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ns  no significant effect 
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N2  second normal stress difference 

Ph(t)  hydrostatic pressure 

Ps(t)  surface tension 
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Pv(t)  viscous forces 
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ΣPP  pore count 

r  side length of boxes 
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Rk
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s  distance 
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tan δ  loss factor  
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V  volume 
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λ  wavelength 
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τ  stress 
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SUMMARY  

The understanding of food structure enables the engineering of specific nutritional, physical, 

and sensorial properties. The key factor herein is the relationship between structure and 

function which is well known for some artificial materials; however, food, and wheat cereal 

products in particular, consists of complex biopolymer matrixes, complicating the prediction 

of its behavior. Nevertheless, several structure-function relationships based on the molecular 

level were established, mainly concerning gluten in wheat dough. Gluten proteins are of 

particular interest since their unique viscoelastic characteristics predominate the mechanical 

behavior of wheat dough. The microstructure is the connective link between the molecular 

level and the mechanical behavior of dough’s macrostructure. Since the microstructure can be 

analyzed in a noninvasive matter, this could be a direct link to developing an enhanced 

structure-function relationship. So far, much work has been done in investigating dough and 

dough protein microstructure in particular; however, a quantitative characterization of wheat 

dough’s structural features has yet to be achieved. Therefore, the current thesis presents a 

methodology developed specifically for dough microstructure quantification DoMiQ. This 

methodology enabled the extraction of quantitative structural features of the micrographs 

and thereby delivered the basis for a correlation analysis of the structure and functionality of 

wheat proteins in the dough matrix. The wheat dough protein microstructure was acquired 

using a non-destructive confocal laser scanning microscope and processed and analyzed with 

an image analyzing tool. It was possible to extract highly repeatable results for structural 

features. Furthermore, modifications due to ingredient variation could be clearly and highly 

significantly reconstructed. The relationship between the structure and the function was first 

proven in wheat dough on a micro- to macrostructural scale by the correlation analysis of the 

structural protein features and rheological properties. Morphologies determining the 

functionality could be revealed and were discussed. Of special note, the introduced branching 

index lead to a model which combines the microstructure and its function in a physical approach.  

In summary, the DoMiQ method enabled the extraction of the structural features of wheat 

dough protein microstructure and delivered a novel perspective of the dough system, an 

extended understanding of the dough matrix, as well as the development of a substantial 

structure-function relationship in cereal science.  
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ZUSAMMENFASSUNG 

Eine zielgerichtete Lebensmittelproduktion mit spezifischen ernährungsphysiologischen, 

physikalischen und sensorischen Eigenschaften erfordert ein tiefgreifendes Verständnis über 

den strukturellen Aufbau der zugrundeliegenden Matrix. Während in den 

Materialwissenschaften das Verhältnis zwischen Struktur und Funktionalität bereits vielfach 

als Schlüsselrolle identifiziert wurde, ist dies in biologischen Systemen deutlich erschwert. 

Struktur-Funktions-Beziehungen sind in Lebensmitteln, im Besonderen auch in 

weizenbasierten Produkten, aufgrund der Komplexität der Biopolymer-Matrix deutlich 

weniger entwickelt. Dennoch konnten besonders auf molekularer Ebene Struktur-Funktions-

Beziehungen der Glutenproteine des Weizens etabliert werden. Durch seine einzigartigen 

viskoelastischen Eigenschaften und der daraus resultierenden starken Beeinflussung des 

mechanischen Verhaltens der Teige tritt Gluten in den Fokus von getreidewissenschaftlichen 

Arbeiten. Die Mikrostruktur der Weizenproteine wird dabei als Bindeglied zwischen der 

molekularen Ebene und dem mechanischen Verhalten der Makrostruktur von Teigen 

angesehen. Durch eine Weiterentwicklung von gängigen mikroskopischen Methoden ist es 

möglich, eine nicht-invasive Analyse der Teigmikrostruktur zu erhalten. Hierdurch ergibt sich 

eine neue Ausgangslage zur Erarbeitung von Struktur-Funktions-Beziehungen. In bisherigen 

Arbeiten konnten umfangreiche Kenntnisse über die Teigstruktur und im Besonderen deren 

Mikrostruktur erarbeitet werden, jedoch konnte bisher keine quantitative Charakterisierung 

der Teigmikrostruktur dargestellt werden. Aus dieser Motivation heraus wurde in der 

vorliegenden Arbeit eine Methodik zur Quantifizierung der Teigmikrostruktur (DoMiQ, dough 

microstructure quantification) erarbeitet, die eine numerische Strukturcharakterisierung 

ermöglicht und somit die Grundlage für eine Korrelationsanalyse von Mikrostruktur und 

Funktionalität von Weizenproteinen in der Teigmatrix darstellt. Die Mikrostruktur der 

Weizenteigproteine wurde mit einem nicht-destruktiven konfokalen Laser Scanning 

Mikroskop erfasst und mittels Bildverarbeitung bearbeitet sowie analysiert. Die 

Strukturmerkmale der Proteine konnten dabei reproduzierbar charakterisiert werden. Eine 

zielgerichtete Modifikation der Mikrostruktur durch Variation der Teigzusammensetzung 

konnte statistisch signifikant erfasst und interpretiert werden. Anhand einer 

Korrelationsanalyse zwischen der Proteinmikrostruktur und einer umfangreichen 
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rheologischen Charakterisierung konnte erstmalig eine Struktur-Funktions-Beziehung auf 

mikroskopischer Ebene entworfen und diskutiert werden. Besonders die Einführung der 

Messgröße „Branching Index“ führte zu einem physikalischen Modell der Morphologie der 

Proteinmikrostruktur.  

Zusammenfassend ermöglichte die DoMiQ Methode erstmalig eine quantitative 

Charakterisierung der mikrostrukturellen Merkmale von Weizenteigproteinen und 

ermöglichte somit ein erweitertes Verständnis der Struktur-Funktions-Beziehung der 

Teigmatrix.  
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 INTRODUCTION  1

Wheat products are staple foods in most parts of the world. In particular, the unique 

viscoelastic properties of hydrated gluten proteins make wheat flour-water systems (dough) 

a highly interesting object of research. A common purpose of many investigations is the 

prediction of dough processability and end product quality (Dobraszczyk and Morgenstern, 

2003; Miller and Hoseney, 1999; Wang and Sun, 2002). Therefore an in-depth 

understanding of both the characteristics as well as the chemical and physical changes 

during the formation (mixing) and processing (fermentation, molding, thermal end 

treatment) of wheat dough is necessary. Many of these changes, which take place on the 

molecular level, not only become visible in the resulting dough structure but also influence 

dough handling, processability, and end product quality. The gluten protein structure, which 

is alleged to determine the mechanical behavior of the dough, plays a primary role in all of 

these steps (Lindsay and Skerritt, 1999; Wieser, 2007).  

