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Abstract 

Sliwinski, E.L. (2003). Large-deformation properties of wheat flour and gluten dough. Ph.D. 

thesis, Wageningen University, Wageningen, The Netherlands (194 pp., English and Dutch 

summaries). 

Keywords: Wheat, gluten protein, bread, puff pastry, flour dough, gluten dough, rheology, 

uniaxial extension, biaxial extension, fracture. 

Rheological and fracture properties of flour and gluten doughs from eight wheat cultivars were 

studied and related to gluten protein composition and baking performance in bread and puff 

pastry. For both uniaxial and biaxial extension flour dough showed a more than proportional 

increase of stress with increasing strain, a phenomenon called strain hardening. In uniaxial 

extension (i) stresses at a certain strain were higher and (ii) stress was less dependent on strain 

rate than in biaxial extension. Stress at a certain strain and strain hardening depended much 

stronger on the type of deformation for gluten than for flour dough. These findings are 

consistent with published data on birefringence of gluten and show that orientation of structure 

elements in elongational flow plays an important role in flour and gluten dough. 

For flour dough fracture stress and strain increased with increasing strain rate. At higher strain 

rates and lower temperatures fracture strains hardly differed between different flour doughs no 

matter the protein content or composition. At lower strain rates and higher temperatures the 

smallest fracture strains were found for flour doughs with the lowest glutenin contents and/or 

the lowest protein contents. We concluded that the strain rate and temperature-dependency of 

the fracture strain is a very important factor to relate to protein composition. Fracture stresses 

were much higher for gluten than for flour dough, while fracture strains were in the same 

range or higher. Contrary to flour dough, the smallest fracture strains were found for glutens 

with the largest glutenin contents. 

Puff pastry volume was positively correlated with strain hardening and negatively with the 

strain rate-dependency of the stress and the strain rate and temperature-dependency of the 

fracture stress and strain. For bread it were the doughs with intermediate dough strength that 

gave the highest loaf volume, while loaf volumes of flours with high dough strength (i.e. high 

stress-level and high strain hardening coefficient) gave intermediate loaf volumes. We 

concluded that a high internal stress limits the deformability of dough films between gas cells 

and with that of the loaf volume that can be obtained. 

vn 



Voorwoord 

Eindelijk is mijn proefschrift af. En dat ruim negen jaar nadat ik met het promotie-

onderzoek ben begonnen. Hoewel er voor mijn gevoel altijd nog zaken voor verbetering 

vatbaar zijn, is het echt de hoogste tijd om te stoppen met het maken van aanpassingen en deze 

klus definitief af te ronden. Het heeft nu lang genoeg geduurd. Op deze plaats wil ik graag 

iedereen bedanken die heeft bijgedragen aan de totstandkoming van mijn proefschrift. 

Met de voltooiing van het proefschrift komt ook een eind aan een periode van zestien 

jaar waarin ik betrokken ben geweest bij de Wageningen Universiteit. Toen bleek dat de 

biologische tuinderij die ik in de omgeving van Oss had opgestart niet zo goed rendeerde, 

besloot ik in Wageningen te gaan studeren. Na in een razend tempo de deelcertificaten 

natuurkunde en scheikunde te hebben behaald, kon ik in September 1987 met mijn studie 

plantenziektekunde beginnen. 

Het afstudeervak onder begeleiding van Willem Norde en Chip Haynes bij de vakgroep 

voor fysische en kolloidchemie beschouw ik als de kroon op mijn studie. Het onderwerp was 

de invloed van adsorptie op de structuurstabiliteit van globulaire eiwitten. Heel graag wilde ik 

op een dergelijk onderwerp promotieonderzoek doen. Bij fysische en kolloidchemie was geen 

plaats, maar gelukkig kwam ik via Willem Norde in contact met Ton van Vliet. Hij was voor 

een onderzoek aan tarwegluten op zoek naar een promovendus die over zowel biochemische 

als fysisch-chemische kennis beschikte. Het zijn de bevindingen van dit onderzoek die u in dit 

proefschrift aantreft. 

Als eerste wil ik graag mijn collega's bedanken. Albert Prins, u wil ik in de eerste plaats 

bedanken voor de geboden mogelijkheid om in uw groep promotieonderzoek te doen. 

Daarnaast ben ik u bijzonder dankbaar voor de wijze waarop u dat gedaan heeft. Uw filosofie 

om niet dominant aanwezig te zijn, maar medewerkers de vrijheid te geven, sprak mij 

bijzonder aan. Ook waardeer ik het zeer dat u ondanks dat de afronding van mijn proefschrift 

zo lang op zich heeft laten wachten, bereid was om als promotor te fungeren. Ton van Vliet, 

veel dank ben ik aan jouw verschuldigd. Grote bewondering heb ik voor de vasthoudendheid 

die je tot het eind toe in de begeleiding ten toon spreidde. Ook heb ik wat de reologie betreft 

erg veel van je geleerd. Peter Kolster, jij was vanuit ATO-DLO de initiatiefnemer van het 

onderzoeksproject dat de aanleiding is geweest voor de inhoud van dit proefschrift. Hartelijk 

dank, hiervoor. Ook wil ik je hartelijk bedanken voor de begeleiding die je mij vooral in de 

eerste jaren hebt geboden. 

De eerste 2 jaar was ik gedetacheerd op het ATO, de periode erna werkte ik 

voornamelijk bij de sectie Zuivel en levensmiddelennatuurkunde. Graag wil ik alle collega's 

bedanken waar ik tijdens het promotieonderzoek mee heb samengewerkt. Het was een hele 

leuke tijd. Het zijn teveel namen om allemaal op te noemen. Speciaal wil ik Marc Maste 

noemen met wie ik samen naar de Gluten Workshop in Sydney ben geweest en de Indiase 

vui 



postdoc Guttapadu Sreeramulu die een aantal experimenten heeft uitgevoerd waaraan ik zelf 

anders niet meer zou toekomen. Katja Grolle en Bertus Dunnewind wil ik graag bedanken 

voor de prettige samenwerking die heeft geleid tot een gezamenlijke publicatie. De 

doctoraalstudenten die in het kader van een stage of afstudeervak hebben bijgedragen aan het 

in dit proefschrift beschreven onderzoek wil ik niet vergeten. Anneli Lindell, Phanis 

Georgopoulos, Femke van der Hoef, Cristina Martinez, hartelijk bedankt. 

Graag wil ik de leden van de begeleidingscommissie van het IOP bedanken voor de het 

nuttige commentaar tijdens de halfjaarlijkse bijeenkomsten: W.IJ. Aalbersberg, Jorrit 

Mellema, Toon van Hooijdonk. Daarnaast wil ik de vertegenwoordigers van TNO en de 

betrokken bedrijven bedanken voor de prettige samenwerking: Roel Orsel, Wim Lichtendonk, 

August Bekkers (TNO-voeding), Andre Delaporte, Marcel Feijs, Luc Aerts (Amylum), Aris 

Graveland, Peter Weegels, Arjen Bot (Unilever Research), Johan De Meester (Cargill), Nico 

de Jongh (Meneba), Henk Tigelaar (Latenstein) en Eva-Maria Dusterhoft (Sonneveld). Met 

name de samenwerking met de bakkers van Meneba heb ik erg op prijs gesteld. 

