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Stellingen 

Een geconœntreerd zetmeelgel kan worden beschouwd als een driedimensionale 
legpuzzel waarin de puzzelstukjes aan elkaar zijn geplakt, met de gezwollen 
zetmeelkorrels als puzzelstukjes en een dun laagje amylosegel als het plakmiddel. 
Dit proefschrift 

De onregelmatigheid van de vorm van gezwollen zetmeelkorrels bepaalt in grote mate 
de breukeigenschappen van geconcentreerde zetmeelgelen. 
Dit proefschrift 

De waarneming van Svegmark en Hermansson dat gezwollen aardappelzetmeelkorrels 
gevoeliger zijn voor afschuiving dan gezwollen tarwezetmeelkorrels kan worden 
verklaard door het grotere aantal warpunten in tarwezetmeelkorrels. 
K. Svegmark and A.-M. Hermansson, Carbohydr. Polym. (1991) 15, 151-169. 

De sensorisch waargenomen veroudering van brood wordt niet alleen bepaald door 
de eigenschappen van het vaste materiaal maar ook door de macroscopische structuur 
van het brood, met name door variaties in de grootte van de gascellen en in de dikte 
van de staafjes tussen de cellen. 
Dit proefschrift 

In de theorie van Ashby en Gibson worden de mechanische eigenschappen van vaste 
materialen met een sponsstructuur gerelateerd aan de volumefractie en de mechanische 
eigenschappen van de matrix. Deze theorie is niet zonder meer toepasbaar op brood 
gezien de onregelmatigheid van de sponsstructuur. 
Gibson and Ashby, "Cellular Solids", Pergamon Press. 
Dit proefschrift 

De term retrogradatie heeft voor verschillende onderzoekers een verschillende 
betekenis, vaak afhankelijk van het systeem en de methode waarmee dit verschijnsel 
is bestudeerd. Het is daarom zaak om de term retrogradatie goed te definiëren. Nog 
beter zou het zijn om de term in het geheel niet te gebruiken. 

Om het effect van amylosegelering op de gelering van een 20% zetmeelgel te 
bestuderen gingen Miles et al. uit van een 4% amylose-oplossing. In werkelijkheid 
is de effectieve concentratie tussen de gezwollen zetmeelkorrels veel hoger (~ 20%). 
Aangezien de stijfheid van een amylosegel veel sterker dan evenredig toeneemt met 
de concentratie en ook de snelheid waarmee een gel wordt gevormd sterk afhankelijk 
is van de concentratie, geven de resultaten van Miles et al. slechts een indicatie. 
M.J. Miles et al. (1985) Carbohydr. Res., 135, 271-281 
H.S. Ellis and S.G. Ring (1985) Carbohydr. Polym., 6, 201-213. 
A.H. Clark et al. (1989) Macromoleades, 22, 346-351. 

Het effect van hoogpasteurisatie van de ondermelk op de weerstand tegen vervorming 
van aangezuurde ondermelkgelen is toe te schrijven aan een verandering in de 
fysische structuur van het gel,, 
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9 De heterogene structuur van snoepjes gemaakt van gellan gom is belangrijk voor het 

vrijkomen van smaakstoffen bij consumptie ervan. Om het inzicht in de structuur van 
materialen op basis van dit verdikkingsmiddel te vergroten zouden 
permeabiliteitsmetingen een goede aanvulling zijn op de reologische metingen. 
A. Tsiami et al. (1994) In: Gums and Stabilisers for the Food Industry 7, pp. 157-165. 

10 Het aankopen van grond voor stadsuitbreiding en natuurgebieden drijft de grondprijs 
op en remt de groei van bestaande boerenbedrijven. 

11 Een grotere mobiliteit spoort niet met het milieubeleid. 

Stellingen behorende bij het proefschrift "Rétrogradation of concentrated starch systems; 
mechanism and consequences for product properties" door C.J.A.M. Keetels. 
Wageningen, 24 mei 1995. 
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Abstract 

Keetels, C.J.A.M. (1995) Rétrogradation of Concentrated Starch Systems; 
Mechanism and Consequences for Product Properties. Ph.D. thesis, Wageningen 
Agricultural University (165 pp., English and Dutch summaries). 

Keywords: Starch, gelation, rétrogradation, gels, starch bread, rheology, fracture, 
thermal analysis, microscopy, amylose, amylopectin, GMS, SSL. 

The mechanical properties of concentrated starch + water systems were studied during 
heating, cooling and storage. Methods used were a small-amplitude dynamic 
rheological test and compression between parallel plates. The mechanical properties 
were related to the structure of the gels. Information about the structure of the gels 
was obtained by electron and light microscopy and DSC. Starches used were from 
wheat and potato. 

During heating of starch suspensions at rest, storage moduli first increased and 
subsequently decreased. This result is related to swelling of starch granules, melting 
of crystallites, separation of amylose and amylopectin, and loss of entanglements 
between starch molecules. Concentrated starch gels formed during heating at rest 
consist of partly swollen, irregularly shaped granules, which are tightly packed, with 
a thin amylose gel layer in between. The mechanical properties of these gels at large 
deformations are determined by the stiffness of the swollen granules, their shape and 
the mechanical properties of the thin amylose gel layer. Observed changes in Young 
modulus, and in the stress and strain at fracture during ageing are primarily ascribed 
to the increase in stiffness of the swollen granules. This increase is due to the 
formation of (semi) crystalline domains consisting of clusters of ordered double helices 
of short branches of amylopectin molecules. 

The mechanical properties of starch breads were measured in two successive 
compression/decompression cycles and the results were discussed by applying a theory 
developed for cellular solids. The mechanical properties of starch bread are 
determined by the mechanical properties and the dimensions of the condensed lamellae 
and beams, which have a structure comparable with that of concentrated starch gels, 
as well as the size and size distribution of the gas cells. GMS and SSL affect the 
mechanical properties of starch bread in two opposite ways; by affecting the properties 
of the lamellae and beams forming the bread structure and by making the crumb 
structure finer (gas cell size distribution) and more even. They hardly affect 
amylopectin recrystallization in starch bread. 
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Chapter 1 

General Introduction 

1.1 Starch: origin and production 

Nearly all green plants produce starch as a form of storage energy. After cellulose, 
starch is the most abundant carbohydrate present in food and feed, and most of it is 
consumed without being separated from the rest of the plant material. On an 
industrial scale, starch is purified by separating it from other plant materials, such 
as fibre, proteins, sugars and salts. The most common sources from which starch is 
isolated are potato tubers, kernels from wheat, maize and waxy maize, cassava 
roots (tapioca) and the trunk of the sago-palm. The estimated world production of 
these starches is given in Table 1.1. 

