. It is also conspicuous that Iy follows the same pat-
tern as G’ and G”, except for G’ in the sample with amylose-GMS
complex in which the increase of Iy is less spectacular.

Alternatively, and based on e.g. the SAXS work by I’Anson et al.
(1988) and the microscopy results by Putaux et al. (2000), the SAXS
curves deserve analysis in terms of a collection of cylindrical objects
(aggregated amylose double helices). However, the absence in the

experimental scattering patterns of any Porod region with expo-
nent —4 rules out the presence of objects with sharp interfaces.
Instead, the rigid elongated objects seem to be characterized by
a more continuous variation of the electron density across their
boundaries. From a SAXS point of view, such objects are conve-
niently modeled as the convolution of infinitely thin rods with
an appropriate blurring function b(r). In the reciprocal space, the
convolution converts to a product between the respective Fourier
transforms. Therefore, the SAXS intensity of such a morphological
model is

where the bracketed term is the form factor of infinitely thin rods
of length L (Pedersen, 1997), B(q) is the Fourier transform of the
blurring function b(r), and the prefactor Iy has the same meaning
asin Eq. (1). In the first factor of Eq. (2), the function Si(x) is defined
as

Si(x) = / Si“t(t)dt 3)
0

which is also referred to as the sine integral function.

Several blurring functions were tried for analysis of the SAXS
patterns. In particular, no satisfactory fit could be obtained with
B(q) modeled as a conventional Gaussian. The simplest function
that enabled to fit all data nicely is an exponential function of the
form

B(q) = exp(—0oq) (4)

where the parameter o, having the dimension of a length, charac-
terizes the spatial extension of the electron density of the scatterers.
The solid lines in Fig. 2b are least-square fits of the SAXS data
with Eq. (2), with Ip, L and o as adjustable parameters. The blurred
cylinder model accounts for the entire scattering patterns of the
investigated samples, including the large angle region, with only
three adjustable parameters, as opposed to the fractal model which
involves four parameters in the most general case where df would
also have been varied during the fit.

Fig. 3d-f plots the fitted values of parameters Iy, L and o. The
most drastic changes occur in Iy, which almost doubles during
cooling of the starch dispersions. A clear increase of parameter o
is observed simultaneously, which means that - in terms of this
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Fig. 3. Top: Time evolution of the fractal model parameters obtained from the SAXS data - extrapolated intensity scattered at zero angle (Ip), upper cut-off size of the fractal
structure (£), and radius of gyration of the building blocks (Rg) - in the starch reference sample (a), starch supplemented with 1.0% glycerol monostearate (GMS) (b) and
starch supplemented with 5.0% amylose-GMS complexes (c). In all cases, the fractal dimension was set to d=2.6. The smooth lines refer to the imposed temperature profile.
Bottom: Time evolution of the blurred cylinder parameters obtained from the SAXS data - extrapolated intensity scattered at zero angle (), length of the cylinder (L), and
lateral size of the cylinder (o) - in the starch reference sample (d), starch supplemented with 1.0% glycerol monostearate (GMS) (e) and starch supplemented with 5.0%

amylose-GMS complexes (f). The smooth lines refer to the imposed temperature profile.

model - the structures responsible for the scattering expand later-
ally upon cooling of the sample. Also in this model, Iy and o follow
the same pattern as G’ and G” during the cooling phase to and hold-
ing phase at 40°C. The length of the cylinders, however, increases
at the very beginning of the isothermal stage at 95 °C, but remains
virtually constant during the subsequent cooling. Only the sam-
ple supplemented with amylose-GMS complex seemed to increase
slightly further with time.