Direct nadat mijn contract als assistent in opleiding afliep, werd ik aangesteld als 

toegevoegd docent zuiveltechnologie. Van de collega's waarmee ik in die periode heb 

samengewerkt wil ik met name Jan Wouters, Tom Geurts en Martin Alewijn noemen. Jan van 

jouw heb ik veel geleerd. Vooral de rustige en grondige wijze waarop je de werkbesprekingen 

voerde is me erg bijgebleven. Tom, de samenwerking met jouw heb ik altijd erg prettig 

gevonden. Martin, ik wens je veel succes bij de afronding van jouw proefschrift. Weet dat ik 

het een voorrecht heb gevonden om een aio, jij dus, te mogen begeleiden. 

William, wij kennen elkaar al een tijdje. Bij jouw kon ik altijd terecht met praktische 

vragen op het gebied van de reologie. Vanaf jouw promotie zijn wij elkaar niet uit het oog 

verloren en hebben regelmatig contact gehouden. Het was voor zo'n druktemaker als ik heel 

prettig om een collega in de buurt te hebben die zoveel rust uitstraalde. Theo, jouw heb ik 

leren kennen als student toen ik als aio het practicum voortzetting levensmiddelennatuurkunde 

begeleidde. Daarna hebben we nog diverse malen samen opgetrokken: bij GLMT, je 

afstudeervak op het ATO en de begeleiding van het practicum natuurkunde voor eerstejaars. 

Het was vooral je vrolijkheid en guile lach die ik zo waardeerde. Heel erg bedankt voor de 

prettige samenwerking en dat jullie mijn paranimfen willen zijn. 

Lieve moeder en vader. Het is erg jammer dat jullie mijn promotie niet meer kunnen 

meemaken. Ik weet hoe trots jullie zouden zijn geweest. 

Lieve Doret, in de periode waarin ik met het promotieonderzoek en het proefschrift 

bezig was, hebben wij samen veel meegemaakt. We hebben in die tijd allebei een ouder 

verloren. Maar wij zijn ook getrouwd en hebben samen twee kinderen gekregen, Arthur en 

Anna. Als er iemand geleden heeft onder mijn ambitie om te promoveren dan ben jij het wel. 

Toch heb je me altijd gesteund. Ik hoop dat we samen nog een mooie tijd tegemoet gaan. 

J 
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General introduction 

Chapter I 

General Introduction 

Wheat has been used as a food since early history. Flour of its kernels is well-suited for the 

production of light spongy products with a regular crumb structure, because wheat flour dough 

is able to retain gas during the baking process. All components of wheat flour have an effect 

on the final baked product but it is generally accepted that differences between flours in 

baking quality are mainly due to variation in gluten protein composition. The bread making 

process can be divided into three stages: mixing, fermentation and baking and can be seen as a 

combination of many chemical and physical sub-processes. During bread making the dough is 

being deformed in combinations of shear and uniaxial extension during mixing, sheeting, 

rolling and moulding and in biaxial extension during proofing. The rheological properties of 

the dough on deformation in shear and in uniaxial and biaxial extension therefore clearly affect 

these processing steps. 

During mixing a large number of air cells are incorporated in the dough. Therefore from a 

physical point of view wheat flour dough can be considered as a foam. The stability of the gas 

cells in dough is strongly affected by two physical mechanisms: disproportionation and 

coalescence. The extent to which these mechanisms affect the final bread structure strongly 

depends on the mechanical properties of the dough films between the expanding gas cells. 

Consequently, the large-deformation and fracture properties of these dough films are of key 

importance for the quality of the final product, of which an even crumb structure and a high 

loaf volume are important quality attributes. 

In this study we tried to relate the rheological behaviour of flour dough to gluten protein 

composition on the one hand and to baking performance of bread and puff pastry on the other 

hand. To that purpose the large-deformation and fracture properties of flour and gluten dough 

of a set of wheat cultivars were determined in uniaxial and biaxial extension as a function of 

deformation rate, temperature and dough composition. 

1. WHEAT 

1.1 THE WHEAT KERNEL 

Bread wheat Triticum aestivum which is a member of the grass family (Graminae) produces 

one-seeded fruits, commonly called grains or kernels (Hoseney, 1994; Pommeranz, 1988). The 

size and hardness of the kernel varies among cultivars. The structure of the kernel is shown in 

figure 1. The kernel is constituted of the following tissues: bran, which is composed of several 

layers of cells, endosperm and embryo (germ). The endosperm cells are packed with starch 

granules embedded in a protein matrix. The germ comprises 2 to 3% of the kernel, the bran 13 
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to 17% and the endosperm the remainder. Protein is distributed unevenly throughout the wheat 

kernel. The embryo and the aleurone layer are the richest organs of the kernel in terms of 

protein concentration, consisting for about 30 and 20% of protein, respectively. The protein 

concentration in the endosperm is lower, but because it is by far the largest organ, it contains 

about 70% of the total protein of the kernel. Most of the proteins in the endosperm have a 

storage function, acting as a store of carbon, nitrogen and sulphur for the developing seedling, 

with the main evolutionary pressures being for efficient packaging for storage and 

mobilisation on germination of the developing plant (Shewry et al, 2001). 

1.2 WHEAT FLOUR COMPONENTS 

1.2.1 CARBOHYDRATES: Starch 
Starch is the major component of wheat flour, making up about 80% on dry weight. It is 

present in the kernel and flour of wheat as water-insoluble granules. The shape and size of the 

granules from different botanical sources vary considerably. In wheat starch two types of 

granules occur: lenticular ones with a diameter ranging from 10 to 45 um (A granules) and 

polyhedral ones with a diameter up to 10 um (B granules). The small granules make up about 

26% of the total volume of wheat starch (Soulaka and Morrison, 1985). Wheat starch granules 

are mainly constituted of the biopolymers amylose and amylopectin. Amylose is an essentially 

linear molecule, whereas amylopectin is densely branched. With a molecular weight of around 

10° amylopectin is one of the largest biopolymers known, while for amylose molecular 

weights of 10^ to 10^ have been reported. In wheat around 29% of the starch is amylose. In 

the starch granule amylose and amylopectin are organised into amorphous and crystalline 

regions, the crystallinity causing birefringence and X-ray diffraction. 

At the wheat starch granule surface both proteins and lipids are present. The surface area of A-

granules in wheat starch has been estimated to be about 0.25 m^/g and that of B-granules, 0.7 

m^/g (Morrison and Scott, 1986). Thus, the total surface of all starch granules is large in 

concentrated starch systems, such as wheat flour dough. The starch granule surface is of 

importance for milling, because in this process hardness of endosperm is an important factor. 

During milling damage can be caused to a fraction of the starch granules, since the kernel will 

break at a weak point. In hard wheats the level of damaged starch is generally higher. This is 

probably due to a strong interaction between the starch granule and the surrounding protein 

matrix which prevents breakage of the kernel in areas close to the granule surface. In baking 

the water absorption of dough is strongly influenced by the amount of damaged starch (Tipples 

et al., 1978). 