Flour-water systems are a biological complex medium wherein the structure-function 

relationship represents a predominant position. For a target orientated product design it is 

essential to know the quantitative structure-function relationship of the matrix. This is valid 

for material as well as for food and cereal engineering. Further, knowledge of the structure-

function relationship plays a particular role in the prediction and specific modification of 

processing capabilities. This knowledge of the dependency between the structural 

properties of a component and its derived functional characteristics enables to establish 

theories and models that move away from qualitative, descriptive science towards a 

fundamental proposition.  

A wide range of flour and dough analyses are commonly used to quantify and forecast 

structural changes on different scales in wheat dough, with a special focus on the wheat 

proteins (Popineau et al., 1994; Tronsmo et al., 2003; Wieser and Kieffer, 2001) which are the 

basis for the development of relationships. For a comprehensive evaluation of the current 

knowledge and analysis methods, the next chapters review the scales of structure and 

possibilities of direct and indirect structure analysis methods in the field of cereal science.  
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 Scales of structures and its relationship with 1.1

functionality 

The structure of a material defines in different scales the construction or the configuration 

of individually linked components. It describes the spatial arrangement of similar or 

dissimilar components as well as its interrelationship or morphology, mostly with many-to-

many linkages or connections (Bourne, 2002; Heertje, 1993; Raeuber and Nikolaus, 1980). 

This interrelationship can be defined from a molecular up to a macroscopic level. Therefore 

the scale of the considered structure has to be specifically mentioned. In general, the 

characterization of the structure uses simplifications due to the complexity of the topic. 

The term structure in combination with an order of magnitude (micro, macro) is often used 

to describe the structural properties of materials such as food. For instance, often used 

orders of magnitudes are the molecular level and the microscale. However, the term of the 

order of magnitudes is often inconsistently used in literature. Therefore, four scales are 

defined in the current thesis, which are based on the configuration dimensions (in 

increasing order): molecular, nanoscopic, microscopic, and macroscopic scale or structure 

(see Figure 1-1).  

 

Figure 1-1: Scales of structure, exemplarily presented within a wheat flour-water system. From the 

molecular (such as disulfide cross-links) up to the nanoscopic (such as polymer entanglements), 

microscopic (such as the protein network), and macroscopic (such as dough extensibility) scale.  

The molecular scale describes the molecules and the monomeric components (< 10 nm). 

Further, the types of bonds, such as covalent or noncovalent, are defined. The resulting 

orientation of the oligomers or polymers is characterized on the nanoscopic scale which 
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involves sizes up to 100 nm. This scale is especially influenced by the number and type of 

bond, and therefore their physical arrangement, as well as the molecular weight of the 

resulting molecules. The rather rare term nanoscopic structure is deliberately chosen to 

distinguish between binding configuration (molecular) and the structure observed through 

a microscope (microscopic). The scale limitation is based on the fact that strands in this 

range cannot be distinguished using common microscopy techniques (Pawley, 2006). The 

mentioned many-to-many connections result in the microstructure of a material, which is 

characterized in the long-range order such as particles or aggregates within a range of 0.1 

up to 100 µm. At this scale microscopic techniques are utilized and the structure can be 

observed. The term macroscopic scale (>100 µm) defines already the transition to the 

textural or rheological properties of the material. At this scale, the properties of the 

molecular, nanoscopic, and microscopic scale are quantifiable in physical and dynamic 

measures. Hereby, the function of the structures becomes analyzable.  

The structure scales and their relationship with functionality are exemplarily 

represented in the form of wheat gluten on the following pages (also see Figure 1-1), since 

wheat gluten offers unique viscoelastic properties determining most of the macroscopic 

properties of dough (Beck et al., 2012a; Lindsay and Skerritt, 1999; Thiele et al., 2004; 

Wrigley and Bietz, 1988). Wheat gluten is a part of wheat flour proteins which are 

traditionally classified due to their solubility (Osborne fractions): albumins are soluble in 

water, globulins in dilute sodium chloride solutions, prolamins (gliadins) in 70% ethanol, 

and glutelins (glutenins) in dilute acid or alkali solutions (Osborne, 1907). This traditional 

division, being based on technological characteristics, does not clearly separate wheat 

proteins according to either biochemical/genetical attributes or processing or breadmaking 

functionality. Therefore, another possibility is classification according to amino acid 

sequence (Shewry et al., 1986), as shown in Figure 1-2. However, the terms “gliadins” and 

“glutenins” are still in use. They primarily indicate the functional properties rather than just 

focusing on the Osborne fractionation (Goesaert et al., 2005), but also refer to their 

technological properties, which are discussed later on. Together, monomeric gliadins and 

the polymeric and aggregative glutenins form wheat gluten (see Figure 1-2). They represent 

around 85% of the total wheat proteins and plays the major role in processing and 

breadmaking performance (Domenek et al., 2004). The involvement of these and further 
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subgroups on the different scales of the structures and its functionality are represented and 

discussed in the following.  

 

Figure 1-2: Traditional (Osborne, bright background, left) and extended molecular (Shewry et al., gray 

background, right) classification of gluten proteins (Osborne, 1907; Shewry et al., 1986). 

On the molecular level, the gliadins can be distinguished in three groups due to their 

mobility in acidic-buffer polyacrylamide gel electrophoresis: ω-gliadins, α-gliadins and 

γ-gliadins. Recent methods can even discriminate between more than one hundred 

components. The ω-gliadins have the lowest mobility and the molecular structure shows a 

lack of cysteins whereby no disulfide cross-links can be formed (Wieser, 2007). Cysteins 

have a tremendous effect on the functional properties of proteins because they are the 

most chemically reactive group found in proteins (de Jongh, 2007). The α-gliadins show six 

cysteine residues from which three intramolecular disulfide bonds can be formed, while 

γ-gliadins show eight cysteine residues with four intramolecular disulfide bonds. Thus, no 

free and reactive sulfide bonds are available for intermolecular cross-links (Lindsay and 

Skerritt, 1999). The N-terminal domains of the α- and γ-gliadin show β-turn conformations 

in the secondary structure, which is comparable to the ω-gliadins (Tatham and Shewry, 

1985). The relative molecular mass (Mr) of gliadins is within 30,000-75,000.  