At the end of the temperature program, the sample supple-
mented with amylose-GMS complex, was held under shear for
another 3h at 40°C. In RVA, the extension of the final holding
phase of this sample induced severe increases of the viscosity
(Putseys et al., 2010). During this longer holding phase, the SAXS
only showed a slow evolution in the direction of slightly larger
intensities (Ip), and larger sizes (Rg for the fractal model, or o for
the blurred cylinder model). Fig. 4 shows that the SAXS intensity
exhibited rapid changes when the shear was stopped at the same
temperature. The stop of the shearing resulted in a jump of the SAXS
intensity (Ip), and of all characteristic sizes (§ and Rg, or L and o),
which indicates that shearing prevented these structures to grow
in size and/or in concentration. Since the low angle curvature in
the SAXS patterns, which in the blurred cylinder model is associ-
ated with L and on which a proper estimate of I relies, surpassed
the low g-limit of the SAXS window after 12 min, no L or Iy values
are reported beyond that time. No crystalline reflections appeared

in the WAXD signal at the stop of the shearing (data not shown)
which suggests that these structures are poorly, or not, crystalline.

4. Discussion

4.1. Rheometry

The magnitude of the complex viscosity ( (G’/a))2 + (G”/w)z)

calculated from the rheometry data runs parallel to the ear-
lier reported evolution in apparent viscosity determined with
RVA when the same samples were subjected to an identical
time-temperature profile (Putseys et al., 2010). However, in the
earlier RVA study it was observed that GMS addition postponed
pasting and decreased breakdown of the starch paste during the
95°C isothermal holding phase, whereas in the present Couette
cell study, the rheological behavior of the GMS supplemented sys-
tem is indistinguishable from that of the reference. The effects in
the RVA experiment for GMS supplemented systems were related
to adsorption of GMS to the starch granules and to formation of
amylose-lipid complexes (Putseys et al., 2010). The absence of any
rheological effect in the Couette cell experiments points at the
absence of such processes when flow conditions are well controlled,
although the shear rate is nominally identical. Indeed, while a Cou-
ette geometry predominantly induces a horizontal movement in
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the sample (in absence of secondary Taylor vortices), the practical
but rheologically complex RVA geometry is prone to induce more
secondary flows. Be that as it may, this observation calls for further
systematic work on the effects of shear rate, time and temperature
using well controlled flow patterns such as can be realized with a
Couette cell. Such work, however, is beyond the scope of the present
paper.

When comparing the SAXS data with the rheological ones, it is
worth recalling that the time-temperature program in Fig. 1 occurs
under constant shear, but that the rheometry measurements of ¢/
and G” themselves were done under small-amplitude oscillations in
absence of macroscopic shear. The increase of the SAXS parameters
when shear was stopped (Fig. 4) thus also accounts for the static
increases of G’ observed at each point in Fig. 1.

4.2. Fractal structures or elongated scatterers

Although the work by Vallera et al. (1994) was our primary
incentive to use fractal concepts, at this stage, the suggested two-
phase fractal structure seems unrealistic because both £ and Rg are
extremely small. Vallera et al. mentioned fractal clusters of sev-
eral micrometers with building blocks in the range between 17
and 20 nm, whereas we found cluster sizes of 3 nm (&) and building
blocks of only 1 nm (Rg).

Alternatively, the evolution of the SAXS patterns - interpreted
in terms of Eq. (1) - may be due to the scattering of individual poly-
mer coils. The increase in Iy during the high temperature stage can
be attributed to an increasing concentration of amylose polymer
coils that leach into the solution, and the increase in £ in this sce-
nario must imply that progressively larger amylose molecules are
involved or that the coil configurations are expanding with tem-
perature and/or time. As mentioned above, the fitted value of £ at
the end of the 95 °C segment is about 3 nm, which is converted to a
hydrodynamic radius of the scatterers of £ /d;(df +1)/2 ~ 6.5nm
(Teixeira, 1988). This value seems realistic when compared to the
reported hydrodynamic radius (7 nm) of amylose from pea starch
(Parker & Ring, 2001), which has a similar degree of polymerisation
as wheat based amylose. In contrast, the evolution of the scattering
patterns during the cooling of the starch dispersions is not easily
interpreted in terms of the temperature dependent scattering by
polymer coils. The observed increase in Iy cannot be explained in
terms of an increasing concentration of leached amylose chains,
since no further leaching of amylose is expected during cooling.
In fact, there is no reason why the amylose chains would selec-
tively appear in the SAXS patterns of the homogenized starch paste,
even not during heating. On these grounds, it seems that a SAXS
interpretation in terms of dissolved polymer coils is unrealistic.