Upon heating in water starch gelatinises. The gelatinisation process includes a number of 

changes: absorption of water and swelling of the granules, change in size and shape of the 

granules, loss of birefringence and X-ray diffraction pattern, leaching of amylose from the 

granules into the solvent and the formation of a paste or gel (Atwell et al., 1988). At reduced 
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water contents, such in dough, the changes resulting from gelatinisation are strongly 

dependent on the amount of water available (Eliasson, 1983). The increase in viscosity due to 

gelatinisation of starch has been suggested to restrict further expansion of gas cells during the 

baking process, and thus to contribute to the cessation of the increase in volume (Junge and 

Hoseney, 1981; Soulaka and Morrison, 1985). When gelatinised starch is cooled and stored a 

gel is formed of which the rigidity increases in time, a process which is called retrogradation. 

The initial gel-formation is attributed to crystallisation of amylose, whereas crystallisation of 

amylopectin within the granules dominates the increase in gel rigidity at longer ageing times 

(Miles et al., 1985). Retrogradation influences the texture of starch-based food and is mainly 

responsible for the ageing of bread. 

Crease 

Hairs of brush 
ENDOSPERM 

Pigment strand 

Endosperm 

Cell filled with starch 
granules in protein matrix 

Cellulose walls of cells 

Aleurone cell layer (part of 
endosperm but separated with bran) 

Nucellar tissue 

Seed coat (Testa) 

Tube cells 
Cross cells 
Hypodermis 
Epidermis 

Scutellum 

Sheath of shoot 

Rudimentary shoot 

Rudimentary primary shoot 

Root sheat 
Root cap 

Figure 1. The structure of the wheat kernel (from Hoseney, 1986). 
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Non-starch polysaccharides 
Wheat kernels and flour contain small amounts of polysaccharides other than starch. The 

major non-starch polysaccharide in wheat are pentosans making up about 2% on dry weight. 

Pentosans originate from the endosperm cell walls and can be divided into a water-soluble and 

a water-insoluble fraction. In wheat more than 60% of the pentosans are water-insoluble 

(Michniewicz et al, 1990). The water-soluble pentosans of wheat have two interesting 

properties: they can give extremely viscous solutions (Udy, 1956; Izydorczyk et al, 1991) and 

they can undergo oxidative gelation (Hoseney and Faubion, 1981). The functional properties 

of pentosans in dough and during baking can be related to their effect on the rheological 

properties, water holding capacity and surface activity (Michniewicz et al, 1990; Shelton and 

D'Appolonia, 1985; Izydorczyk et al, 1991). Contrary to barley and oats, in wheat only low 

amounts of (3-glucans are present (Henry, 1987). The viscoelastic behaviour of p-glucans in 

solution was shown to be similar to that of guar gum, and typical for a polysaccharide solution 

that does not form a gel (Doublier, 1990). 

1.2.2 PROTEINS: Wheat proteins 

In wheat flour between 8 and 15% protein is found. Osborne (1907) has developed a 

classifica-tion of wheat flour protein based on the solubility in different solvents. Five 

fractions were distinguished: (i) albumin, soluble in water, (ii) globulin, soluble in salt 

solutions, (iii) gliadin, soluble in 70% ethanol, (iv) glutenin, soluble in dilute acid or alkali and 

(v) a residual fraction, which is frequently considered to be part of glutenin. The terms for the 

different groups of proteins are still used today. Most of the albumins and globulins are 

enzymes, such as a- and P-amylases, proteases, lipases, lipoxygenases and phosphatases, 

which may influence different stages of the bread making process. The three last fractions of 

the Osborne classification are considered to be the storage or gluten proteins. Each of the 

Osborne solubility classes, however, constitutes a heterogeneous mixture of proteins which 

may overlap considerably (Bietz and Wall, 1975). The composition of the solvent fractions is 

strongly dependent on the extraction conditions, such as extraction time, temperature and flour 

to solvent ratio (MacRitchie, 1985; Byers et al, 1983). When washing a flour-water dough 

with water most of the soluble material like starch is removed and the remainder, gluten, 

consists for a large part of gliadin and glutenin. Depending on the thoroughness of washing, 75 

to 85% of the gluten dry weight consists of protein, the remainder being carbohydrates (10 to 

15%) and lipids (5 to 10%) (Roels, 1997). 

Gluten proteins 

Due to the inadequacy of extractability as a criterion for wheat protein classification an 

alternative nomenclature was proposed (Shewry et al, 1986). In this system it was proposed to 

name all gluten proteins prolamins since both gliadins and glutenins contain high levels of 

proline and glutamine. Classification of the different proteins is then based on their molecular 
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weight and sulphur content (see figure 2). Gliadins comprise a heterogeneous group of 

proteins. In a single wheat cultivar as much as 50 different gliadins were found. Gliadins are 

considered to be present as more or less globular protein structures stabilised by intra­

molecular disulphide bonds (when sulphur is present). The molecular weight of gliadin varies 

between 30 to 80 kDa (Schofield and Booth, 1983). They are classified as a, p\ y and co-

gliadins, according to their mobility on one-dimensional gel electrophoresis at low pH. The 

gliadins can also be divided into sulphur-rich (a,|3,y) and sulphur-poor (co) proteins (Shewry et 

al, 1984). The amino acid sequences of a number of gliadins have revealed the presence of 

repetitive sequences, rich in glutamine and proline. The N- and C-termini are non-repetitive. 

Among the various gliadin types the motif of these repeated stretches and the total length of 

the repetitive domain vary. 

Wheat gluten 
proteins 

Monomeric 
gliadins 

Aggregative 
glutenins 

^ y V V V 
w-gliadins y - type gliadins LMW subunits HMW 

a-type gliadins (aggregated subunits 
I | | gliadins) , t | 

S-poor 
prolamins 

S-rich 
prolamins 

HMW 
prolamins 

Figure 2. Classification of the major endosperm proteins of wheat. HMW: high molecular 

weight; LMW: low molecular weight (from Shewry et al, 1984). 

In glutenin, the polypeptide chains are linked together covalently by inter-molecular 

disulphide bridges to form high-molecular-weight glutenin polymers (Kasarda, 1989; Shewry 

et al. , 1992; Giannibelli et al., 2001). However, like the gliadins the glutenin polypeptides 

also contain intra-molecular disulphide bonds (Ewart, 1988). Similar to in other protein 

systems, non-covalent forces, such as hydrophobic interactions and hydrogen bonds are of 

considerable importance for the aggregation and stabilisation of the glutenin structure 

(Eliasson, 1990). Although gluten proteins contain a very low amount of charged amino acids, 

electrostatic interactions may also be of importance. Molecular weights ranging from a few 

hundreds of thousands up to several millions have been reported for glutenin (Huebner and 

Wall, 1976; Bietz and Simpson, 1992; Wahlund et al, 1996). The glutenin polymers may be 

the largest polymers of protein in nature (Wrigley, 1996). The exact molecular weight and 

structure of glutenin polymers is, however, rather complicated to establish, due to the high 



Chapter I 

molecular weight, the low charge and the high level of hydrogen bonding. Based on their 

mobility in SDS-PAGE two groups of subunits are distinguished, the low molecular weight 

(LMW) and the high molecular weight (HMW) glutenin subunits (Bietz and Wall, 1972). 