Glutenins consist of the predominant “low molecular weight (glutenin) subunits” (LMWGS, 

with the relative molecular mass Mr of 42,000-70,000), with around 20% according to the 

total gluten proteins amount, and “high molecular weight (glutenin) subunits” (HMWGS, Mr 

60,000-90,000), with around 10% according to the total gluten proteins (Lindsay and 

Skerritt, 1999; Wieser and Kieffer, 2001). On the molecular level, most of the cysteine 

residues can be found in the terminal domains, but some subunits show also residues in the 

central domain. The three subgroups of LMWGS (B-, C-, and D-LMWGS, respectively, with 
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different Mr) revealed some similarities with HMWGS and even gliadins. The HMWGS 

consist of larger x-type and smaller y-type subunits, which have three and five cysteine 

residues, respectively. Therefore intermolecular disulfide cross-links can be formed, which is 

underlined by the fact that HMWGS do not appear in flour or dough as monomers. The 

secondary structure of the HMWGS seems to be β-reverse turns (Shewry et al., 1992).  

In general, gliadins determine the viscous and extensional properties of wheat flour dough 

and have a low elasticity and cohesiveness (Shewry et al., 1986). Glutenins are responsible 

for the elastic and cohesive parts of the dough, expressed in the strengthening of dough 

(MacRitchie, 1980; Wieser, 2007). The elastic functionality of glutenins could be explained by 

the overlapping turns (secondary structure of the HMWGS) which form a loose spiral 

(Wieser, 2007) and determine the nanoscopic structure scale. Their technological properties 

are based on their amino acid sequences, solubility characteristics, and related 

conformation (Shewry et al., 1997).  

Glutenins can achieve Mr from 500,000 up to 10 million (Wieser, 2007), with a hydrodynamic 

diameter of 5 to 45 nm (in contrast to gliadins with around 8 nm) (Wahlund et al., 1996). 

Hydrodynamic diameters describe an apparent radius of a hypothetical hard sphere which 

has the same diffusion properties as the molecule or particle under examination and can be 

detected by diffusion coefficients of retention times in a field-flow fractionation and a 

transformation by the Stokes-Einstein equation (Durchschlag and Zipper, 1996). The scale 

size of these diameters already describes the nanoscopic scale. Glutenins are considered 

the largest protein molecules in nature (Wrigley, 1996). The “real” nanostructure of gluten 

proteins exhibits due to the interaction of gliadins and glutenins, which determines the 

physical and mechanical properties of gluten. Next to the covalent bonds, non-covalent 

bonds based on van der Waals interactions, hydrogen, ionic, and hydrophobic effects play 

an important role in the level and status of the protein aggregation (Beck et al., 2012a; 

Belton, 1999). The covalent bonds are formed by cysteine-cysteine (disulfide) bonds which 

strongly influence the spatial arrangement of the protein structure (de Jongh, 2007) and less 

important tyrosine-tyrosine bonds (Tilley et al., 2001). A simplified nanostructure of 

glutenins is shown in Figure 1-3, containing non-covalent bonds, intramolecular covalent 

disulfide bonds, and intermolecular disulfide cross-links. The important structure 

determining covalent disulfide bonds are formed by cysteins (intra- or intermolecular), 
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despite its low concentration of around 2% in gluten proteins (Grosch and Wieser, 1999). 

Intramolecular disulfide bonds appear within gliadins and glutenin subunits and reveal a 

molecular stability in the protein conformation. Glutenins additionally form intermolecular 

bonds (due to free sulfide bonds) which determine gluten structure and behavior. In 

general, the protein’s polymeric character, which is due to cross-linking strongly influences 

dough formation and processing and breadmaking quality (Chanvrier et al., 2007; Domenek 

et al., 2004; Weegels et al., 1996a).  

 

Figure 1-3: Simplified and schematic nanostructure of glutenin proteins in wheat dough. With non-

covalent bonds , intramolecular covalent disulfide bonds , and intermolecular disulfide 

cross-links . 

Studies of nanoscale of gluten proteins have provided some network models, which 

describe the functionality under stress (Belton, 2005; Bloksma, 1990a; Létang et al., 1999; 

Singh and MacRitchie, 2001). Figure 1-4 shows a combination of the models of the relaxed 

state and one after the impact of tensile or mixing force. Under normal (relaxed) conditions, 

protein chains form random coils, which have the highest possible entropy level. The 

elongation and reordering of the chains through tensile or mixing forces leads to a loss of 

entropy (Aguilera et al., 2001). On the one hand, this could enable the formation of new 

bonds within the aligned state, which could stabilize the system. On the other hand, the 

reformation of the random coils reveals the higher entropy condition. As such, the recovery 
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forces are dominant which becomes evident in the elastic behavior of wheat gluten 

(Aguilera and Stanley, 1999; Belton, 1999, 2005). 

 

Figure 1-4: Schematic illustration of gluten strands at the nanoscale level (<50 nm) in relaxed and 

stressed conditions: Relaxed on the left and after elongation or mixing on the right.  

The largest organized form of glutenins, the glutenin macro polymer (GMP), reveals an 

amount of 20 to 40 mg g-1 in wheat flour (meaning up to 30% of the proteins in wheat flour 

with 12% protein) and can be considered a model of a part of the microstructure. It has 

great functionalities on dough’s rheological properties (positively correlated with the elastic 

behavior) as well as the end product quality such as the volume and is therefore regarded 

as an indicator for wheat flour quality (Don et al., 2005; Shewry et al., 1992; Weegels et al., 

1995a; Weegels et al., 1996b). A first structure-function relationship of GMP could be shown 

by correlating the average particle size of GMP extracted from flour with its intrinsic 

viscosity (Don et al., 2003a). The use of confocal laser scanning microscopy (CLSM) revealed 

GMP particles from 5-30 µm with large sphere shapes. The microstructure of GMP is 

determined by its particle size and shape. Lindsay et al. (Lindsay and Skerritt, 1999) 

proposed a model of the GMP with three structural elements: 1) A backbone structure of 

glutenin subunits with HMWGS dimers as the main component (indicated by studies on 

mechanical behavior and treatment as well as stepwise reductions) (Skerritt, 1998; Werner et 

al., 1992). 2) Glutenin subunits (LMWGS and HMWGS). These subunits are bound to 

y-HMWGS, which are part of the HMWGS backbone. Therefore, branching points of gluten 

occur. 3) LMWGS to terminate the chains at the end of the branches. This structure leads to 

a model of the GMP wherein either HMWGS and LMWGS oligomers or HMWGS alone 

represent a backbone with branches. The short branches are supposed to be linear or 

branched and consist of either LMWGS, or a combination of HMWGS and LMWGS at the 
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terminal end (Lindsay and Skerritt, 1999). Some HMWGS subunits, such as the “5+10”, seem 

to have a major, positive impact on the viscoelasticity of gluten, such as mixing tolerance, 

dough strength, and the shear storage modulus G’ (as measure of dough elasticity) (Blechl 

et al., 2007; Don et al., 2006; Lafiandra et al., 1993; Payne et al., 1987). Subsequently, they 

also affect the bread volume (Popineau et al., 1994). During hydration, a continuous water 

phase between the gluten particles is formed. Furthermore, the secondary structure of 

gluten is developed as β-sheets conformation, which influences the connectivity of the 

network (Khatkar, 2005). During dough processing, the shape of GMP particles is lost and a 

continuous network of proteins exhibits which can be comprehensively determined by 

microscopic techniques. The spatial arrangement of the further proteins is mostly 

aggregated in a kinetic process. The proteins are thereby spontaneously clustered in 

functional complexes, forming a network driven by a decrease of its energy state (de Jongh, 

2007). 