Table 1.1 World production of commercial starches. ' 

Botanical source Starch production in 106 kg/year 

Maize 19.9 

Potato 2.3 

Cassava 1.8 

Wheat 1.3 

Waxy maize 0.3 

The properties of the starches prepared from different sources vary considerably, 
i.e. each type of starch is unique. In industry, several modification techniques are 
used to provide starch products with the properties needed for specific uses. In 
Western Europe two thirds of the total starch production is used in the food and 
beverage industries.2 It is applied as thickener in sauces, custards, pie fillers and 
desserts. After enzymic hydrolysis, it is also used as sweetener in drinks and 
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confectionary. Other applications include the use of maltodextrins in dietetic and 
low-calory foods. Of the total starch production in Western Europe, approximately 
one third is used for non-food products, mainly in the paper, packaging and textile 
industries. A small part is used as a raw material in the chemical industry. 
Fermented products are applied in, e.g., cosmetics, pharmaceuticals and 
biodegradable plastics. 

1.2 The native starch granule 

1.2.1 Appearance of starch granules 

Starch occurs in partially crystalline granules that are insoluble in water at room 
temperature. Starch is produced through photosynthesis via glucose in chloroplasts 
and amyloplasts. Inside the chloroplasts, starch granules remain very small. In the 
living plant, the energy accumulated through photosynthesis by the chlorophyll is 
used for energy during the night. Amyloplasts are organelles specialized in the 
storage of starch.3 Starch biosynthesis is initiated at a recognizable site in the later 
granule called the hilum, which is usually less organized than the rest of the 
granule. A starch granule grows by apposition; newly synthesized oligomers are 
linked to starch molecules at the surface; as a consequence, the granule grows. The 
size of the granules varies from 2 to 100 îm. The size and shape of the granules 
depend on species and maturity of the plant. Granules of tuber and root starches 
are generally larger than those of cereal starches. Potato starch granules are largest 
(15-100 ixm diameter), ellipsoidal in shape, and asymmetric with respect to the 
position of the hilum.4'5 Maize starch granules have a more polyhedral shape, 
varying in size from 5 to 25 jum.4 In wheat starch two types of granules occurs; 
lenticular 'A' granules with a diameter of 10-45 /xm and polyhedral 'B' granules 
with a diameter up to 10 pirn.5 Both the composition and gelatinization 
characteristics of A and B-type granules differ.6 

Most native granules exhibit concentric growth rings, which are, in fact, 
alternating concentric shells of high and low refractive index, density, crystallinity 
and resistance to attack by enzymes or chemicals.7 In wheat starch, the number of 
growth rings appears to correspond to the number of days of granule development.8 

If wheat is grown under constant environmental conditions, growth rings may be 
absent. In potato starch granules, growth rings are produced even when the 
potatoes are continuously exposed to light at a constant temperature. 

1.2.2 Composition and structure of starch 

Starch granules are composed mainly of a mixture of two large polysaccharide 
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molecules, amylose and amylopectin. Amylose contents of most reserve starches 
are rather similar: 20-30%.4,9 It is about 28% for wheat and maize starch, and 23-
26% for potato starch. In many plant species mutants are known with an altered 
starch composition. In amylomaize, the amylose content is very high (about 50 -
80%) and in waxy starches very low (< 1%).9 

Amylose is an essentially linear molecule consisting of a-D-glucopyranose 
residues linked together by (l-»4) bonds (Figure 1.1). The amylose molecule never 
can be stretched; it therefore has the tendency to form a helix. The size of the 
amylose molecules varies according to the plant source. For instance, the average 
degree of polymerization (DP) of amylose from potato starch is much larger than 
those of wheat and maize starches.1011 It has been known for some time that, as a 
result of the presence of a few branching points, amylose molecules may not be 
completely hydrolysed to maltose by the enzyme 0-amylase. Recently, the 
heterogeneity of amyloses has been investigated in more detail.10,11 It was shown 
that amylose from various sources contains, on average, 2 to 8 branch points per 
molecule. Amylose molecules from potato starch have, on average, more branch 
points than those from wheat starch. The chains showed broad distributions of 
molar mass, varying from short (maltotetraose) to long (DP > 100) chains. A 
more branched polysaccharide molecule with, on average, 20 chains per molecule 
has been fractionated from maize starch.11 This molecule contained short (DP = 
18), long (DP > 230) and very long chains (DP > 2730). This polysaccharide 
seemed to have a structure that locally resembles that of amylopectin. 

OH | 

Ch 

,Â 

Figure 1.1 Linkage of the a-D-glucopyranose residues in amylose and amylopectin 
molecules. 
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Amylopectin is the highly branched component of starch. On average, 4-5% of 
the glucose residues carry, besides the (l-»4)-bond, a (l-»6)-bond to an adjacent 
residue (Figure 1.1). The molar mass of amylopectin varies between 106 and 109 

Da.4 The value is dependent on the botanical origin of the starch, the conditions of 
the fractionation of amylose and amylopectin, and the method used to determine the 
molar mass. The chain profile of amylopectin has been investigated by enzymic 
debranching and gel permeation chromatography. Two main populations were 
observed, one with a DP « 60 and another, more abundant, population with DP 
« 17.12 By improving the separation techniques a poly modal chain distribution 
with periodic peaks at multiple lengths was obtained.13 It is generally agreed that 
amylopectin has a structure, in which the short chains are arranged in clusters on 
the longer chains4,714 (Figure 1.2). Hizukuri13 has proposed that 80-90% of the 
chains are present in only one single cluster. The remaining 10-20% form inter-
cluster connections, most of which connect two successive clusters. 

i 
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Figure 1.2 Cluster model of amylopectin proposed by Hizukuri.13 4>, reducing chain-
end; —, (l-+4)-a-D-glucan chain; -», a-(l-*6) linkage; c.l. = chain length 
= number of glucopyranose residues. 

Besides amylose and amylopectin, small amounts of non-carbohydrate 
components are present, particularly lipids, proteins, and minerals, among which 
phosphates. Tuber and root starches contain only a small amount of lipids (< 
0.1%) compared with cereal starches.9 The amount of lipids in normal maize and 
wheat starch granules is about 0.8%.1516 The protein content also varies among 
sources of starch. Cereal starches contain a considerable amount of proteins (0.25 -
0.5%), whereas the protein content in tuber and root starches is less than 0.1 %.417 

In potato starch, negatively charged phosphate groups are present.18 Most of these 
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groups are esterified onto glucose residues in amylopectin (about 1 phosphate group 
per 300 glucose units). 

The minor components in starch may affect the behaviour of starch in various 
applications. For instance, amylose readily complexes with the hydrocarbon chain 
of monoacyl lipids.19 It is, however, still unknown whether internal lipids are 
complexed with amylose in the native granules or whether a complex is formed 
during heating of starch in water.20 Amylose-lipid complexes reduce the swelling 
capacity of cereal starches.21 The mutual repulsion of negatively charged phosphate 
groups probably accounts partly for the high degree of swelling of potato starch 
granules in pure water.18 This will be discussed in section 1.3.3. 