Glutenin may also contain medium molecular weight (MMW) proteins of non-gluten origin. It 

is believed that these proteins can act as chain terminators in glutenin polymer formation. The 

molecular weights of LMW glutenin subunits varies between 30 and 50 kDa, while the HMW 

glutenin subunits have molecular weights between 80 and 145 kDa. At least 20 different 

HMW glutenin subunits have been identified. Each cultivar possesses 3 to 5 of these HMW 

glutenin subunits and about 15 LMW glutenin subunits. The amino acid sequences of LMW 

and HMW glutenin subunits are very similar. The proteins have short non-repetitive N- and C-

terminal domains in which cysteine residues are mainly located (see figure 3). The large 

central part is built up from short repeated motifs that are rich in glutamine, proline and 

glycine and poor in acid and basic amino acids. 

HMW-x N ^ sbc 

HMW-y N M ' BJa c 

100 A 
»TYPE cWMW/A I N 

> TYPE c UMM& "I N 

Figure 3. Schematic representation ofx- and y-type HMW glutenin subunits, LMW glutenin 

subunits, y-gliadins and a-gliadins. Shaded areas represent unique sequences, white areas 

represent repetitive domains. Black bars represent potential interchain disulphide bonds. 

Linked black bars represent intrachain disulphide bonds. N: N-terminal region. C: C-terminal 

region (from Kasarda, 1989). 

It is still unclear how glutenin subunits are linked together to form polymers. Ewart (1972, 

1977, 1979) proposed a model in which LMW and HMW glutenin subunits are linked together 

at random by disulphide bonds between the subunits thus forming linear concatenations. An 

alternative model was proposed by Graveland et al. (1985) consisting of a backbone of x-type 

and y-type HMW glutenin subunits that are alternatingly coupled head to tail and on which 

LMW glutenin subunits are inserted as small polymeric side-chains. LMW and HMW glutenin 

subunits have been shown to contain intra-molecular disulphide bonds and these are formed 

strictly directed and not randomly (Keck et al, 1995; Keck-Gassenmeier and Wieser, 1996; 

Shimoni et al, 1997). Using chromatographic methods on glutenin hydrolysates Keck-

Gassenmeier and Wieser (1996) were able to show that besides the intramolecular disulfide 
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bonds LMW glutenin subunits contain two additional cystein residues. These were found to be 

linked to different protein components: HMW glutenin subunits, LMW glutenin subunits and 

y-gliadins and should thus be the reason for their intermolecular aggregation. They were also 

able to show that HMW glutenin subunits of the x- and y-type are polymerised linearly. These 

results support previous findings of dipeptide fragments being released by incomplete 

reduction of glutenin consisting of one x-type joined to one y-type HMW subunit (Lawrence 

and Payne, 1983; Werner et al, 1992). Strong indications for a special interaction between x-

and y-type ID glutenin subunits come also from mixing studies involving the incorporation of 

HMW glutenin subunits (Bekes et al, 1994; Gras et al, 2001). Branching of glutenin 

polymers can not be excluded, for instance, because of the presence of a cysteine residue in the 

repetitive domain of HMW glutenin subunit 1DX5 (Anderson et al, 1989). 

It is well-established that the glutenin protein fraction contributes to dough strength and bread 

making quality (Huebner and Wall, 1976; MacRitchie, 1987). Thorough reviews on this 

subject were published by Weegels et al. (1996) and more recently by Veraverbeke and 

Delcour (2002). Huebner and Wall (1976) found that wheat flours exhibiting long mixing 

times and strong doughs contain relatively large amounts of glutenin of large size. Glutenin 

fractions obtained by successive extraction of gluten proteins with dilute hydrochloric acid 

have been demonstrated to increase dough development time and loaf volume, whereas the 

gliadin fraction had the opposite effect (MacRitchie, 1987). Most studies indicate, however, 

that the most insoluble glutenin protein fraction is of less importance or even has detrimental 

effects on loaf volume than portions of the solubilised protein (Preston and Tipples, 1980; 

MacRitchie, 1987). Some of the detrimental effects can almost certainly be attributed to the 

much higher mixing requirements introduced by this fraction. The genes coding for HMW 

glutenin subunits have been ranked in relation to their effect on bread making quality (Payne 

et al, 1981, 1987, Lukow et al, 1989). Combinations of HMW glutenin subunits 5+10 and 

7+8/9 were related to better bread making quality than the combinations of subunits 2+12 and 

6+8, respectively. Also quantitative variation of HMW glutenin subunits (the total amount as 

well the amounts of individual subunits) was shown to be of importance for bread making 

quality (Huebner and Bietz, 1985; Kruger et al, 1988; Wieser et al, 1990). Kolster et al. 

(1992) suggested that a relation exists between the amounts of protein produced by HMW 

glutenin subunit genes and the contribution of HMW glutenin subunits to bread making 

quality. 

1.2.3 LIPIDS 
Generally one-third of the total lipid content of wheat flour is present as starch lipids, being 

almost exclusively monoacyl lipids (Morrison et al, 1975). These form the starch inclusion 

complex and are not considered to contribute to the functional properties below the 

temperature at which starch gelatinisation is initiated (Eliasson and Larsson, 1993). The non-

starch lipid fraction can be classified into a polar and a non-polar fraction. The non-polar 
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lipids, which are mainly triglycerides (Morrison et al., 1975) are detrimental to loaf volume, 

whereas the polar lipids are beneficial (MacRitchie, 1978; Chung and Pomeranz, 1981). The 

function of lipids in baking can probably be related to their effects on the formation and 

stability of gas cells in dough. 

2. BREAD MAKING 

Bread is considered to be one of the basic food stuffs and it is eaten every day by billions of 

people all over the world. The appearance of bread and bread making procedures differ from 

country to country, depending on tradition and resources. Although wheat is the only cereal 

that can be used for making high-volume bread, various types of cereals such as barley, rye, 

oats and corn are also used. When wheat flour is mixed with water the special proteins which 

are present in wheat develop into gluten. It are these proteins that give the dough a coherent 

structure with the ability to retain gas and an extensibility that allows the dough to grow 

considerably in volume during fermentation and oven rise. It is well-known that it is not only 

the protein content but also the protein composition that is important for bread making quality. 

Flour in itself is a very complex biological material and the structure of gluten and the 

interactions between gluten, starch, lipids and other components are far from fully understood. 

Also regarding the relation between flour composition, dough rheology and baking 

performance many questions remain unanswered. Today, test baking is still the only really 

reliable method of determining bread making quality. The bread making process can be 

divided in three basic stages: mixing, fermentation and oven rise. 