Ultimately, the absence of a linear region in double logarith-
mic representations of the scattering data with a slope equal to
—2.6 (i.e. the negative fractal dimension, d;, imposed in the fit)
points to the highly artificial and unrealistic nature of this fractal
approach, whatever the underlying morphological features are. The
obtained values of £ and R suggest a fractal structure made up of
building blocks (Rg) that constitute a scatterer of only three times
its size (&). This proximity of the two length scales is incompati-
ble with the concept of fractal structures, implying morphological
self-similarity over an extensive length scale range (Malcai, Lidar,
Biham, & Avnir, 1997).

Therefore, a model consisting of a dilute dispersion of blurred
cylinders was proposed. It allows fitting the data with only three
adjustable parameters, the values of which are presented in
Fig. 3d-f. Before discussing the fits of the SAXS with Eq. (2), it is
useful to discuss the real-space structure corresponding to Egs. (2)
and (4). The mathematical details of this derivation are given in the
Appendix. The inset to Fig. 5 shows the real-space structure of a
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Fig. 5. Radial density profile Ap(r)/Ap(0), for o=1nm, in case of L»r, and in the
inset an electron density map of a blurred cylinder with L=10nm and o=1nm
calculated from Eq. (2).
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Fig. 6. Possible arrangement of amylose double helices in a B crystal type fashion
within the cylindrical scattering objects. Small black circles represent cross-sections
through the double helices (top view). The grey circle has a diameter of 5 nm.

blurred cylinder, scattering like Eq. (2) with L=10nm and o =1 nm.
Fig. 5 shows the radial electron density profile A p(r)/ A pg as a func-
tion of the distance to the cylinder axis for o =1 nm. Most of the
structure is enclosed at a distance to the center smaller than 2o.
Although the actual diameter of such a blurred object is ill-defined,
the value 40 in the following will serve as a practical estimate of
the diameter of the scatterers. It is worth pointing out that the
blurriness of the structure may also reflect a diameter distribution,
reducing the blurred nature of the actual individual scatterers.

The elongated structures detected by SAXS (see Fig. 3d-f) are
about 15 nmin length and 5 nm in diameter. This diameter is signif-
icantly larger than that of single amylose double helices (i.e. about
1 nm)estimated from the structure of type B crystals (Parker & Ring,
2001). The suggested blurred cylinders are therefore to be under-
stood as parallel aggregates of double helices. Fig. 6 illustrates a
possible stacking of such double helices as seen in a cross-section
through the cylinders and assuming a type B crystalline order, rely-
ing on the fact that this crystal type is formed when heated amylose
chains crystallize upon cooling (Eerlingen, Crombez, & Delcour,
1993; Eliasson & Gudmundsson, 2006).

One may wonder why no crystalline reflections are observed in
the scattering at wide angles if such arrangement would indeed
be realistic. In principle, the amount of crystalline material might
be too low and escape the WAXD sensitivity or, alternatively, the
helices may not be stacked sufficiently regularly. In the latter case,
the clusters could be called mesomorphic rather than crystalline.
SAXS cannot discriminate between the options, but, in either case,
if such objects would be present in the gel, they would dominate
the SAXS signal over the contributions of dissolved amylose coils
and other starch components - essentially amylopectin - in the
mixture, as is explained in the next paragraph.

In 8.0% starch dispersions beyond the gelatinization temper-
ature, the starch granules are swollen to such an extend that
they fill the space completely (Steeneken, 1989). Furthermore, the
polysaccharide concentration is so high that no single polymer coil
scattering is expected. The polymer coils are interpenetrating and
overlapping, resulting - together with the water - in a homoge-
neous liquid that only leads to a g-independent constant scattering
at SAXS typical g-values (Hukins, 1981). This homogeneity can be
disrupted as a result of liquid-liquid or liquid-solid phase separa-
tion processes. The electron density of the phases or objects will
emerge from the continuous matrix and produce a SAXS signal on
top of the background when the object or phase length scales are
appropriate.