The macrostructure of a material can be defined as its mechanical behavior and analyzed 

in a physical and dynamic approach as a measure of its texture and rheology. The gluten 

proteins are believed to play the dominant role in the macroscopic behavior of wheat 

dough (Goesaert et al., 2005; Lindsay and Skerritt, 1999; Salvador et al., 2006; Thiele et al., 

2004; Wieser, 2007). The macrostructure of wheat gluten represents a viscoelastic behavior 

which is developed during hydration with solvents. It becomes especially visible during the 

production of yeast-leavened products such as wheat breads, which is briefly presented in 

the following:  

A) during mixing: characteristic torque curve mostly with a local maximum (Uthayakumaran 

et al., 1999) due to a reorganization of cross-links (Masi et al., 1998) and the development 

of a gluten network (Singh and MacRitchie, 2001) accompanied with an drastic increase of 

gluten extractability (Veraverbeke and Delcour, 2002). 

B) during fermentation (proofing): relaxing due to the elastic behavior (Belton, 1999) and 

gas holding properties that result from an appropriate balance between gliadin’s viscosity 

and glutenin’s elasticity (Gan et al., 1995; Goesaert et al., 2005).  

C) fixation of crumb structure during the final heat treatment (baking) due to changes in 

hydrophobicity and a polymerization reaction due to the formation of new disulfide cross-

links (Bajd and Serša, 2011; Lefebvre et al., 2000; Rombouts et al., 2011).  
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In total, the process of dough formation, processing behavior, and transition from a foam 

system dough to a semi-rigid system crumb is a complex phenomenon in which the 

macrostructure of the wheat dough undergoes huge structural changes on both the 

molecular and the microscopic level. 

 Microstructure analysis - microscopy 1.2

The direct analysis of a material’s structure can be performed either on a molecular level or 

by a visual analysis of the microstructure via microscopy. As the structural analysis of flour-

water systems on a molecular level has already been investigated in several studies (Koehler 

et al., 2010; Lindsay et al., 2000; Payne et al., 1987; Popineau et al., 1994; Wieser, 2007) and 

is mostly invasive, the focus of the current structural analysis is on the microstructure.  

In biological and in food materials in particular, many key phenomena appear on the 

microscopic level. Most food components have sizes on the microscopic scale (such as GMP 

or starch granules in wheat dough), resulting in a crucial contribution to phenomena such 

as transport behavior and physical, textural, and rheological properties (José Miguel, 2005). 

The spatial arrangement of these components, and therefore their microstructure, 

determines the macroscopic behavior of any material. Also, in the field of cereal science, it is 

an accepted fact that the microscopic level of dough structure is related to the mechanical 

behavior of the pre-product dough and the product quality of baked goods (Bajd and Serša, 

2011; Bloksma, 1990b; Lefebvre et al., 2000), even if the thermal heating occurs in between. 

However, the final quantitative proof of the theory is still pending. Therefore, for a 

comprehensive description of the relation between the structure and the resulting function 

of the structural properties’ analysis is of fundamental importance (Fulcher et al., 1994).  

Imaging techniques are helpful tools for examining dynamic changes in the morphology 

and composition of food’s structure (Kaláb et al., 1995). An early microscopic technique was 

light microscopy (Burhans and Clapp, 1942), followed by (scanning) electron microscopy 

(SEM) with an enormously increased resolution (Pomeranz, 1976). However, sample 

preparation of SEM can lead to modifications of the target components (Chabot et al., 1979) 

and therefore an interpretation of the structure can be complicated or hindered. A further 

development of light microscopy combined its advantages, such as following dynamic 
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mechanisms by investigating samples under environmental conditions, with an improved 

resolution in lateral and axial direction. This was achieved in the technique known as 

confocal laser scanning microscopy (CLSM). CLSM requires very little sample preparation 

(Blonk and van Aalst, 1993) and overcomes the disadvantage of light microscopy, namely its 

destructive sectioning of samples and possible contaminations or damages. It uses optical 

instead of physical sectioning and a fine focus due to the usage of lasers in combination 

with fluorescent dyes. Due to these advantages CLSM is already commonly used in cereal 

science (Beck et al., 2012a; Beck et al., 2011b; Blonk and van Aalst, 1993; Espinosa-Dzib et 

al., 2012; Jekle and Becker, 2010a; Kenny et al., 2001; Schirmer et al., 2011; Srikaeo et al., 

2006; Zarnkow et al., 2007). Figure 1-5 shows an example of the possibilities of the method 

with micrographs of wheat dough and wheat bread crumb.  

 

Figure 1-5: CLSM micrograph of a standard wheat dough (left) and a bread crumb (right). Starch granules 

appear gray, proteins white, and gas bubbles black (Jekle and Becker, 2010a). 

As defined in chapter 1.1, the microstructure of dough is located on the scale of 0.1-

100 µm. Therefore, the resolution limits of CLSM, which are determined by spatial resolution 

and noise, are of special interest.  

The spatial resolution of light microscopes (LM) is determined by the magnification power 

and numerical aperture (NA) of the objective lens. It comprises the minimal reachable 

separation distance at which two point signals are imaged and distinguishable. The Rayleigh 

criterion defines that two points are still resolvable when the first minimum of one Airy disk 

falls together with the central maximum of the second Airy disk. Airy disks are intensity 

profiles of a best focused light spot of a perfect lens. Taking the light wavelength λ into 

account, the (lateral) resolution d is (Aguilera and Stanley, 1999; Corle and Kino, 1996) 
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 . (1-1) 

If air is used as the external medium, the NA is up to 0.95; with oil the NA is up to 1.5. With 

conventional lenses, the resolution of light microscopes can practically reach around 

300 nm. Due to the spatially coherent point source illumination in confocal microscopes, the 

lateral single-point resolution can theoretically reach  

              
     

   
 , (1-2) 

 

and in axial direction  

            
     

     
  , (1-3) 

where n is the object refraction index (Corle and Kino, 1996; Földes-Papp et al., 2003).  

The resolution is mainly determined by the numerical aperture (NA). The higher the NA, the 

brighter the image can get. However, further magnification is not able to enlarge the 

content of visual information. In praxis, the lateral resolution of a CLSM can reach 200 nm. 