2.1 MIXING 

The first stage in bread making is mixing: flour, water and other ingredients are mixed 

together under conditions where both shearing and extension are involved. Mixing has three 

important functions: (i) to blend the ingredients together into a macroscopically homogeneous 

mass, (ii) to develop the dough into a three-dimensional viscoelastic structure with gas-

retaining properties and (iii) to include air which will form nuclei for the gas cells that grow 

during the fermentation of the dough (Bloksma, 1990a; Hoseney and Rogers, 1990). Both 

mixing intensity and mixing energy must be above a minimum critical level to develop the 

dough properly, the level varying with the flour and the mixer type (Kilborn and Tipples, 

1972; MacRitchie, 1986). Recording dough mixers such as the mixograph give readings of the 

torque exerted by the dough on the pins of the mixer. During mixing the resistance against 

mechanical treatment increases until it reaches a maximum, which is commonly referred to as 

the optimum development of the dough. The time required for optimum dough development is 

positively correlated with the polymeric protein composition and the balance between 

polymers and monomers in the protein (MacRitchie, 1992). Frazier (1972) has argued that 

because the torque curve in fact reflects the changing viscosity of the dough, there is no reason 
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why peak consistency in dough mixing provides any fundamental basis for optimum baking 

performance. He states that the only reliable way of establishing optimum conditions of 

mechanical development for baking is to test Theologically after a time interval comparable 

with that actually used in bread making. He found a positive correlation between dough 

strength as measured by stress relaxation time and loaf volume and showed that optimum 

dough development time clearly deviated from the position of peak consistency. The latter was 

confirmed by Roels et al. (1993) who studied the effect of variable water absorption levels and 

mixing times on loaf volume potential for six European wheat flours of constant protein level. 

An alternative means for developing doughs involves repeated passages through sheeting rolls 

(Moss, 1980; MacRitchie, 1986). Because dough is rotated after each fold, layers tend to 

become cross-hatched, emphasising the two-dimensional rather than unidirectional nature of 

the sheet-like structure being promoted within the dough (Kilborn and Tipples, 1974). Dough 

mixing using sheeting rolls is about 6 times as efficient than the use of the conventional pin 

mixer. Additionally with dough rollers bread with an exceptionally fine texture can be 

produced (Stenvert et al, 1979). 

2.2 FERMENTATION 

During mixing air is included, forming small spherical cells dispersed throughout the dough. 

This is an important step since these cells will be sites for the growing gas cells during the 

fermentation of the dough. During fermentation the yeast produces carbon dioxide and ethanol 

by the fermentation of sugars (Bloksma and Bushuk, 1988). Initially, most of the carbon 

dioxide is dissolved in the liquid dough and the evaporation of gas and the growth of gas cells 

is low (Bloksma, 1990a). From the point where the carbon dioxide concentration reaches the 

saturation level, the rate of evaporation, the rate of diffusion into gas cells and accordingly the 

rate of the growth of the gas cells will gradually increase until these rates equal the rate of 

carbon dioxide production. From that moment on evaporation of carbon dioxide and growth of 

gas cells will keep pace with the production of carbon dioxide. During the growth of the gas 

cells the dough films surrounding the gas cells are continuously extended biaxially. Carbon 

dioxide is lost by evaporation due to diffusion of carbon dioxide to the external surface of the 

dough and through fracture of dough films at the surface (Bloksma and Bushuk, 1988). A 

fermenting dough has the appearance of a foam with gas cells of millimetre size incorporated 

into a continuous mass of dough. After mixing 10% of the total volume of the dough is 

occupied by gas cells of which between 10^ to 10^ are present per mm^. During fermentation 

the number of gas cells can not increase. The gas cells however grow in size and at the end of 

the fermentation process the total volume has increased four to five times and about 75 to 80% 

of the total volume will be occupied by gas cells (Bloksma, 1990a). These cells were shown to 

be no longer spherical but polyhedral in shape by Sandstedt et al. (1954). Micrographs of 

cross-sections of dough membranes in a fermented dough showed nearly planar interfaces 

between the gas cells. 
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After mixing the dough is not only left to ferment, but it is also mechanically treated during 

sheeting, rolling, moulding and panning. Is the dough mainly deformed biaxially during 

fermentation, it is mainly deformed uniaxially and in shear during mechanical treatments like 

rolling and sheeting. With this respect it is important to bear in mind the time-dependency of 

dough behaviour, i.e. the possession of a rheological memory of what has gone before. During 

rolling large gas cells are destroyed in order to obtain an uniform crumb structure. Also the 

dough is deformed in a combination of shear and uniaxial extension. These deformations are 

performed at relatively high deformation rates (lO^-lO^ s"l) compared to those during 

fermentation that occur at relatively low deformation rates (10"3-10"4 s~l). With this respect 

the deformation history of the dough is important, because dough films tend to become 

stronger in the direction of deformation and less stronger in the direction perpendicular to it. It 

gives that during successive fermentation steps dough will be mainly deformed in the direction 

perpendicular to the previous deformation, resulting in gas cells with a cigar-like shape. 

2.3 OVEN RISE 

During the first few minutes in the oven the dough rises quickly. This is called oven rise and is 

due to the following processes: (i) production of carbon dioxide by the yeast at an increasing 

rate until the yeast is inactivated at 50°C, (ii) increase of the saturation vapour pressure, (iii) 

evaporation of water into the gas cells and (iv) expansion of all gases following the 

temperature increase up to 100°C in the interior of the dough. At this stage of the baking 

process the thickness of the dough film has been reported to be of the magnitude of the 

diameter of a large starch granule, 30 um, or even thinner (Sandstedt et al, 1954; Gan et al, 

1990). The area of the gas-liquid interface must be quite large, which is why surface 

phenomena are assumed to be of great importance for the behaviour of dough films. To permit 

sufficient oven rise premature fracture of membranes between gas cells must be prevented and 

thus the extensibility must be maintained long enough (Bloksma, 1990a). During oven rise 

finally the dough structure changes from a foam into a sponge due to starch gelatinisation 

(Hoseney, 1994). At the beginning of starch gelatinisation, at 65°C, the loss in ability to retain 

gas is initiated (He and Hoseney, 1991). As the temperature in the oven increases above 100°C 

a crust is formed on the surface of the dough due to fast evaporation of water. 

3. RHEOLOGY 

Rheology is the science dealing with the relation between the deformation (strain) of a 

material, the stress applied and the time-scale. Regarding their mechanical properties materials 

can be divided into three groups, i.e. elastic, viscous and viscoelastic materials (Ferry, 1980; 

Barnes et al, 1989; Meissner, 1997). A test piece can be deformed in various ways such as 

shear and elongation. In figure 4 simple shear is illustrated. A force F is applied parallel to 

surface A. The shear stress a (= F/A) causes a deformation, the shear strain y, which is by 
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definition equal to tan a. The ratio between the shear stress and the strain is called the 

modulus. For an ideally elastic material the strain y will be directly proportional to the applied 

stress a, but will be independent of the deformation rate. For linear elastic materials holds: 

a = Gy (1) 

in which G (N.m~2) is called the shear modulus. When a stress is applied ideally elastic 

materials store all the supplied strain energy. After the stress is taken away the material 

regains its original shape and the strain energy is totally released. On the contrary, ideally 

viscous materials immediately start to flow and dissipate all the strain energy supplied when a 

stress is applied. After the stress is taken away the material will not regain its original shape. 