1.2.3 Granule organization 

The structure of starch has been subject of many investigations. Well-documented 
reviews on the organization of the granule are given by French22 and Blanshard.7 

Here a short description is given. 
When starch granules are observed under a polarization microscope a 

characteristic dark cross, known as a 'Maltese cross', is seen, which implies that 
there exists a high degree of molecular organization within the granule. The sign of 
the birefringence is positive, indicating that the polysaccharide molecules are 
radially oriented in the granule.7 Wide angle X-ray scattering (WAXS) has shown 
that starch granules are partially crystalline; the overall crystallinity of starch is 
about 20-45%.23,24 Amylose and branching regions of amylopectin form the 
amorphous regions in the starch granule. The crystallinity arises mainly from 
ordered linear segments of amylopectin. These are present in the form of double 
helices with a length of approximately 5 nm. The chains in the double helices are 
left-handed and parallel to each other. The double helices are crystallized into thin 
(~ 5 nm) lamellar domains (Figure 1.3A), which are visible in transmission 
electron micrographs (TEM).2528 WAXS has revealed the presence of three forms 
of packing of the double helices, the so-called A-, B-, and C-forms. The A-form is 
found in most cereal starches, the B-form in tuber starches, and the C-form in 
legume starches. The crystals of both the A- and B-form are made up of a 
hexagonal arrangement of double helices, which are packed in a parallel 
register.29'30 Water molecules are integral parts of the starch polymorphs A and B, 
the amount of water varying for the different types. The amounts of water of 
crystallization are estimated at 0.1 and 0.25 kg per kg dry starch for the A- and B-
form, respectively.31 The C-form is probably a mixture of the A- and B-type 
crystallites.32 From results of electron microscopy and small-angle X-ray scattering 
(SAXS), Oostergetel and van Bruggen27,33'34 suggested that the crystalline lamellae 
of starches with more than 50% amylopectin are helically arranged (Figure 1.3B). 
In this model the amylopectin segments in the crystalline regions are all parallel to 
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the axis of the large helix. The diameter of this helix is —18 nm, and the spacing 
(distance) between adjacent turns of the helix is approximately 10 nm. The 
diameter of the central cavity of the helix inside the helix is — 8 nm; it is not clear 
until now what material is present in the cavity. The large helices form a more or 
less continuous super helical structure, in which the left-handed helices are packed 
in a tetragonal array.34 

'/•> 

B Vi 

Figure 1.3 Schematic model for the arrangement of amylopectin in potato starch. (A) 
Model showing the clustering of the double helical linear chains. (B) Model 
showing layers of crystalline lamellae containing double helical linear 
chains alternated with amorphous layers containing the branch points. The 
crystalline layers form a continuous network consisting of left handed 
hélices packed in a tetragonal array. Neighbouring helices are shifted 
relative to each other by half the helical pitch (indicated by 0 and 'A). 
(From: Oostergetel and van Bruggen34) 
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1.2.4 Starch biosynthesis 

In starch biosynthesis three distinct enzymic processes are involved: initiation, 
chain elongation and branching. It has been proposed that the initial step consists of 
elongation of "primer" chains on a glucoprotein.35"38 These chains can serve as an 
acceptor for glucose residues transferred from ADPG (adenosine diphosphate 
glucose) and UDPG (uridine diphosphate glucose). The enzymes ADPG- and 
UDPG-glycosyltransferases (starch synthases) transfer the glucose units from 
ADPG or UDPG to an acceptor substrate [G]x; these enzymes catalyze the 
formation of a-l,4-bonds between the D-glucopyranosyl units and the non-reducing 
ends of the chain molecules.39,40 

synthase 
UDPG + [G]x - G-(1^4)-[G]X + UDP 

synthase 
ADPG + [G]x -» G-(l-*4)-[G]x + ADP 

Multiple starch synthases are known:37 one or two associated with the starch 
granule and one, but more often two, in solution. The granule-bound starch 
synthase seems to be responsible for the synthesis of amy lose, since this enzyme is 
absent in waxy mutants.41,42 The synthesis of amylopectin would result from a 
combined action of one or more soluble starch synthases and branching 
enzymes.37,40 The branching enzyme (or Q-enzyme) can synthesize the a-1,6 cross
links in amylopectin.39,40 Various plants have been shown to contain more than one 
branching enzyme.40 Amylopectin is therefore not a product formed from a simple 
two-enzyme complex of a starch synthase and a branching enzyme, but it is a 
product of various pairs of these enzymes. 

Various hypotheses have been developed to explain the side-by-side synthesis of 
amylose and amylopectin. Recently, Ponstein37 suggested that the more soluble 
'granule-bound' starch synthases compete with the branching enzyme for 
complexation of the linear amy lose-like fragments. The formation of complexes 
with starch synthase protects linear fragments against branching enzyme activity. 
Thus, the ratio of amylose and amylopectin is probably affected by the ratio of 
branching enzyme and granule bound starch synthase and their affinities for linear 
chains. 
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1.3 Structural changes during heating 

1.3.1 Introduction 

When native starch granules are suspended in water at room temperature, a small 
amount of water is reversibly taken up.43 For example, potato starch granules 
absorb water until the water content is approximately 35%.44'45 This results in a 
minor swelling of the granules; the granules keep their shape and birefringence. 
When heat is applied to such a system, starch undergoes a series of processes 
known as gelatinization. There is a drastic increase in swelling, which is no longer 
reversible. Nearly simultaneously, the granules lose their birefringence and X-ray 
pattern, which indicates that the crystallites melt. These processes are accompanied 
by a (partial) leaching of amylose from the granules. The order-disorder transition 
occurs over a temperature range characteristic for the type of starch. For starches 
of normal amylose content (20-30%) and in the presence of enough water, this 
transition occurs somewhere in the temperature range 55-70 'C.46,47 After all 
crystallites are disrupted, the swelling of the granules and the leaching of amylose 
continue. 

Below, I will discuss the different aspects of starch gelatinization more 
comprehensively. Moreover, I will describe the effect of gelatinization on 
rheological properties of starch suspensions. 