The suggested blurred cylindrical aggregates are very simi-
lar to the worm-like structures reported in numerous electron
microscopy works on dried amylose gels. Our results also substan-

tiate the earlier SAXS interpretation by I’Anson et al. (1988) who
reported rod-like objects for amylose gels at rest, i.e. without the
application of shear. That they found infinitely thin rods rather than
(blurred) cylinders resulted - in their case — from the lack of SAXS
data at high g-values where this information is present. Remark-
ably, the rod-like structures detected by I'’Anson et al. are much
longer (about 70 nm) than the blurred cylinders discussed in the
present paper. This may result from the lower amylose level in
our system. I’Anson et al. (1988) studied 6.0% amylose solutions,
whereas the effective amylose concentration in our case is only
2.0% (£25% of an 8.0% starch solution). Furthermore, this length
difference may be related to the presence of shear in our case, lim-
iting the longitudinal growth of the cylindrical aggregates. The role
that shear plays in hindering the growth of the aggregates is con-
firmed by the sudden increase in L and o when shearing is stopped
(Fig. 4).

However, when shearing is stopped, not only the size of the scat-
tering objects increased suddenly, but also the shape of the SAXS
patterns changed: the asymptotic slope of the patterns on a dou-
ble log scale at relatively large g-values came closer to —4 (which
is an indicator for sharp interfaces), and the low-angle scattering
deviates from the blurred cylinder model (see curve c in Fig. 4).
This possibly points to an evolution of the morphology towards
the fractal two-phase structure described by Vallera et al. (1994).
Although these authors reported well defined interfaces, it needs
to be noted that scattering at high g-values, i.e. beyond g=0.1A-1,
in their case was rather noisy and could not exclude blurred inter-
faces on the smallest length scales. In fact, Fig. 6 illustrates that
interfaces of B-type crystals cannot be sharp down to the atomic
level as they are made up of stacked double helices. The fractal
phases reported by Vallera et al. (1994) consist of subunits with a
size of 17-20 nm, which is significantly larger than the values 40
~7.0 nm found at the end of the experiment depicted in Fig. 4, but
which is very close to the estimated cylinder lengths. The increase
of o and L when shearing is stopped and the progressive departure
from the adopted cylindrical model suggest that shearing - besides
hindering longitudinal and lateral growth of the amylose double
helix clusters — also prevents the further agglomeration of these
clusters into fractal macro-aggregates.

4.3. Nanostructural analysis of gelation

The blurred scatterer model of SAXS brings semi-quantitative
information on the number of cylindrical double helix aggregates
and the total volume of these aggregates. The latter is proportional
to the total amount of double helices involved in crystallization.
Both are expected to influence the network formation and, thus
also the rheology of the sample via the amylose chain fragments
that bridge different clusters of double helices. In case of dilute
dispersions, the SAXS intensity at angle zero, Iy, is proportional to
nV2(Ap)?, where n is the number concentration of scatterers, V is
their individual volume, and Ap is their electron density contrast
with the solvent (Pedersen, 1997). In our case, the volume of the
scatterers V is proportional to Lo2. If we further assume that the
contrast of the scatterers with the solvent is a constant, and that
only their size and concentration change with temperature and
time, we can infer that the quantity Iy/(Lo2)? is proportional to the
concentration n of scatterers in the solutions (Gommes, Goderis,
Pirard, & Blacher, 2007). This quantity, estimated from the SAXS
parameters depicted in Fig. 4, is plotted in Fig. 7a against time for
all three solutions.