The stress a will be directly related to the resultant shear rate, y = dy/dt, but will be 

independent of the deformation itself: 

CJ = T| y (2) 

in which T| (Pas) is the viscosity. As soon as a stress a is applied the liquid will start to flow at 

a constant shear rate, y. When the stress is removed, there will be no change anymore in the 

shape of the test piece. 

7 = tana 

Figure 4. Illustration of simple shear (from Janssen, 1992). F(N) is the applied force. 

Unfortunately, a lot of confusion exists over the terms elastic and viscous. In many cases 

materials are denoted elastic because of their high deformability/ extensibility. And a liquid is 

considered more viscous upon addition of a thickening agent, although after addition of a 

thickener the viscosity will have increased and officially often the material has become 

relatively more elastic. To make things even worse a material can be considered elastic or 

viscous depending on the time of observation. At intermediate time-scales, for instance, ice is 

considered an elastic material, but at very long time scales ice (think of glaciers) is known to 

flow and should thus be regarded viscous. On the contrary, liquid water is regarded viscous at 

intermediate time scales, but elastic at very small time scales (t < 10"^ s). To be able to 
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discriminate between elastic and viscous materials the Deborah number (De) was introduced. 

De is given by 

De = T / T (3) 

Where x is the relaxation time of the bonds in the material and T is the time of observation. A 

high Deborah number denotes more elastic behaviour and a low value corresponds to a more 

viscous material (Barnes et al., 1989). Materials of which the reaction on an applied stress is 

partly elastic and partly viscous are called viscoelastic. In general for a viscoelastic material it 

holds that the elastic contribution will dominate at relatively short time scales or high 

deformation rates and that at long time scales the dominating response is viscous. Wheat flour 

dough is a visco-elastic material. 

3.1 RHEOLOGICAL MEASUREMENTS 

3.1.1 Dynamic oscillation 

In sinusoidal oscillation or dynamic measurements a sample is subjected to a sinusoidally 

varying strain (y = yosin rot) to which the material responds with a sinusoidally varying stress 

(CT = CTosin oat); its size depending on the properties of the material (Ferry, 1980). The strain is 

applied at a given angular frequency (co) and OQ, and yo are the shear stress and strain 

amplitudes, respectively. For a viscoelastic material the stress will be out of phase with the 

strain by a phase angle 8 due to the viscous properties of the material. The energy stored and 

the energy that is dissipated as heat can be separated into the storage modulus (C) and the loss 

modulus (G"), respectively. G'and C a r e given by: 

G' = ( a 0 / y 0 ) . co s5 (4) 

G" = ( c 0 / y 0 ) . s i n5 (5) 

The phase angle 8 gives information on the phase shift between the stress and strain in 

oscillation and so on the ratio of the viscous to the elastic properties of the material: 

tan8 = G"/G' (6) 

Measurements should be done in the region where the modulus is independent of the strain, 

the so-called linear region, which means that the magnitude of the applied strain is not 

detrimental to the structure under investigation. G' and G" can be determined over a range of 

time scales by varying the angular frequency. Nevertheless, the experimentally accessible 

frequency window will be limited for several reasons. In polymer rheology the frequency 
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range can be extended by applying time-temperature superposition (Ferry, 1980). For 

biological and physical systems this application may be limited because of temperature-

induced interactions. 

3.1.2 Stress relaxation 

When a viscoelastic material is exposed to a sudden strain, the response is an immediate rise in 

stress which gradually decreases to zero with time. The latter behaviour is called stress 

relaxation. The stress relaxation modulus G(t) is obtained by dividing the shear stress a as a 

function of time t by the applied strain y: 

G(t) = 0(t)/y (7) 

With stress-relaxation measurements it is possible to investigate the rheological behaviour of a 

material over longer time scales, but it may be disadvantageous that the elastic and the viscous 

contribution can not be separated easily. Measurements at shorter time scales are limited by 

the finite strain rise time. The strain rise time has to be short compared with the relaxation time 

of the sample, and the strain has to be kept small to avoid structural changes induced by the 

measurement. 

3.1.3 Creep tests 

In a creep measurement a stress a is applied for a certain period and then removed. It is 

possible to perform creep tests in shear and in elongation. The first response of an elastic or 

viscoelastic material to the applied stress is a momentary deformation, which is caused by 

elastic effects. For a viscoelastic material this is followed by a process of breaking and 

forming of bonds in the material resulting in a gradual increase of the strain. After removal of 

the stress these bonds partly return to the original situation via a reversed process. From the 

strain versus time curve the elastic recoil, the delayed recoil and the lasting deformation can be 

determined. From the slope of the viscous part of the curve the apparent shear viscosity r|app 

can be calculated: 

%PP = a / y (8) 

3.1.4 Biaxial extension 

In a biaxial extension test a cylindrical test piece is compressed between two parallel plates 

due to a lowering of the upper plate at a constant speed v (Chatraei et al, 1981; see figure 5). 

Other set ups have been developed by Dobraszczyk (1997) and Morgenstern et al. (1996). In 

uniaxial compression the stress is calculated from 

a = F,/A=Ft/7rr2 (9) 
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where Ft is the force on the moving disc at time t, A is the cross sectional area of the disc and r 

is the radius. The strain is referred to as the Hencky strain 

Eh = ln(A</A0) (10) 

where ho is the original height of the test sample and ht is the height at time t. The biaxial 

strain eB is defined as: 

eB = eh / 2 (11) 

During compression at a constant test speed v the relative rate of deformation e increases 

because the height of the test piece decreases: 

s = dsh/dt = 1 /h t (dh/dt) = v/ht 

(12) 

The biaxial extensional strain rate is defined as: 

sB = -e 12 (13) 

1 

1 

ft 
y///// 

\ 1 

Ft 

T 

w 
B-J 

i w 
Figure 5. Schematic view of the geometry for lubricated uniaxial compression tests. A: 

situation at the beginning of the experiment; B: situation during compression. Ft is the force at 

time t, ht the height of the test piece at time t, R the radius of the compression plate, azz and 

Grr are the normal and the radial stresses respectively (from Janssen, 1992). 

With this type of test the fracture behaviour cannot be determined. To compare extensional 

behaviour with shear behaviour it is convenient to study the Trouton ratio: 
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TlEB(s)/ii(y) (14) 

where r|EB is the biaxial extension viscosity. For ideal Newtonian liquids the Trouton ratio is: 

T1EB = 6TI (15) 

but can be much higher for elastic liquids. 