1.3.2 The order-disorder transition 

Several instrumental methods have been applied to study changes that occur in the 
ordering of starch molecules during heating; these include polarization 
microscopy,48"52 small angle X-ray scattering (SAXS),53"55 wide angle X-ray 
scattering (WAXS),51'56"58 differential scanning calorimetry (DSC)44'46,47'49'52'56'59"67 

and 13C-NMR spectroscopy.43'56,68'69 These techniques are sensitive to chain 
organization at various length scales, and changes in it during heating in water. For 
instance, decreases in crystallinity as measured with WAXS occur over a much 
broader temperature range than the loss of birefringence; they start before the 
birefringence of granules starts to disappear and continue after all birefringence has 
been lost.51 On the other hand, with several starches that had been pretreated 
thermally, the decreases in crystalline order (as monitored by WAXS) and 
molecular order (as followed by 13C-NMR spectroscopy) follow the same relative 
quantitative pattern.56 

In recent years, several workers have used DSC to study phase transitions that 
occur when an aqueous suspension of starch granules is heated. DSC registrates 
both first order (melting) and second order (glass) thermal transitions. These 
studies show that at relatively high water contents, roughly at more than 65%,44'61 a 
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single endotherm occurs at about 60 'C (Figure 1.4). The position of the peak 
depends on the type of starch studied,46,47,67 and on the DSC heating rate.60'61 As the 
amount of water available per unit amount of starch is reduced, the enthalpy 
change in this transition is progressively reduced, with a concomitant development 
of a second transition at a higher temperature. At low water contents, about less 
than 35%, only the second endotherm is present.44'61 Thus, at intermediate water 
levels the disorganization of the ordered structure of starch shows itself in the form 

TEMPERATURE ("C.) 

Figure 1.4 DSC thermograms of potato starch with different water contents. The 
volume fractions of water are indicated. The heating rate was 10 K-min'1. 
(From: Donovan61) 

of two endothermic transitions. Moreover, in lipid containing starches a third 
endothermic transition can be observed at higher temperatures, which has been 
attributed to the dissociation of amylose-lipid complexes.63'66 The temperature of 
the first endothermic transition does not vary significantly with the water content, 
whereas the temperatures of the second and third endotherms increase with 
decreasing water content. 

The molecular mechanism responsible for the biphasic endotherm is still 
uncertain. Several workers44'59'61 have given an explanation for this behaviour, that 
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of Evans44 being a plausible one. It is based on the hypothesis that the crystalline 
zones would have different stabilities. Each granule contains crystallites that have a 
range of stabilities, and with the application of heat, the least stable crystallites 
would melt first. As some crystallites melt, the granule can absorb some water. 
The water content of the granule thus increases successively, and therefore the 
melting point of the remaining crystallites decreases. Due to this, a single granule 
gelatinizes over a narrow temperature interval. At low water contents there is a 
reduction in the effective water content for the remaining ungelatinized granules or 
regions in a granule, which therefore melt at a higher temperature. 

In view of the partially crystalline nature of the starch granule, attempts were 
made by several workers44,49,59"61'66,67 to treat starch gelatinization as a melting 
process by applying the Flory-Huggins equation.70 This expression relates the 
melting temperature of a semi-crystalline polymer to the diluent concentration 
under equilibrium conditions. However, the validity of this approach has recently 
been questioned because of the non-equilibrium character of the melting 
process.60,71'72 

1.3.3 Swelling and solubilization 

The order-disorder transition is accompanied by swelling of the granules. 
Moreover, during these processes part of the amylose molecules become 
solubilized in the water phase surrounding the granules. The leaching out of 
amylose is due to amylose and amylopectin being incompatible in a fairly 
concentrated solution and the higher mobility of amylose compared to amylopectin. 
At temperatures of 70-90 'C, mixed aqueous systems of purified samples of 
amylose and amylopectin separate into phases enriched to about 70-80% of the 
preponderant component.73 This means that during gelatinization always a certain 
amount of amylose would remain in the granules. 

Morphological changes that take place during gelatinization can be observed by 
scanning electron microscopy74"76 and light microscopy.77'78 Wheat, barley and rye 
starches show a characteristic two-stage swelling.74,76 After the first swelling step, 
which occurs between 60 and 80 'C (thus at temperatures at which the crystallites 
melt), the starch granules are only slightly swollen. They exhibit radial swelling in 
one plane, resulting in the formation of flattened discs. During the first stage of 
swelling, solubilized amylose was observed in the centre of the swollen granules 
and, to some extent, outside the granules.77 The release of amylose outside the 
granules is thus low, as was also observed by others.79'80 During the second 
swelling stage (80-85 °C), changes occurred rapidly. The granules displayed a 
tangential swelling, yielding a characteristic geometrical structure.74,76,77 The 
solubilization of amylose occurred mainly during this step. Doublier81 suggests that 
the solubilization is related to the dissociation of amylose-lipid complexes, which in 
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dilute systems occurs at about the same temperatures.82"84 It has been postulated that 
most of the amylose is transported from the centre of the granules to the outside 
through pores in the granular structure.77 

The swelling of potato starch granules follows a different pattern. The 
expansion of these granules occurs in all directions, resulting in swollen granules 
that have about the same shape as the native starch granules.76 With increasing 
temperature, the granules swell very rapidly and to a much greater extent than do 
wheat starch granules.76'85 The high swelling power of potato starch may be due to 
repulsion between the negatively charged phosphate groups.5'18 It has also been 
reported that amylose-lipid complexes present in cereal starches restrict swelling of 
granules.5'18,21 Another difference between potato and wheat starch is the separation 
of amylose and amylopectin. During heating of potato starch dispersions (4-10%) 
most of the amylose molecules remain within the swollen granules together with 
the amylopectin.78 At a starch concentration of 4% or more, the swollen granules 
fill all of the volume; this makes leaching out of amylose virtually impossible. On 
heating to higher temperatures, separation of amylose and amylopectin takes place 
in the granules, resulting in amylose-rich and amylopectin-rich domains.78 

Shearing of starch suspensions during heating may lead to a breakdown of 
swollen granules. In a study of potato starch systems, rigorous shearing completely 
altered the microstructure.78 The granules were disrupted into fragments and 
extensive solubilization took place. Both amylose and amylopectin were solubilized 
and formed a continuous phase containing dispersed fragments of granules. In the 
continuous phase a demixing into amylose-rich and amylopectin-rich regions took 
place, which was enhanced by increasing the temperature. The amylopectin-rich 
phase seemed to be continuous and enclosed amylose-rich domains. When wheat 
starch suspensions were heated under shear, only the outer layer of the swollen 
granules was disrupted.77 The amylopectin fragments were dispersed into the 
continuous phase. Thus, the effect of shear on the microstructure of wheat starch 
systems is small compared to the changes observed in potato starch systems. 

1.3.4 Rheological changes 

Structural changes that occur during gelatinization, such as swelling of granules 
and melting of crystallites, result in interesting changes in rheological properties. In 
this section the rheological properties of starch suspensions during heating will be 
discussed. The Brabender viscograph is commonly used for characterizing the 
mechanical properties of various types of starch during a heating cycle. Often, this 
method is also utilized for quality control. With this apparatus "viscosity" is 
measured in instrument-linked units. In the viscograph the deformations are so 
large as to induce irreversible changes in the structure of starch systems except, 
maybe, at low concentrations. These alterations always affect the results and 
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complicate interpretation of the results. Therefore, more recently, dynamic 
mechanical analysis has been used to study the rheological properties during 
heating.80'86"91 Dynamic mechanical tests can be performed at such small 
deformations that changes in structure due to shear are negligible. 