The decrease of G’ at the beginning of the 95°C isothermal
dwell seems to be mirrored in the evolution of Iy/(Lo2)2. In other
words, aggregates formed at relatively low temperatures from the
leached amylose chains during the heating phase, dissociate at
higher temperature. Elaborating on this similarity with melting,
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, proportional to the concentration of double helix cylindrical aggregates for 8.0% starch (square); 8.0% starch+1.0% glycerol

monostearate (GMS) (diamond) and 8.0% starch + amylose-GMS complexes (circle), subjected to a time-temperature profile (smooth line) in a Couette cell. (b) SAXS-based
estimate, Ip/(Lo?), proportional to the total volume occupied by the double helix cylindrical aggregates for 8.0% starch (square); 8.0% starch+1.0% glycerol monostearate
(GMS) (diamond) and 8.0% starch +5.0% amylose-GMS complexes (circle), subjected to a time-temperature profile (smooth line) in a Couette cell.

and considering the results in Fig. 7a, we argue that the appar-
ent increase of L (Fig. 3d-f) during the high temperature stage
reflects the preferential melting of the smallest aggregates, rather
than a growth of the existing ones. Only the largest ones survive
the heat treatment. Relations between the crystal size and their
melting temperature are conveniently cast into a Gibbs-Thomson
equation with structural parameters and surface energies suited
for a given (crystal) geometry (Wunderlich, 1980). Recently, a rela-
tion between the lamellar crystal thickness of amylose-rich starch
samples and their melting temperature was established. According
to the work by Gomand, Lamberts, Gommes, Delcour, and Goderis
(submitted for publication), only large size amylose crystals are
expected to melt at about 150°C in excess water, which is an often
cited melting temperature for mature amylose crystals (Delcour &
Hoseney, 2010).

The further decrease of Iy/(Lo2)? during the cooling has another
origin. As it is accompanied by an increase of the lateral size o
of the aggregates (Fig. 3d-f), it is natural to envisage it as an
agglomeration or ripening of existing aggregates into fewer, but
larger structures. Such processes should leave the total volume
of the aggregates unchanged. This seems not to be the case, as
illustrated in Fig. 7b where the quantity Iy/(Lo?), proportional to
the total volume of the aggregates, clearly increases. Therefore,
besides the agglomeration and/or ripening of existing double
helix aggregates also new aggregates seem to be nucleated and/or
existing aggregates grow by the addition of doubles helices from
the solution. In contrast, the decrease in the number of scatterers
at high temperature leads to a decrease of their total volume
(Fig. 7b), in line with the melting hypothesis.

Comparison of Figs. 1 and 7b shows that the temperature depen-
dence of the gel stiffness, G/, parallels the total volume of aggregates
over the entire temperature range. In general, the granule volume
fraction, granule stiffness and amylose aggregation determine the
sample viscosity (Gomand et al., submitted for publication). In the
present case, the swollen granules are space filling and, by shear
force actions, they are undoubtedly disintegrated to a large extent
leading to a homogenized material. The qualitatively similar evo-
lution of G’ and of Iy/(Lo?) clearly indicate that aggregated amylose
double helices - although relatively small - are the main factor
determining the rheology of the starch pastes under the homo-
geneous conditions studied here. In the isothermal segment at
40°C, the total volume of the aggregates is constant, which is also
reflected in a constant G’ for two of the three samples, but clearly
not in the dispersion supplemented with amylose-GMS complex,
in which G’ increases continuously. A similar evolution is seen
in Fig. 7a, which reveals a small but continuous decrease of the