3.1.5 Uniaxial extension 

In an uniaxial extension measurement a test sample with a rectangular shape is clamped at 

both ends and stretched in one direction up to fracture (Lenk, 1978). Perhaps the best 

equipment to perform such tests is the Meissner-type rheometer equipped with the rotary 

clamp technique (Meissner and Hostettler, 1994). To avoid premature fracture at the grips of 

the testing machine sometimes dumbbell-shaped samples were used as was done by Schofield 

and Blair (1933), Gluklich and Shelef (1962), de Bruijne et al. (1990). A method which 

involved the extension of circular dough rings was described by Tschoegl et al. (1970a). In 

uniaxial extension the stress is calculated from 

a = Ft/A (16) 

where Ft is the force on the moving clamp at time t and A is the cross sectional area of the test 

piece. The strain is referred to as the Hencky strain 

«* = In (////«,) (17) 

where l0 is the original length of the test sample and It is the length at time t. In the Meissner-

type elongational rheometer is is possible to perform tests at constant strain rates. In order to 

do so the deformation rate of the clamp should increase during the extension test. In the case 

where uniaxial extension tests are performed at a constant test speed v the relative rate of 

deformation s decreases: 

e = de i , /d t= l / / f (dl/dt) = v/ / / (18) 

Contrary to lubricated uniaxial compression with uniaxial extension it is possible to determine 

the fracture properties. These properties are generally expressed in the stress at fracture, cf 

and the strain at fracture, ef, which are both parameters that can be obtained from the stress-

strain curve. For uniaxial extension the Trouton ratio is 3. 
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4. DOUGH RHEOLOGY 

4.1 DYNAMIC OSCILLATION 
For flour-water dough a very small linear region, if any, has been found (Smith et al., 1970). 

The storage modulus was reported to be strain-independent below strain values between 

0.0002 (Smith et al, 1970) and 0.002 (Hibberd and Wallace, 1966). The storage modulus of 

gluten dough is less dependent on the strain. Strain values of 0.03 to even 0.1 were reported to 

be in the linear region for freeze-dried and hydrated gluten doughs (Uthayakumaran et al., 

2002; Cornec et al, 1994, Tsiami et al, 1997; Wang and Kokini, 1995). Apparently, the 

magnitude of the strain dependence of the storage modulus is determined primarily by the 

starch content in dough (Smith et al, 1970; Larsson and Eliasson, 1997; Uthayakumaran et al, 

2002). This is consistent with the effect of a rigid filler like starch in a polymer matrix 

(Nielsen, 1974). It has, however, been reported by Dhanasekharan et al. (2001) that the onset 

of non-linear viscoelasticity for gluten dough is a function of the testing frequency. At low 

testing frequencies the linear viscoelastic strain limit was 0.1, while at high testing frequencies 

the strain limit shifted to 0.0001. 

Generally, both for flour and gluten dough the storage and the loss modulus increase with 

increasing frequency. The frequency-dependence of the storage modulus decreases with 

increasing protein content. For gluten doughs both the frequency-dependence of the storage 

modulus and value for tan 5 were found to decrease with increasing glutenin to gliadin ratio 

(Janssen et al, 1996) and with an increasing amount of glutenin of high molecular weight 

(Cornec et al, 1994; Popineau et al, 1994). For both flour and gluten doughs the storage 

modulus was found to decrease with increasing water content, while tan 5 stayed relatively 

constant at all frequencies (Smith et al, 1970; Kokelaar et al, 1996; Uthayakumaran et al, 

2002). Flour and gluten dough show temperature softening. In the temperature range between 

20°C and 55°C the storage modulus decreases with increasing temperature (Kokelaar et al, 

1996; Dhanasekharan et al, 2001). At a further temperature increase the storage modulus was 

found to increase due to starch gelatinisation and a higher cross-link density of gluten proteins. 

4.2 STRESS RELAXATION AND CREEP RECOVERY 

The rheological behaviour of wheat flour dough at longer times may be more efficiently deter­

mined in stress-relaxation measurements. When wheat flour and gluten dough are subjected to 

a sudden stress, stress relaxation shows the terminal zone (Carlson, 1981). This implies that 

the flowing elements giving stress relaxation are not permanently cross-linked. That the 

flowing elements in dough are not bound permanently by cross-links can also be concluded 

from creep-recovery experiments, where a steady state viscosity is observed after recovery 

from the elastic deformation (Smith and Tschoegl, 1970). Transient junctions such as 

entanglements and non-covalent interactions are thus consistent with the rheological behaviour 

as shown by wheat flour and gluten dough (Larsson et al., 1997). This is, however, not in 
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conflict with the fact that permanent cross-links, such as disulphide cross-links, are important 

for protein structure. 

4.3 ELONGATIONAL FLOW 
Schofield and Scott-Blair (1933) were the first who performed simple uniaxial elongational 

flow measurements on dough by stretching cylindrical dough samples. They reported a 

phenomenon they called "work hardening", similar to hardening of metals during working. 

According to Lenk (1978) at a place of weakness in the test sample during elongation always a 

neck will form. When a neck has formed one of two things can happen on further elongation 

of the test piece (see figure 6). The sample can become progressively thinner at the location of 

the neck and eventually will fracture at relatively low strains. It is also possible that the neck 

may stabilise itself at a constant cross-sectional area as the shoulders travel along the test 

piece. In that case premature fracture is prevented by the occurrence of strain hardening, which 

is defined as a more than proportional increase of the stress with increasing strain. If strain 

hardening occurs depends if the proportionally limit is exceeded or not. For uniaxal extension 

the relative increase of the stress with a relative increase of the strain should be higher than 1 

(Lenk, 1978). 

Force ->- Force 
Originol specimen 

3 
No necking Necking 

y 

Figure 6. Possible events following necking in uniaxial extension (from Lenk, 1978). 

Tschoegl et al. (1970b) used a method to determine the large deformation and fracture 

properties of flour dough in uniaxial extension whereby dough rings were submerged in a 

liquid of matching density. They found that at a constant strain rate the true stress increased 

continuously with the strain, indicating that the elastic retractive force increases throughout 

the test and no trend towards steady state flow develops. They also found that flour type, water 

content, temperature and strain rate have a drastic effect on the stress-strain behaviour. Using 

the same method Rinde et al. (1970) studied the large-deformation properties of gluten dough. 

They reported that gluten was stronger, more elastic and less extensible than flour dough and 

showed that fracture stress and strain depended on the extension rate. Kieffer et al. (1981) 
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developed a method to determine the large deformation and fracture properties of small 

samples of flour and gluten dough in uniaxial extension called the micro-extensograph. Using 

this method Kim et al. (1988) found that for gluten dough the resistance to extension 

decreased and the extensibility increased with increasing gliadin to glutenin ratio. Schweizer 

and Conde-Petit (1997) studied the large-deformation and fracture properties of flour dough in 

uniaxial extension using the elongational rheometer developed by Meissner and Hostettler 

(1994) which is based on the rotary clamp technique. They found that the stress was higher if 

the sample was elongated parallel to the last sheeting direction than perpendicular. It followed 

from their results that in uniaxial extension flour dough shows a well-developed strain 

hardening behaviour. Uthayakumaran et al. (2002) subjected flour and gluten dough to 

uniaxial elongation and found that gluten doughs possessed larger elongational viscosities than 

flour doughs, the differences being larger at lower strain rates. 