The depth discrimination can be smaller than 1 µm (approximate practical minimum at 

around 500 nm (Menéndez et al., 2001)) and depends, next to objective lens’s NA, on the 

pinhole: The larger the detector’s pinhole, the smaller the optical sectioning becomes. At 

the extreme, the confocal microscope can be used as a conventional scanning system. 

Dürrenberg et al. (Dürrenberger et al., 2001) stated that the maximum sample penetration 

range is up to 150 µm in z-direction; however, this can be extended with great technical 

effort. In summary, CLSM has a sub-micrometer spatial resolution and is therefore very 

suitable for the analysis of wheat dough protein. 

In food applications, CLSM is commonly used in the fluorescent light emission mode. Atoms 

of molecules absorb light from particular wavelengths and emit the light in a slightly longer 

wavelength. The whole process takes around 10-9 s. The reflective power of the structural 

elements is, with some exceptions, mostly comparable and thus well detectable. The target 

structures need to show fluorescent characteristics which can be either inherent 

fluorescence (auto-fluorescence) or obtained by staining or labeling with fluorescent dyes. 

The usage of dyes enables a better distinction and a multiphase detection of different 

constituents. Each fluorescent dye shows the characteristic absorption and emission spectra 

of photons and forms covalent and non-covalent bonds, respectively.  
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Non-covalent dyes (staining) are dissolved and added to the sample. The dye molecules 

spread in the sample and its accumulation is dependent on accessibility and affinity to other 

molecules. Hydrophobicity is a common main affinity effect for many dyes such as 

fluorescein isothiocyanate (FITC) and Rhodamine B. The morphology of the constituents, 

and therefore the hydrophobic/hydrophilic affinities between the considered phase and the 

enclosing matrix, considerably affects visualization and imaging. Rhodamine B is exemplarily 

chosen to explain the way of light in the microscope in the example of Figure 2 presented in 

chapter 2.2 “Wheat dough microstructure: The relation between visual structure and 

mechanical behavior”: A green HeNe laser emits light at λexc=543 nm. The laser light 

transmits the dichromatic filter/mirror and excites the fluorescent dye (Rhodamine B). The 

emitted light is reflected by the dichromatic filter/mirror and can reach the detector 

(λem=590/50 nm).  

During labeling a dye is covalently linked to a specific constituent or biopolymer. The 

technique is highly specific in comparison to the non-covalent staining. For carbohydrates 

(such as starch) in particular, it represents the best possibility for detection in food matrixes 

because carbohydrates show disturbing dye affinities (staining) in a certain concentration 

range (Kukrer and Akkaya, 1999; Linnane et al., 1995; van de Velde et al., 2002). However, 

carbohydrates are not as reactive as proteins, but some isothiocyanate derivatives for a 

water-free surrounding are available (Tromp et al., 2001). Nevertheless, the main target 

compounds of labeling are proteins as these molecules have superficially reactive amino 

groups (such as glutamine) (van de Velde et al., 2003). Furthermore, “antiwheat gliadin” 

rabbit polyclonal antibodies are available and used in studies (Urade et al., 2003). The 

targeted application of covalent labeling has some advantages over staining, especially in 

multi-phase systems. On the other hand, non-covalent staining offers an easier sample 

preparation and is favorable for single-phase systems or proteins in multiphase systems. 

Thus, the usage of Rhodamine B seems to be a beneficial method for staining wheat dough 

proteins, due to its simple, safe, fast, and appropriate method.  

Confocal microscopy is already an approved tool for establishing relationships between 

microstructure and its derived functional properties. In particular, the method was used to 

investigate the structure and function of synapses in the fields of neuroscience (Rahamimoff 

and Melamed, 1993) or casein systems (Auty et al., 2005). The author’s own work in the field 
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of cereal science enabled an explanation of the qualitative behavior of wheat dough as a 

function of ion addition with descriptive CLSM micrographs (Beck et al., 2012a). However, 

this descriptive approach reaches its limitations in:  

- Comparison of a high number of samples. 

- Objective characterization of the micrographs. 

- Evaluation of small variations between samples. 

- Defining structural features.  

Therefore, the extraction of structural measures becomes a necessity in constructing a 

scientific evaluation of the microstructure that will expose a detailed and high density of 

information as well as data handling enabling statistical interpretations. 

 

The application of microscopic methods is commonly used for material and engineering 

science. With the generated micrographs, a visual insight into the microstructural properties 

of the material is enabled. Although these micrographs consist of numerical data, it is nearly 

impossible to objectively compare its properties. Furthermore, without quantities, no 

experimental designs and statistics are usable. Therefore, image processing and analysis 

techniques, which extract morphological properties from the micrographs are required. 

Image analysis in food systems regarding fundamental research as well as process 

monitoring and control has been described, performed, and discussed recently (Bull, 1993; 

Flook, 2003; Hussein et al., 2011; Quevedo et al., 2002; Schirmer et al., 2011; Zheng et al., 

2006a, b). Before the analysis of the microstructural features, the images have to be 

processed. The micrographs consist of pixels with a defined position at the x- and y-

coordinates and a value for the gray scale or color. Colored RGB images have three numeric 

values, one for each color band (red, green, blue) and are therefore structured as a matrix. 

Generally, for the extraction of structural features, the following steps have to be performed 

(also see Figure 1-6): After the acquisition of the micrograph (1) and a pre-processing of the 

image (2), a segmentation of the structurally relevant information (areas, particles) is 

necessary (3). Afterwards the analysis of structural features is performed (4), which enables 

the characterization of the structure.  
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An example of a possible method is shown in Figure 1-6 where an abstract arrow on a street 

is processed and analyzed. The colored image is changed to a gray scale image to reduce 

the level of information. An 8 bit gray level is used which consists of 256 intensity levels 

between black and white. Afterwards, the image is binarized to apply the segmentation of 

the arrow (region of interest) to street (background). This thresholding method is simple 

and the most commonly used segmentation for micrographs (Lorén et al., 2007). It divides 

the pixels in two classes depending on a threshold value ath. Every pixel is referred to one of 

two fixed intensity values a0 (black) and a1 (white), respectively: 

                    

             . (1-4) 

This enables a distinction between an object and the background, and thereby the 

formalization of the characteristic relationship between a pixel and its related region. For 

instance, the fuzzy thresholding algorithm of Huang et al. (Huang and Wang, 1995) can be 

used. In Figure 1-6 the arrow is white in the gray level and black in the binarised image. 

 

Figure 1-6: Schematic image processing and analysis sequence for the extraction of structural features 

(exemplarily of an image of an arrow on a street). Numbers in brackets are referred to the steps of the 

methodology (see text above). 