concentration of aggregates of that particular solution during the
isothermal dwell. At first sight, the accompanying constant total
volume (Fig. 7b) points at processes driven by a tendency to reduce
the interfacial area, such as crystal ripening or cluster coalescence.
From this perspective, it seems natural to expect a lateral cluster
growth, i.e. an increase in 0. However, careful inspection of the data
(Fig. 3d-f) reveals that the increase of the cluster size (~Lo?2) in the
isothermal part at 40°C results from a small increase in L rather
than in 0. We may speculate that longitudinal growth is hampered
when the mobility of the leaving polymer chains is constrained by
connectivity to other clusters and that it is energetically favorable
to sacrifice a number of (small) clusters to release these constraints
and to allow longitudinal growth. On the other hand, it is not obvi-
ous how this process can account for the concomitant spectacular
increase of the stiffness of the network, i.e. G’, as observed in Fig. 1.
If this stiffness increase would not be a mere effect of size, it may
well be that the nature of the clusters changes as a result of a
change in the size. Changes in nature may involve size-induced
polymorphic transitions or a transition from mesomorphic to crys-
talline order, which in turn may increase the stiffness of the clusters
and, hence, of the gel-forming network. A clear example of such
transition in synthetic polymers has been reported by Rastogi and
Kurelec (2000) for polyethylene crystallizing at high pressure. They
observed that small polyethylene crystals are initially formed in the
hexagonal phase. Interestingly, in this mesomorphic phase, poly-
mer chains can move parallel to the chain axis and crystal growth is
allowed in the chain direction up to a critical size where the crystal
structure converts into an orthorhombic packing. This transition
locks in the crystal dimension in the chain direction and freezes all
axial chain movements. Keller et al. (1994) published schemes on
the size dependence of phase stabilities and Strobl (2006) casted
these concepts into the broad context of polymer crystallization at
ambient pressure.

Such processes - if they apply — seem not to occur for the other
two solutions since no increase of G’ is observed at 40°C in their
case. It is possible that the clusters already reached the critical L
dimension for crystal conversion prior to the isothermal stage at
40°C. Indeed, for the other two samples, L is markedly larger. The
lower stiffness for these samples may simply reflect the lower con-
centration (Fig. 7a) and total volume of clusters (Fig. 7b). The num-
ber and volume of aggregates at any given temperature is largest for
the solution supplemented with amylose-GMS complex. This sam-
ple contains 5.0% additional mass on starch dm base, i.e. £20% addi-
tional short linear chains on amylose dm base, which could account
for the higher concentration observed. The high number and vol-
ume of aggregates in this sample, however, also suggest a facilitated
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Fig. 8. Schematic overview of gelation of starch: amylose coils (a), leached out from
the granule during and after gelatinization, form aggregates (b) especially during
cooling of the heated starch dispersion. These aggregated structures are modeled by
blurred cylinders. When shear is stopped, the cylinders increase in size and number
(c). A further aggregation and clustering towards a fractal model with sharp inter-
faces (d), as suggested by Putaux et al. (2000) and Vallera et al. (1994), seems the
logical following step. Note that this figure is only qualitative: the amount of double
helices within the clusters might be significantly larger than shown.

aggregate nucleation induced by the freed short amylose fragments
that - because of less conformational constraints — are more readily
arranged into double helices in mutual conjunction or with frag-
ments of the longer amylose chains leached from starch granules.
However, a more efficient cluster nucleation may bring constraints
to the polymer mobility, as discussed above, and hinder cluster
growth and stabilization processes. Whether or not size-dependent
crystal or double helix packing conversions are at hand cannot be
decided from the present dataset since no obvious changes to the
WAXD patterns could be observed for reasons mentioned above.
In any case, the observed positive contribution of the short amy-
lose chains to the viscosity build-up and the associated network
formation corroborates earlier findings (Putseys et al., 2010).

In summary, during pasting and gelation of a starch dispersion,
the following processes take place. First, amylose is released from
the granules (Fig. 8a). These linear chains then interact by forming
double helices, which aggregate to form a network. Network forma-
tion takes place immediately following starch gelatinization, since,
from the beginning of pasting, the storage modulus is larger than
the loss modulus. During cooling, existing aggregates of amylose
double helices - modeled as blurred cylinders - aggregate and grow
and new ones nucleate, leading to a stronger network and a larger
viscosity (Fig. 8b). Stopping shear leads to further growth and clus-
tering of the aggregates (Fig. 8c). It seems logical to consider these
structures as precursors to the fractal structures (Fig. 8d) previously
described by Vallera et al. (1994) and Putaux et al. (2000).