The relevant type of deformation around an expanding gas bubble is biaxial extension (van 

Vliet et al, 1992). Lubricated uniaxial extension experiments in which this type of 

deformation is applied on flour dough have been performed by several researchers (Bagley et 

al., 1988; Huang and Kokini, 1993; Janssen et al, 1996; Kokelaar et al, 1996). Other 

experimental set-ups have been developed by Morgenstern et al. (1996) and Dobraszczyk 

(1997), which have the possibility to determine fracture properties in biaxial extension. An 

important result was that flour and gluten doughs also show strain hardening behaviour in 

biaxial extension (Janssen et al, 1996; Kokelaar et al, 1996). It was found that the rheological 

behaviour of flour dough is influenced by flour type, strain rate and temperature. The main 

factors that determined the rheological behaviour of gluten dough in biaxial extension were 

found to be the glutenin to gliadin ratio and the source from which the glutenin originated. In 

biaxial extension the stress was found to be higher for gluten than for flour dough and less 

dependent on the strain rate. Gluten dough exhibited stronger strain hardening than flour 

dough. An increase of the temperature from 20°C to 55°C resulted for gluten dough in a 

decrease of the stress, of the strain rate-dependency of the stress and of strain hardening. 

4.4 THE GLUTEN NETWORK IN DOUGH 
In the 1930's a freshly mixed flour dough was described by Swanson (1938) as having a 

colloidal structure constituted of a continuous water phase surrounding the starch granules and 

gluten strands. Some molecules of the solutes are apparently adsorbed on the starch granules 

and the gluten strands. The gluten proteins, forming a three-dimensional network, also form a 

continuous phase. Swanson (1938) considered it likely that the gluten protein particles or 

molecules have a structure like that of a nucleus from which extend several "streamers" which 

easily would become entangled in each other and thus form thread-like strands. The elastic 

properties of the dough, although imperfect, are contributed by the peculiar structure of the 

gluten protein particles. According to Swanson (1938) the mechanical behaviour is as that the 

gluten strands are composed of short-length filaments. Each filament is elastic by itself, but 
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they can slide along each other due to the water films which are adsorbed on the starch 

granules and the other gluten filaments. 

In the 1960's and 1970's dough development was explained by the formation of a continuous 

network with covalent disulphide cross-links between separate protein molecules formed by 

thiol-disulphide interchange reactions. In this model the gluten network was considered as 

large as the piece of dough examined. Meredith (1964) called it the "giant protein molecule". 

Muller (1969) applied the statistical theory of rubber elasticity to wheat gluten and concluded 

that the concept of gluten quality is essentially one of cross-linkage. Later Tatham et al. 

(1984); supposed these elastic properties to be due to the presence of particular repetitive 

amino acid sequences in the beta-turn conformation, which glutenin has in common with 

elastin, an elastic protein occurring in animal ligaments. However, based on the solubility of 

gluten proteins and the effect of temperature on the modulus of flour and gluten dough, it was 

concluded that the model of Meredith could not be true (Bloksma, 1990b). An alternative 

hypothesis assuming un-branched glutenin molecules with disulphide cross-links within the 

chains, which are mutually connected only by non-covalent cross-links and which are locally 

aligned was proposed by Ewart (1968, 1979). This model easily explains viscous deformation. 

Glutenin chains slide one along another by breaking only non-covalent cross-links. Breaking 

of cross-links, sliding, and formation of new cross-links at new positions can occur 

simultaneously; the last step restores the original strength of the material. Wall (1979) took an 

intermediate position and suggested that the glutenins soluble in dilute acetic acid have the 

structure as proposed by Ewart and that part of the residue protein is present in the form of 

isolated bodies containing a cross-linked network. In this model, non-gluten proteins, gliadins, 

and part of the residue protein are dispersed in the soluble protein. 

Wrigley et al, (2001) depicted a model for gluten protein interactions based on the general 

property of all polymer systems that above a critical molecular size, physical properties such 

as tensile strength show a much steeper rate of increase with increasing molecular size. This is 

believed to be due to frictional resistances at widely spaced points in the polymer chain, 

referred to as entanglements. An entanglement network appears to be a good model for the 

continuous protein structure of a developed dough (Singh and MacRitchie, 2001). The 

entanglements act as transient cross-links, i.e. they provide a resistance when dough is 

subjected to a stress, but unlike true covalent cross-links, are potentially able to slip free as the 

stress is maintained. In addition, non-covalent bonds between the chains can be seen to 

determine slippage of these chains along one another, thus also affecting dough properties. 

According to Singh and MacRitchie (2001), dough mixing properties, dough strength and 

extensibility therefore can be understood in terms of the extension of large glutenin molecules 

giving rise to rubber elasticity and to the presence of molecular entanglements which 

contribute strength and extensibility to dough systems. These authors also argued that the low 

solubility of gluten proteins compared to many other proteins that have been studied evidently 

arises from the low entropy of mixing of the largest size glutenins and that the relatively high 
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value for the Flory-Higgins interaction parameter is mainly due to a low concentration of 

ionisable groups. 

Based on a thorough analysis of the mechanical spectra of gluten Cornec et al (1994) 

concluded that the connection density in the network is governed primarily by the amount of 

the largest glutenin aggregates, whereby the temporary cross-links connecting the glutenin 

aggregates have more to do with low-energy bonds than with entanglements (i.e. topological 

constraints in flexible chain systems). In their view gluten can be considered as suspensions of 

colloidal floes (floe = large glutenin aggregate) with neighbouring floes connected in space by 

non-covalent interactions (Lefebvre et al, 1994). 

The structure property relationship of gluten has been described in terms of a highly 

amorphous, multi-polymer system, water-plasticisable but water-insoluble, and capable of 

forming continuous multi-dimensional viscoelastic films and networks. Using polarisation 

light microscopy Slade et al. (1989) demonstrated that stretched gluten films have positive 

birefringence, which is typical for biopolymer fibres as gelatin, starch and cellulose, all having 

a fringed micelle structure with the chain direction in the microcrystalline regions of the fibre 

parallel to the long axis of the fibre. The photomicrographs of stretched wheat gluten showed 

oriented macrofibrils with a diameter of about 0.5 (im and embedded in a viscous, amorphous 

matrix. The micrographs also showed that fibrillation occurred as a result of stretching. 

Detailed experiments allowed the identification of the macrofibrils as glutenin and the matrix 

as gliadin. Fibrillation of gluten can be minimised by applying biaxial extension of folded, 

sheeted doughs like in blow-moulding or spherical extension of air cells during fermentation 

of yeasted doughs (Slade et al, 1989). 

A prerequisite for phenomena as birefringence is that the polymers show anisotropy. Using a 

combination of viscometry and light scattering Sreeramulu et al, (1999) were the first to show 

that glutenin aggregates that were sequentially fractionated using dilute hydrochloric acid 

indeed are anisotropic. Data are shown in table 1. Molecular weights of glutenins were 

reported to range from 11 to 40 million Dalton. For glutenin fractions of both cultivars the 

ratio between the radius of gyration and the hydrodynamic radius ranged from 5 to 10, which, 

according to Tanford (1961) indicates high axial ratios and thus anisotropy of these 

biopolymers. Intrinsic viscosities increased with increasing fraction number for glutenin 

fractions of both cultivars. Intrinsic viscosities were higher for Hereward than for Glenlea, 

which, according to Flory (1953) indicates longer chains with a higher axial ratio for 

Hereward glutenins. 
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