Afterwards, the object is segmented. Subsequently the application of image analysis can be 

performed. For the description of the structure it is important to define the so called 

features of a region of interest (ROI). A region (R) of a binary image can be defined as a two 

dimensional distribution of pixels xi=(ui, vi): 

R={x1, x2…xN}={(u1, v1), (u2, v2)…(uN, vN)} . (1-5) 

The features for a description of this region (R) in the micrograph, such as a polymer or 

particle, can be length [m], width [m], (Feret’s) diameter DF [m], perimeter P [m], area A [m2], 

average size of all objects ØA [m2], area fraction of all objects AF [%], count ΣP [-], or angle 

(orientation to the x-, y- or z-axis), as well as shape descriptors such as the aspect ratio 

AR [-], circularity C [-], or solidity S [-] (see equations (1-6), (1-7), (1-8)) and Figure 1-7):   
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 , (1-6) 

  
      

   , (1-7) 

where AROI is the area of the region of interest (ROI, such as a protein particle). The solidity 

can be calculated by  

  
    

  
 , (1-8) 

where AC is the convex area of AROI. 

 

Figure 1-7: Description of the structural features aspect ratio AR, circularity C, and solidity S.  

Another structure descriptor is the fractal dimension, which describes the textural features 

of a micrograph and thereby the arrangement of the basic constituents of the material such 

as the roughness of lignin polymers with a FD of 1.96 (Quevedo et al., 2002; Radotic et al., 

1998). The FD can be calculated using the box counting method (BCM). The method uses 

cubic boxes with defined and different side lengths (r) to cover the border of the target 

object, such as a protein strand in a micrograph. The FD is calculated by the following 

equation: 

where N is the number of boxes and r is the length of the side of the box (2 to 64 pixel size) 

(Sarkar and Chaudhuri, 1992).  

         
     

   
 

 

 , (1-9) 
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In several biophysical studies, image analysis enabled relationships between the 

microstructure and functionalities to be established: The application of the quantification of 

the microstructure allowed, for instance, the comparison with functional properties of 

collagen (Yang and Kaufman, 2009). Auty et al. (Auty et al., 2005) in a CLSM and image 

analysis study on micellar casein particles and the functional features of rheology revealed 

similarities in microstructural and functional behavior. Image analysis of the cross-linking of 

rye proteins in dough in an author’s own research supported the definition of the reasons 

for an occurring maximum of the corresponding rye bread volume (Beck et al., 2009).  

However, a comprehensive acquisition of structural features is not available for dough 

systems in general. Thus, the described structural features in the current chapter could be 

applied to micrographs of wheat dough to evaluate and quantify its microstructure. 

Consequently, the qualitative information from the microscopic methodology could be used 

to provide quantitative dimensions and following correlations with other structural features 

and functionalities.  

 Macrostructure analysis - rheometry 1.3

During processing, dough stretches, shears, compresses, and flows as the microstructure’s 

physical network emerges in the macrostructure. The unique properties of wheat dough, 

and gluten proteins in particular, were discussed in chapter 1.1. Gluten is the main reason 

for the ability of wheat dough to develop viscoelastic properties, due to its three-

dimensional network. Its mechanical characterization can enable an effective prediction of 

the processing performance of dough (Song and Zheng, 2007). The monomeric gliadins 

thereby determine the viscous properties; whereas, the polymeric and aggregative glutenins 

determine the cohesive and elastic part of the dough (Southan and MacRitchie, 1999; 

Wieser, 2007).  

The acquisition of the macrostructure (also termed the dynamic structure) can be 

performed by rheometric analyses. Rheometry is based on an indirect macroscopic structure 

characterization and considerably complements direct structure analysis by microscopy. It is 

a universal technique for explaining dough with its complex viscoelastic structure. With 

rheometry, a quantification of functional interactions between stresses, deformations, and 
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the rheological characterization of dough (viscosity, elasticity, viscoelasticity) is enabled 

(Fischer and Windhab, 2011). 

Rheology is defined as the study of flow and deformation and of the response of a material 

to applied stress or strain (Steffe, 1992). Figure 1-8 shows a simple (laminar) shear flow of a 

material between two plates.  

 

Figure 1-8: Shear flow between two parallel (one fixed and one moving) plates. 

The upper plate is displaced with the velocity v in x-direction 

where s is the distance and t the time. The lower plate is fixed. In case of small values of γ, it 

can be assumed that       , and thus  

where h is the distance between the two plates (see Figure 1-8). The deformation γ changes 

as a function of time, resulting in the shear rate  ̇ 

In a representative infinitesimal small element, the resulting stress τ (force (F) per unit area 

(A)) can be completely described by nine separate quantities. This element might be 

reflected in terms of Cartesian coordinates (x, y, z) (see Figure 1-9) in which the subscripts of 

stress (τij) symbolize the orientation of the face upon which the force acts (i) and the 

direction of the force (j) (Steffe, 1992).  

  
 

 
 , (1-10) 

  
  

  
  ,  (1-11) 
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    (1-12) 
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Figure 1-9: Stresses on a representative infinitesimal small material element.  

The stress components are summarized in the stress tensor: 

where the components τxx, τyy, and τzz are normal stresses acting in a perpendicular plane to 

x, y, and z, respectively, and the other components (τij with i ǂ j) are shear stresses acting in 

the tangential plane. The stress tensor   is symmetrical (considering equilibrium conditions), 

wherefrom τij = τji (τxy = τyx; τxz = τzx; τyz = τzy). Concluding, only six independent components 

in the matrix have to be considered (Steffe, 1992).  

The shear rate can be characterized analogue to the shear in a Cartesian system of 

coordinates. Therefore, the tensor of the velocity gradient can be generally presented by 

However, this tensor is not symmetrical (in case of a shear flow in x direction: 
   

  
   and 

   

  
  ), whereby no reduction of matrix components, as with the stress tensor, is possible. 

In order to describe and to define complex (process) shear, the matrix has to be simplified 

so as to reach a symmetrical shear rate tensor: 
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where    is the transposed velocity gradient tensor and [  ]   [ ]  . Further, under 

experimental conditions, a simple shear flow is often applied with a velocity profile 

 ⃑  [
     

 
 

]. Taking the generalized (tensorial) Newtonian law       ̇ (and 
   

  
  ̇) into 

account, the stress tensor finally becomes   

Thus, the extra stress tensor is described by one element ǂ 0. Therefore, in rheological 

analysis with simple shear (as in a rheometer), scalar models are valid when describing the 

mechanical behavior of a material such as dough. The models are used to describe the 

results of rheological tests and to interpret viscous and elastic components of dough.  

Assuming a Newtonian fluid, the laminar shear flow can be defined by the constitutive 

equation  

     ̇ , (1-17) 

where the viscosity η is a material constant.  