This line of thought may well resolve the inconsistency men-
tioned in the Introduction between the SAXS results by '’Anson
et al. (1988) and the SANS data by Vallera et al. (1994), reporting,
respectively, rod-like entities and two-phase fractal morphologies
for amylose gels. The former data were recorded after quench-
ing a hot amylose solution to room temperature, but it cannot be
retrieved from their paper how long after the quench the gels were
measured. It is likely that SANS data were collected considerably
later than the time of the quench, thereby allowing ample time for
helix cluster aggregation, and fractal morphologies to develop.

The suggested size-dependent crystallization pathways at this
stage are rather hypothetical and call for further systematic
research on, e.g. pure amylose solutions with suitable supplements.
Combined SAXS/WAXD experiments involving shear are of partic-
ular interest since this seems to be a means to preserve the initial
stages of crystallization whereas stopping shearing can be used to
trigger further stabilization processes.

5. Conclusion

This study underlines the essential role of amylose in the
rheological behavior of gelling aqueous starch solutions. Time-
temperature resolved SAXS under shear clearly indicates that
aggregated amylose double helices, modeled as thin blurred
cylinders, are the primary determinants in starch gelation. The
concentration and total volume of the amylose double helix aggre-
gates determine the concomitant changes in rheology. Application
of shear, however, inhibits growth of these aggregates. The increase
in G’ when supplementing the material with amylose-lipid com-
plexes results from a larger concentration and total volume of
cylindrical aggregates, each consisting of a higher level of double
helices, brought about by the liberation of short amylose chains
from the complex. Furtherresearch is needed to elucidate the origin
of the spectacular increase in network stiffness during the holding
time at40 °C.Itis suggested that size-induced polymorphic changes
may play a role.
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Appendix A. Real-space structure corresponding to the
blurred cylinder model

The blurred cylinder model we introduced to analyze the SAXS
data is a convolution of a dilute dispersion of infinitely thin rods
by a blurring function. In Fourier space, the convolution becomes a
regular product, which leads to Eq. (2). In this appendix, we derive
the real space structure of the electron distribution corresponding
to an exponential blurring function in Fourier space.

The three-dimensional Fourier transform of Eq. (4) is calculated
via classical calculus, and one finds

b(r) = %(02 +12)7? (A1)

The blurring function b(r), given by Eq. (A1), describes how a
point-wise electron density is blurred. The actual electron distri-
bution corresponding to Eq. (2) is a convolution of Eq. (A1) with an
infinitely thin rod of length L. In cylindrical coordinates (z, r), with
z parallel to the rod, the electron density difference between the
blurred cylinder and the pure solvent is therefore written as

+L/2 B
Ap(z, ) = % / %[02 112 4 (z - %)) dx (A2)
12

with n, the total extra number of electrons in the blurred cylinder,
compared to the same volume of solvent.
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The inset in Fig. 5 shows the electron density map Ap/Apg in
the central plane of the blurred cylinder with A pg=ne/(2w02L),
for L=10nm and o =1 nm. The latter numerical values correspond
roughly to those derived from the SAXS (see Fig. 3d-f).

In order to relate the parameter o to the lateral size of the cylin-
ders, it is convenient to consider the case L> . In this case, the
electron density at a reasonable distance away from the cylinder
apexes only depends on the radial distance to the center of the
cylinder, and Eq. (A2) simplifies to

-3/2
Ap(r) _ ry?

Apy = 1+ (E) (A3)
with A pg=ne/(2wo2L). The electron density profile obtained from
Eq. (A3) is plotted in Fig. 5. The total number of extra electrons
at a distance to the center of the cylinder smaller than r, An(r),

is obtained by integrating Eq. (A3) in cylindrical coordinates. The
answer is found to be

o\ —1/2
Ar’l’ir)=1<1+(;>) (Ad)

from which it is seen that about 50% of the extra electrons are at a
distance to the center smaller than 2.
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