With the Brabender viscograph as well as with dynamic mechanical analysis an 
increase in viscosity and modulus can be observed at temperatures of about 60 'C, 
which is due to swelling of the starch granules. At low concentrations (for instance 
5%), the viscosity and modulus of potato starch systems increases more rapidly 
than that of cereal starches.18'91 Moreover, its peak viscosity and modulus are 
higher,18,80,91 which has been attributed to the higher swelling ability of potato 
starch granules. In more concentrated systems (for instance 30%), the modulus 
increases rapidly for both potato and wheat starch systems.88,89 As the 
concentrations are high, the granules have to swell only slightly for close-packing 
to occur. The peak modulus of a concentrated wheat starch system is higher than 
that of a concentrated potato starch system,88,89 which has been attributed to the 
greater stiffness of the swollen wheat starch granules (see also Chapter 2). Both in 
dilute and concentrated starch systems, heating to still higher temperatures results 
in a decrease of viscosity and modulus,18,80,88"91 as a result of softening of the 
granules. The viscosity as measured with the Brabender viscograph decreases also 
due to breakdown of the swollen granules. Shear affects the rheological properties 
of potato starch systems significantly.90,91 The rheological properties of wheat 
starch systems are considerably less affected by shear.91 This agrees with 
microscopic observations, which show that the structure of swollen potato starch 
granules is affected to a much higher extent78 (see also section 1.3.3). 

1.4 Gelation and rétrogradation 

During heating and cooling of sufficiently concentrated starch suspensions, an 
elastic gel is formed.88"92 Starch gels are metastable; both amylose and amylopectin 
partly recrystallize during storage, which results in an increase in firmness of the 
gel.92 Rétrogradation is a term that is often used to describe the changes that occur 
on cooling and storage, although it has been defined in various ways. In this study 
rétrogradation is defined as recrystallization of starch molecules. In order to 
separate the roles played by amylose and amylopectin, several studies have been 
performed on the gelation and rétrogradation of both pure amylose and 
amylopectin. This will be described in section 1.4.1. In section 1.4.2, the gelation 
and rétrogradation of starch systems will be discussed. 
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1.4.1 Amylose and amylopectin 

Aqueous solutions of amylose at neutral pH are unstable. After cooling a dilute 
solution to room temperature, a precipitate forms in time. More concentrated 
solutions form an opaque elastic gel. Ellis and Ring93 and Miles et al.9* have 
proposed that amylose gelation takes place above the so called coil overlap 
concentration, c. This is the minimum concentration at which the collective 
molecules can occupy the available volume completely. For amylose with a molar 
mass of 500000, a coil overlap concentration of about 1.5% was observed.93,94 

Gidley and coworkers,95"97 however, observed that gelation is possible from "dilute" 
non-entangled amylose solutions, and that no correlation is found between the 
critical gelling concentrations and the coil overlap concentrations.97 Surprisingly, 
the minimum concentration for gel formation (0.8-1.1%) varied only slightly with 
the molar mass, provided the degree of polymerization was larger than 300.95 

In the gelation of amylose, several stages can be distinguished. First, a short 
range ordering, as has been observed by Fourier transform infrared spectroscopy,98 

takes place. In this stage some double helices are formed, which does not increase 
the gel modulus.99 At the same time or very soon afterwards, a phase separation 
takes place, giving rise to polymer-rich and polymer-poor phases.94,100 An 
interconnected network is formed by the polymer rich phase, resulting in an 
increase in gel modulus.93,94,99 Subsequent to gelation, the appearance of an WAXS-
pattern shows the development of crystallinity.93,94 Electron microscopy 
experiments have shown that amylose gels exhibit a macroporous structure with 
mesh sizes of 0.1 to 1 /xm.101 In these gels, crystalline filaments with a width of 20 
+ 10 nm are interconnected by an amorphous fraction consisting of about 18-33% 
of the polysaccharide. These filaments consist of a large number of ordered double 
helical chains,97,101 giving rise to the B-type WAXS-pattern. The amorphous 
fraction consists of mobile chain segments97"101 with a chain length of 6 < DP < 
30.101 

The gelation of amylose takes minutes or at most a few hours to reach a plateau 
value in moduli.94,96 The relative rates of increase in gel moduli and the final values 
of the moduli depend on amylose concentration,95,99 chain length,99 and ionic 
strength.95,102 At small deformations, amylose gels behave as elastic solids. Shear 
moduli of amylose gels depend very much on their concentration, the more so the 
chains are longer. Their relationship can be described by G oc c"; the exponent n 
in the equation increases with increasing degree of polymerization, which is shown 
in Table 1.2. 

At temperatures below 5 °C, concentrated amylopectin solutions form gels. The 
gelation of amylopectin is very different from that of amylose. Unlike amylose, 
amylopectin requires high polymer concentrations (>10%), well above the coil 
overlap concentration of this biopolymer (c* ~ 0.9%).103 The gelation of 
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Table 1.2 The effect of the chain length of the amy lose molecules on the dependence 
of the shear moduli on concentration. 

DP 

300 

660 

1100 

2500-3000 

exponent n 

4.4 

4.7 

5.9 

7.0 

reference 

96 

96 

96 

93 

amylopectin occurs over several weeks,103 as opposed to the gelation of amylose, 
which occurs over much shorter time scales.94'96 The development of the modulus 
of amylopectin systems is closely related to the association of double helices, as 
monitored by WAXS.103 The gelation and crystallization of amylopectin are 
preceded by an initial fast formation of double helices consisting of amylopectin 
side chains, as was observed by Fourier transform infrared spectroscopy.98 The 
interchain association of amylopectin involves short chains of DP » 15, whereas 
amylose association involves chain segments of DP « 65.101 The association of 
amylopectin chains is thermoreversible at temperatures below 100 °C,103 whereas 
much higher temperatures (about 160 °C) are required for the melting of the 
amylose crystallites.94 This is a result of the different length over which the double 
helices are associated. 

The stiffness of amylopectin gels does not depend greatly on concentration. In 
the concentration range 10-25%, there is a linear relationship between modulus and 
concentration.103 The rate of gelation of amylopectin is related to the length of the 
short branches of the molecule. Amylopectins with longer short chains (e.g. potato) 
gel at a faster rate than amylopectins with shorter short chains (e.g. wheat).104 

However, the plateau value of the shear modulus does not show any simple 
relationship with the molecular structure of the molecule. 

1.4.2 Starch 

Starch gels are formed when a sufficiently concentrated starch system is heated and 
subsequently cooled. Several authors80,92'99'105,106 have recognized the composite 
nature of starch gels, in which swollen granules are embedded in and reinforce an 
amylose gel matrix. The rheology of starch gels has primarily been related to three 
factors: the rheological characteristics of the gel matrix (primarily amylose), the 
volume fraction of the swollen granules, and the deformability of the granules. 