The elasticity can be described by an ideal solid with linear elasticity and no flow (spring) 

and is defined by Hook’s law 

      , (1-18) 

where G is the shear modulus.  

In viscoelastic materials, such as wheat gluten or dough, three shear-rate-dependent 

material functions (viscometric functions) are essential to complete the state of stress 

(Steffe, 1992). The scalar viscometric functions are: the viscosity function η( ̇) and the first 

and second normal stress coefficients Ψ1( ̇) and Ψ2( ̇) (proportionality factors), which are 

defined as 
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where the first and second normal stress difference are N1 and N2 (measures of elasticity). In 

non-Newtonian materials it is assumed that |N2|<<N1 (Steffe, 1992). In Newtonian fluids N1 

and N2 are zero which is also valid for viscoelastic materials in the linear region (Kraft, 1996). 

Therefore, a one-dimensional consideration of the shear stress in viscoelastic materials is a 

valid approach for rheometric analysis.  

Models for describing viscoelastic behavior are, among others, the two parametrical 

Maxwell, or Kelvin-Voigt model, and the four parametrical Burger model. As an example, the 

Maxwell model is described in the following. The Maxwell model contains a Newtonian 

damper in series with a Hookean spring (see left side of Figure 1-13). Thereby, the sum of 

the strain is 

        , (1-22) 

where γv indicates the strain of the damper and γe the strain of the spring. Including 

equations (1-17) and (1-18) and differentiating equation (1-22) with respect to time yields 
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whereby the relaxation time (characteristic time of a Maxwell fluid) is 

      
 

 
 . (1-24) 

The Maxwell model is then 

         (
     

  
)    ̇ . (1-25) 

Solving the integral and assuming a steady flow with       ̇     and       ̇   ̇  as well 

as         , at time     this is 

       ∫  
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 . (1-26) 

 



Structure-function relationship in wheat dough  Introduction 

33 

 

In rotational rheometry, oscillatory techniques are especially interesting as they allow (if 

realized in the linear viscoelastic region (LVE)) a non-destructive, linear, and dynamic 

characterization of viscous and elastic measures. In oscillatory tests, the material is 

subjected to an oscillating stress or strain with the frequency ω. Following, an approach 

based on small amplitude oscillatory shear (SAOS) with applied strain is reviewed. Typically, 

the sample is placed between two parallel plates. The lower plate is fixed and the upper 

plate harmonically (sinusoidal) oscillates (Figure 1-10).  

 

Figure 1-10: Left: System of an oscillatory test with shear in one direction. Right: A normalized strain 

input with a normalized shear stress output as a function of time. 

The function of the applied strain is 

                           , (1-27) 

where ɣ0 is the amplitude of strain (   
 

 
 , see Figure 1-8), the motion of the upper plate is 

         , and ω is the frequency (kept constant in the following). The sinusoidal strain 

input results in a periodical shear rate: 

  

  
  ̇  

            

  
               (1-28) 

If the sample behaves in a linear viscoelastic manner, the subsequent shear stress is defined 

by the strain input:  

                                , (1-29) 

where τ0 is the amplitude of the shear stress and δ is the phase shift of the answer of the 

material. Using trigonometrical transformation this is  

                                , (1-30) 

or can be written as 
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The material functions G’ and G’’ are 

    (
  

  
)        , (1-32) 

     (
  

  
)        , (1-33) 

where G’ is called the shear storage modulus (or elastic modulus) and describes the 

recoverably stored mechanical energy in the material. Direct deformation occurs if a shear 

stress is applied, but the original dimensions are recovered after removal of the stress 

(ideal). In wheat gluten, elasticity is often referred to covalent cross-links; however, it seems 

that non-covalent bonds of spirals and loops on the nanoscopic scale of HMWGS play a 

more important role (Belton, 1999; Wieser, 2007). The second material function G’’ is the 

shear loss modulus (or viscous modulus): a measure for energy loss due to viscous 

dissipation and permanent displacement of the molecules, mainly globular gliadins (Belton, 

2005). This viscous dissipation and elastic recovery determines the viscoelasticity of gluten 

and wheat dough. The viscoelasticity can be considered by the application of complex 

numbers, and is visualized by a vector diagram with G’ on the abscissa (real part) and G’’ on 

the ordinate (imaginary part) in Figure 1-11.  

 

Figure 1-11: Vector diagram with G’ (real part), G’’ (imaginary part), and its resulting vector G*. 

The vectorial sum of G’ and G’’ is the complex number G* 

            , (1-34) 

which is also often reported as the complex shear modulus |G*|  

     √              
  

  
 , (1-35) 

characterizing the viscoelasticity of a sample (Macosko, 1994). The tangent of the phase 

shift δ (see Figure 1-11) is called loss factor and is defined as 
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This is the ratio of the lost energy and stored energy in materials, and is a measure of 

viscoelasticity. As wheat dough shows a loss factor <0.5, it can be classified as a viscoelastic 

solid (Beck et al., 2012a; Mezger, 2010). In the literature, the loss factor tan δ is referred to 

as a proper measure of dough “structure” (Berland and Launay, 1995).  

Additional information about the structural behavior of dough can be obtained from non-

oscillating large deformation tests such as creep and recovery tests, which is a further 

common rheological analysis. A constant shear stress τ0 is applied to the sample, and the 

deformation behavior of the sample is continuously recorded during the shear creep phase 

as well as after the constant shear stress is removed (see Figure 1-12). The deformation is a 

measure characterizing the material. For ideal elastic materials (with the absence of viscous 

properties) the material will return to its original form after the applied shear stress is 

removed. An ideal viscous material, however, would illustrate a constant flow where a linear 

response to the shear stress is determined by the inability of the material to recover from 

the instantaneous stress (also see equations (1-40) and (1-41)). 

 

Figure 1-12: Idealized creep and recovery curves of elastic, viscoelastic (such as wheat gluten or dough), 

and viscous materials.  

The deformation occurring during applied shear stress in wheat gluten and dough 

illustrates a combination of both idealized material characteristics and can be divided into 
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three effects: After an initial deformation (elasticity), an inconstant shear velocity (shear rate) 

 ̇ with           takes place (viscoelasticity). Afterwards, a steady state is reached with 

 ̇         and         (viscosity). This behavior may be described with the Burger model. 

The Burger model combines a Maxwell model (see equation (1-25)) and a Kelvin/Voigt 

model placed in series as shown in the following Figure 1-13.  

  

Figure 1-13: Burger model (right) as the sum of a Maxwell and a Kelvin-Voigt model (left) placed in 

series.  