Gel formation has primarily been ascribed to gelation of amylose in the 
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continuous phase,90"92 which occurs over relatively short storage times. The gelation 
of amylose would therefore contribute to the short time development of the gel 
moduli. Upon storage, a further increase in stiffness of the starch gel 
occurs.47'88,89'92,107 This slow stiffening is accompanied by the formation of B-type 
crystals, which has been attributed to recrystallization of amylopectin within the 
granules.47,92'107 Stiffening of the granules would reinforce the amylose gel. 

Several techniques have been used to study the rate of recrystallization of starch 
gels. Over the last fifteen years, DSC has often been applied to study starch 
recrystallization.47'62'66-92'107'108112 Other techniques used are SAXS,55'108 

WAXS,47'92'107 Fourier-transform infrared spectroscopy113'114 and Raman 
spectroscopy.115116 Crystallization as measured by DSC and by WAXS show a 
similar increase with time.47'92'107 According to Miles et al.91 and Orford et al.,4,1 

the increase in crystallinity parallels the increase in stiffness of the gel, whereas 
Roulet et al.101 concluded that recrystallization occurs faster than does strengthening 
of the gel. 

Rétrogradation has traditionally been treated as an equilibrium process. Often, 
the Avrami equation117'118 has been applied to model the rate of starch 
recrystallization,110111'119"121 and also to describe the consequences of starch 
rétrogradation for the rheological properties of the starch system.122"124 The Avrami 
equation expresses the change in crystallinity of a system as a function of time. The 
fraction of uncrystallized material (0) is related to time (t) by: 

O = exp (-kf) 

where k is a growth parameter. According to the theory on which the Avrami 
equation is based, the exponent n depends on crystal shape and on the time 
dependence of the nucleation process; it may have values between 1 and 4. Several 
workers derived a value of unity from experiments with concentrated starch 
gels,119121'122'124 from which it was concluded that the nucleation in starch 
crystallization is instantaneous, and that the crystallites grow in one direction only. 
However, from some sets of experimental data, exponents smaller than unity have 
been derived;110'111'120123 this would make the application of the Avrami equation to 
starch rétrogradation questionable. 

Recent work has emphasized the role of water as a plasticizer and the 
importance of the glass transition in affecting starch rétrogradation.71125 In this 
work, rétrogradation is seen as a non-equilibrium process, consisting of three steps: 
nucleation, propagation and maturation. To describe the kinetics of starch 
rétrogradation, several workers71,125126 have used the classical theory of 
crystallization kinetics as applied to partially crystalline polymers.127 Partially 
crystalline polymers show two characteristic kinetic transitions. In the first place, 
the amorphous component shows a (second order) transition from the glassy solid 
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to the amorphous rubbery state. The temperature at which this transition occurs is 
called the glass transition temperature Tg. The other transition is shown by the 
crystalline component at the melting temperature Tm, which represents a transition 
from a crystalline solid to a liquid. Water as a plasticizer is known to affect both Tg 

and Tm of partially crystalline polymers. The effect of water on Tg and Tm can be 
illustrated in a state diagram. In Figure 1.5 a state diagram for a gelatinized starch-
water system is given. In this figure, Tm is the melting temperature for potato 
starch crystals. 

temperature (°C) 

mass fraction of water 

Figure 1.5 State diagram showing the approximate Tg and Tm temperatures of starch-
water mixtures as a function of mass fraction of water on total mass. 
After results of van den Berg,31,128 Evans and Haisman44 and Donovan.61 

When cooling an aqueous solution below 0 °C, water starts to crystallize 
(assuming that the water content is high enough). The ice formation will lead to an 
increase in solute concentration in the water that is still liquid and this depresses 
the freezing point (dashed line in Figure 1.5) and increases the viscosity. 
Eventually, ice crystallization becomes so slow that it is not observable on practical 
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time scales. Then, the solution is maximally freeze concentrated and has become 
glassy. The glass transition temperature of this concentrate is designated Tg'. A 
maximally freeze-concentrated amorphous suspension of gelatinized starch would 
contain about 27% non-freezing water.71 For starch gels recrystallized from 
homogenous and completely amorphous sols or pastes containing >27 wt% water, 
T / i s about-5 °C.71125 

Crystallization would only occur between the glass transition temperature Tg and 
the melting temperature Tm.l25,m According to the classical theory, the nucleation 
rate is zero at Tm and increases with decreasing temperature over a relatively 
narrow interval (Figure 1.6).126'127 At still lower temperatures, where nucleation 
depends on local mobility or local viscosity, the nucleation rate decreases with 
decreasing temperature and increasing local viscosity, to zero at Tg. At Tg, the 
propagation rate is near zero; it increases rapidly with increasing temperature until 
it drops precipitously to zero rate at Tm.125'126 Theoretically, the rate of 
crystallization (the resultant of nucleation and growth rates) will have a maximum 
value at a temperature about midway between Tg and Tm. For instance, for 50% 
starch gels, which have a Tg of about -65 °C and a Tm of 75 °C, this would 
indicate that the maximum rate occurs at temperatures close to 5 °C. This agrees 
well with results obtained on starch gels.107,108,110,119 The temperature at which 
starch gels are stored affects the melting temperature of the crystallites. Starch gels 
stored at low temperatures (for instance at 5 °C) had a lower melting temperature 
than those stored at room temperature.108'125 This indicates that storage of starch 
gels at low temperatures results in crystalline regions with less perfect symmetry. 

relative rate 

crystal 
nucleation 

crystal 
growth 

crystallization 
(mass) 

Temperature 

Figure 1.6 Crystallization kinetics of partially crystalline polymers. 
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An implicit requirement for starch recrystallization is the availability of 
sufficient water, both for mobilizing long polymer chains and for being 
incorporated into B-type crystal latices.71,125 The minimum concentration required 
for nucleation is estimated to be about 27%.125 In the range 27-50%, the rate of 
recrystallization increases with increasing percent total moisture,110'125,129 which 
would be due to an increasingly effective mobility.125 At higher water contents, the 
crystallization rate decreases,47'110129130 presumably due to dilution.125 Thus the rate 
of rétrogradation shows a maximum at a water content of about 50%. At a water 
content below 10%, rétrogradation of amylopectin is not observed by DSC.110'129 

The rate of recrystallization and the increase in firmness of concentrated starch 
gels during storage are larger for potato than for wheat starch.47'88,89-111'131 Several 
explanations have been proposed for this observation. As was discussed in section 
1.4.1, the rate of recrystallization of amylopectin would be affected by the lengths 
of its short branches.104 The slow rate of rétrogradation of wheat starch gels may 
then be explained by the short average chain length of its short branches. 
Moreover, it is supposed that the lipids present in wheat starch retard the rate of 
rétrogradation of wheat starch gels.111 By adding free fatty acids132 or lipids120'133"135 

like GMS, SSL, CSL and POES to starch gels, the rate of rétrogradation appeared 
also to be reduced. This has been shown by both a slower increase in stiffness132"135 

and a slower rate of recrystallization of amylopectin, as determined by DSC.120'133 

Lipids can form inclusion complexes with amylose,82'136'137 which may affect the 
gelation and rétrogradation of amylose. Since the recrystallization of amylopectin 
appears to be mainly responsible for the increase in stifness of concentrated starch 
gels upon storage, it is not clear how lipids would retard the rétrogradation 
process. It has been suggested recently that also amylopectin can to some extent 
form inclusion complexes with lipids;138"143 this may then explain the reduced rate 
of rétrogradation of starch gels in the presence of lipids.140,141 

1.5 Bread 

7.5.7 Making of bread 

Wheat is the main cereal for the production of leavened bread. The reason for its 
dominance in breadmaking is its supreme baking performance in comparison with 
all other cereals. This is the result of the potential of wheat flour doughs to retain 
gas. 

The essential ingredients for the production of bread are flour, water and small 
amounts of yeast and salt. Often, oxidants and/or emulsifiers are added. The first 
step in the breadmaking process is mixing and kneading of the ingredients into a 
dough. The mixing of the ingredients fulfils several functions.144145 An important 
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aim is the formation of a gluten network (dough development). This network would 
be formed by interactions between the monomeric gliadins and complexes of 
disulphide-linked subunits of the glutenins. The most important cross-links present 
in the gluten network would be disulphide bonds, hydrogen bonds and hydrophobic 
interactions.144 Another important process in the mixing step is the occlusion of air 
forming the nuclei of the gas cells. Shortly after mixing, the gas cells are present 
as spherical holes with diameters between 10 and 100 /xm.146,147 At this stage, the 
relative volume fraction (the total volume of a dough divided by the volume of its 
liquid dough phase) of a bread dough is l.l.148,149 

Dough development proceeds during fermentation, in which dough pieces may 
undergo periods of rest, punching and moulding. During fermentation the yeast 
produces carbon dioxide, which diffuses to the gas cells; as a result they grow. At 
an advanced stage of fermentation the structure of the dough changes from a foam 
with spherical gas cells into a foam with polyhedral gas cells.148149 

After mixing and fermentation, the expanded dough is transferred to the oven 
and baked. During the initial stage of baking the gas cells expand further; the 
relative volume increases to between 5 and 7, because of evaporation of water, 
thermal expansion of the gas and enhanced production of carbon dioxide,145 due to 
an ongoing yeast activity until the fermentation system of the yeast is inactivated at 
about 50 °C. In a later stage, when the temperature of the dough has become about 
60 °C, starch partly gelatinizes resulting in the dough membranes becoming more 
solid. The setting of the membranes by starch gelatinization is an important 
process, as it is known that it is impossible to bake a bread without starch.150 The 
expansion of the dough membrane will continue as a result of a further expansion 
of the gas. Due to this, the biaxial stresses in the membranes increase and, since 
the membranes are now solid and rather brittle, they may rupture. The structure of 
a dough with closed gas cells is transformed into a sponge structure with 
interconnected gas cells. 

1.5.2 Dough stability 

A high volume and a fine and even crumb structure are important quality attributes 
of bread. The use of different cereals or different wheat cultivars may lead to large 
differences in bread quality. The behaviour of gas cells in dough mainly determines 
the final appearance of the bread crumb and the bread volume. To obtain a high-
quality bread, it is important that many gas cells are entrapped during the mixing 
step. At the start of the fermentation stage an appropriate number of gas cells with 
a narrow size distribution must be present. Moreover, the dough must retain the 
gas produced and the gas cells must stay apart from each other during fermentation 
and baking until the dough sets due to gelatinization of the starch. The most 
important types of instability in bread dough are disproportionation (growth of gas 
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cells at the expense of smaller ones) and coalescence (the merging of two gas cells 
caused by rupture of the film between them). Both surface and Theological 
properties of the dough are relevant in controlling disproportionation and 
coalescence. The relevance of these properties was studied in some detail by 
Kokelaar.151 

The extent of disproportionation, which mainly occurs during the first stage of 
fermentation, is initially affected by surface rheological properties of the dough. 
These properties certainly affect the structure of the final product, but they cannot 
explain the differences in baking performance among cereal species or among 
wheat cultivars.149'151 However, disproportionation of gas cells in dough can be 
retarded by wheat lipids and surfactants added in the right concentration.151 If strain 
hardening of the dough is sufficiently large, the growth of the larger gas cells and, 
consequently, disproportionation will be retarded or stopped. A material is strain 
hardening if the resistance against deformation is higher for a relatively more 
extended test piece. This results in a more narrow size distribution of the gas cells 
and consequently a more even crumb in the final bread. 

In more advanced stages of fermentation coalescence may occur, resulting in a 
coarse bread crumb. To retard coalescence, the following bulk rheological 
properties are required:149'151 a high strain hardening, a high extensibility and a 
resistance against biaxial deformation in a restricted range. If the resistance is too 
high, only limited or no expansion of the dough will occur, which will lead to a 
low bread volume. If the resistance is too low, the gas cells will expand very fast 
leading to early rupture and the formation of large holes in the bread. The required 
properties are indeed found in doughs from wheat cultivars with a good 
breadmaking performance.149,151,152 There is probably a relationship between the 
required properties and a high glutenin content as well as the tendency to form high 
molecular-mass assemblies by the gluten proteins in the dough.152 

For a high resistance against coalescence during baking, the dough must also at 
elevated temperatures have the properties of a large enough strain hardening and a 
resistance to biaxial extension in the proper range. Moreover, the fracture strain of 
the dough membrane must be large enough. Possibly, surface rheological properties 
contribute to dough stability at the end of the oven rise when films have become 
much thinner than the diameter of the starch granules.151 

7.5.3 Staling of bread 

After a bread is removed from the oven, several changes may occur, which 
eventually lead to a deterioration of quality, i.e. decreasing consumer acceptance. 
These changes are commonly called staling and include all processes that occur in 
both crumb and crust during storage other than microbiological spoilage.153 The 
crust, which in its fresh state is relatively dry, crisp and brittle, becomes soft and 
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leathery due to migration of moisture from the crumb to the crust.153'154 

Characteristic changes occurring in the crumb are an increase in firmness and 
crumbliness. Crumb firming and loss of crust crispness are accompanied by a loss 
of the typical aroma of fresh bread and the development of a stale flavour. 

For more than a century scientists have tried to elucidate the mechanism of 
crumb staling. The first research on staling was reported in 1853 by 
Boussingault,155 who demonstrated that staling of the crumb also occurs if loss of 
moisture is prevented. In 1928, Katz156 concluded that recrystallization of starch 
was primarily responsible for bread staling. Starch recrystallization is still believed 
to be a major contributor to the staling process.157"160 Other processes that 
contribute to the deterioration of quality are the migration of water from the crumb 
to the crust,153'154 and possibly changes in the gluten matrix;161,162 any role of an 
exchange of water between protein and starch163164 is quite uncertain. 

Over the years numerous methods have been applied to follow the rate and 
degree of staling. The use of a sensory panel is perhaps the most direct method for 
detecting changes connected with staling,159,160*165'166 as e.g. appearance of the crust 
and the crumb, taste and mouthfeel, firmness, and flavour. The disadvantage of 
these tests is the subjective assessment by the members of the panel, the high costs 
and the time needed for performing the tests. Therefore, several so-called objective 
methods have been used to follow staling of bread, especially that of the crumb. 
Rheological methods like dynamic mechanical analysis167'168 and compression 
tests165'166'169"176 have often been used, which show that crumb stiffness increases in 
time. It has been concluded that changes in crumb firmness and organoleptic staling 
rate are closely related.177 Other methods used are WAXS,178"180 thermal 
analysis,175,176'181"183 Fourier transform infrared spectroscopy184 and near infrared 
reflectance spectroscopy.184 These methods show an increase in the ordering of 
starch molecules in bread crumb during storage. 

Over the years the roles of the various factors affecting the rate of bread staling 
have been investigated extensively, as indicated by the number of reviews 
written.158"160'185 For the greater part, these factors affect the rate of starch 
recrystallization and/or the bread structure. 

The storage temperature of bread affects the rate of recrystallization of 
amylopectin and the increase in firmness167170180186 in the same way that it affects 
these properties of starch gels (section 1.4.2). By choosing the appropriate storage 
temperature, the shelf life of bread can be extended. Room temperature or freezing 
temperature is preferred over refrigerator temperature. If stale bread is heated to 
temperatures of 60-100 °C, it will, as a consequence of the melting of amylopectin 
crystallites (section 1.4.1), become as soft as it was immediately after 
baking.168-182'187 

The flour protein level is an important factor in affecting the rate of staling. 
Generally, a higher protein content gives a higher bread volume and would retard 
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the increase in firmness.186188"190 The anti-firming effect of gluten could be due to 
the higher specific loaf volume of high-protein breads, because it is known that the 
rate of increase in crumb firmness is lower for breads with a high specific 
volume.191 

Addition of several lipid surfactants to the dough has several effects. At first, 
the loaf volume is enhanced188"198 and the stiffness of the bread crumb directly after 
baking is lower.143'199"203 Moreover, addition of certain lipid surfactants decreases 
the staling rate

143-176>199-202
 an(j retards the rate of recrystallization of 

amylopectin.143,176'202 Among the substances used in breadmaking, especially 
monoglycerides are effective in retarding bread staling and starch rétrogradation. 
DATEM and SSL only decrease the initial crumb softness, but they hardly affect 
the relative increase in bread staling and the recrystallization rate of 
amylopectin.143,202"204 As was described in section 1.4.2, it is still not clear how 
lipids retard amylopectin recrystallization. Complexation of lipids with amylose 
may result in an initially softer crumb,200 but it may be more logical to ascribe the 
initially softer crumb and the lower staling rate to a higher loaf volume and a more 
even crumb structure in the presence of emulsifiers203'204 (see also Chapter 7). 

Other methods that have received attention as a means of retarding staling are 
incorporation of low levels of bacterial a-amylases205'206 and addition of 
pentosans.207 

1.6 Aim and outline of this thesis 

Although it has already been known for more than several decades that starch 
recrystallization is a major contributor to the staling of bread, it is still not exactly 
clear how changes in the structure of the gelatinized starch are related to a decrease 
in the eating quality of bread, in which an increase in firmness and crumbliness are 
important factors. In the past, rheological measurements at small deformations 
were often used to discuss the effect of starch recrystallization on the change in 
eating quality of starch based products, like e.g. bread. However, the consumers' 
perception of product properties is usually related to large deformation properties, 
including fracture or yielding of the product. Thus, to obtain a better understanding 
of the decrease in eating quality of products containing a high amount of starch, it 
is more relevant to study large deformation properties. 

The primary aim of the investigations described in this thesis is to gain insight 
into the relation between the structure of concentrated starch systems and their 
rheological and fracture properties as a function of storage time. Therefore, I 
started to study the mechanical properties of relatively simple concentrated starch 
gels in relation to their structure. A secondary aim is to get a better understanding 
of the consequences of it for the staling of bread. Bread structure is very complex, 
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because there are several different structures at different length scales; i.e. from 
macromolecular scale to "sponge" scale. Moreover, recrystallization of starch may 
be affected by various components present in bread crumb, like gluten, lipids, 
pentosans, etc. 

Chapter 2 describes the rheological properties of concentrated starch systems 
during heating and cooling. Knowledge about the gelation properties of starch is 
required for interpreting the relation between structure and mechanics of 
concentrated starch gels during storage, to which attention is paid in Chapter 3. 
Measurements were performed on starch systems prepared from several types of 
starch. Most of the experiments were done with potato and wheat starch; wheat 
starch because it is the starch present in bread, and potato starch because it is 
known that its properties are greatly different from those of wheat starch. The 
effect of one process variable, heating temperature, was studied. The effect of 
shear, another process variable, was left out of consideration, because it was 
studied in detail by Svegmark and Hermansson.78,90'91 I found that the main factors 
that determine the large deformation properties of concentrated starch gels are the 
irregularity and the stiffness of the swollen granules. The rate at which the stiffness 
of the swollen granules changes during storage is determined largely by the number 
of naturally present entanglements or artificially induced chemical cross-links in the 
granules. Chapter 4 focuses on the underlying mechanism of starch 
recrystallization. Two additional techniques, differential scanning calorimetry and 
transmission electron microscopy, were applied and their results compared. 

A direct translation of the results obtained on concentrated starch gels to the 
structure of bread crumb in relation to its mechanical properties is impossible, 
because the composition as well as the structure are different; i.e. a compact gel 
and a sponge, respectively. Therefore, it was decided to vary only the structure, 
and, consequently, staling was studied in starch breads prepared from potato and 
wheat starch. The results obtained on starch breads are presented and discussed in 
Chapter 5. For ideal sponge structures with uniform gas cell sizes and beam 
thicknesses, a theory that describes the relation between the structure of these 
cellular solids and their mechanical properties has been developed.204 In Chapter 6 
it will be shown that this theory cannot be applied to starch breads without due 
consideration of the inhomogeneous structure of its crumb. 

In this thesis I will only deal with one group of additives which are commonly 
used in bread making, that is lipid surfactants. As was discussed before, these 
substances are, among others, added to dough to retard the staling of bread. 
Application of these substances is mainly based on experience; the underlying 
mechanism is still not well understood, although much has been published on this 
subject. In Chapter 7 attention is paid to the mechanism by which lipid surfactants 
affect bread staling. 

A general discussion of the mechanism of starch rétrogradation and its 