The Kelvin/Voigt model can be described by a spring and a damper in parallel, which can be 

defined by         with 

       ̇    
 

 
  , (1-37) 

where   
 

 
  is the retardation time, which is a material constant. The differential equation 

is  

       ̇ . (1-38) 

Analogous to the Maxwell model, the time-dependent deformation of the creep phase (see 

Figure 1-12) can be calculated from the differential equation (1-37) with the Burger model: 

                    
  

  
 

  

  
(     (

  

 
))  

   

  
  , (1-39) 

with the shear modulus G1=τ0 γ1 (pure elastic, see equation (1-18)), the shear modulus G2 (G 

of Kelvin/Voigt model, see equation (1-37)), and the zero-viscosity η0.  

Practical and easy attributes of the creep recovery measurements can be described in terms 

of the compliance function 

       
    

  
 , (1-40) 
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where τ0 is the applied constant shear stress. In the linear viscoelastic regime of a material J 

is constant. The compliance at tmax is Jmax, and Jr is the creep recovery of the material or 

dough after removing τ0. The ratio of these two values is defined as Jel, or the relative elastic 

part, and describes the elasticity of a material or dough: 

Jel = 
  

    
 . (1-41) 

However, more empirical rheological methods were used to evaluate dough rheology in 

the first decades of cereal science. Empirical rheological methods such as z-kneaders are 

well established and commonly used to assure quality in mills and production facilities of 

baked goods. They are practical, easy to use, and standardized, however, their measure 

values are company dependent and hardly based on SI units. Furthermore, they are not 

sufficient to interpret the mechanical behavior of dough independent of the measurement 

device and its geometries. Some empirical methods are Farinograph, DoughLab, Mixograph, 

Extensograph, and Kieffer rig devices. The Extensograph method performs uniaxial tension 

tests, resulting in data about dough extensibility and resistance. However, the data cannot 

be reliably transferred into material constants (Charalambides et al., 2006) nor scalar 

viscometric functions in a linear viscoelastic regime since the deformations and stresses 

have to be described as complex tensors. A smaller sized Kieffer dough and extensibility rig 

(Kieffer rig) in combination with a texture analyzer uses a similar principle, however, the 

deformation is not purely uniaxial extension as it also has a shear component (Dunnewind 

et al., 2003).  

A comparison of empirical with SAOS test reveals that in oscillating tests material’s 

polymers retain coiled chains (Dobraszczyk et al., 2003). The interactions between polymer 

chains remain low. In contrast, in extensional tests (Kieffer rig) the polymers are extended 

and orientated (aligned) by the deformation. The occurring physical entanglements and 

interactions between the chains leads to an increase in stiffness – the so called strain 

hardening, which is associated in cereal science with gluten polymers. Therefore, the SAOS 

and the extension tests can be used to describe different effects: SAOS for molecular 

properties of single polymers and changes and large deformation extension tests for the 

interaction of large polymer aggregates (Dobraszczyk et al., 2003; Padmanabhan, 1995). In 

summary, it can be assumed, that SAOS are more suitable for describing the current status 
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of the network without (or with low) deformations, and large deformation tests for 

analyzing mechanical behavior during processing.  

In general, a lot of studies on dough rheology have revealed controversial results about the 

suitability of fundamental and empirical rheology. Further, some authors stated no or low 

correlations between oscillatory tests and end product qualities (Autio et al., 2001; Hayman 

et al., 1998). This could be explained by a calculation of the rate of expansion during 

proofing and oven rise with 10-2 and 10-4 sec-1, whereas the magnitude in rheological tests 

is several times higher (Dobraszczyk et al., 2003). They state, that the strain rates usually 

used in the SAOS are not relevant to the strain rates which occurs during proofing and 

baking. Further, the entanglement of the HMWGS is not reflected within these 

measurements and therefore baking performance cannot be predicted. However, others 

recommend the use of oscillatory tests to investigate changes in dough characteristics 

(Khatkar et al., 1995; Miller and Hoseney, 1999) or correlate the measures with end product 

quality (Khatkar et al., 2002; Van Bockstaele et al., 2008b). Some studies describe large-

deformation tests as suitable for the prediction of end product quality (Dobraszczyk and 

Morgenstern, 2003; Tronsmo et al., 2003; Van Bockstaele et al., 2008a; Wang and Sun, 2002); 

while, a number of studies found high correlations between empirical tests and end product 

quality. Due to the controversial literature, and to provide a comprehensive characterization 

of new methods or approaches, it is necessary to consider the whole range of rheological 

methodologies.  
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 Motivation 1.4

Designing processed food to meet consumers‘ requirements and expectations is a great 

challenge. Because the structure-function relationship of the food matrix greatly influences 

a product’s nutritional, physical, and sensorial property, it is essential to understand this 

relation in order to control both the processing and quality of the product (Kaufmann and 

Palzer, 2011). Thereby, a target-orientated production process following structural 

properties is enabled. This requires knowledge of structural features from a molecular up to 

a microscopic scale as well as macroscopic behavior and its influence on processing 

conditions. For some materials, such as metals and artificial polymers, these relationships 

are well-known due to the homogenous and simple construction of the materials. However, 

food comprises complex biopolymer matrixes; the establishment of these dependencies is 

complicated and thus knowledge about structure-function relationships is still minimal (José 

Miguel, 2005).  

Nevertheless, some structure-function relationships have been successfully established in 

cereal science. Most of the studies considered relations between the molecular or 

nanoscopic scale and the macrostructure of wheat proteins, such as rheological properties 

(Belton, 1999; Gupta et al., 1992; Hamer and van Vliet, 2000; MacRitchie, 1999; Marchetti et 

al., 2012; Shewry et al., 1992; Southan and MacRitchie, 1999). Herein, the key role of wheat 

proteins in dough functionality seems to be an accepted fact (Beck et al., 2012a; Goesaert et 

al., 2005; Lindsay and Skerritt, 1999; Wieser, 2007). Since the end product quality of baked 

goods is closely related to structural dough properties, studies have also attempted to 

define relations between the molecular level and consumer quality attributes (Khatkar, 2005; 

Létang et al., 1999; Li et al., 2003; Weegels et al., 1995b; Wieser and Kieffer, 2001; Zörb et al., 

2009). Although the molecular analysis of gluten fractions strongly contributed to the 

clarification of the structural development of dough, these studies mostly employed an 

invasive treatment of the system which partly destroyed the matrix. In contrast, new 

methodologies for the acquisition of the microstructure, such as confocal laser scanning 

microscopy (CLSM), enable a noninvasive way to obtain structural properties.  

Although some basic relations between the microstructural scale of wheat proteins and 

their functionality in dough are described, they are still rare and of a descriptive nature. For 
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instance, micrographs of wheat proteins were used to explain rheological properties 

(Domenek et al., 2004; Li et al., 2010; Peighambardoust et al., 2006; Peressini et al., 2008). 

However, a quantitative characterization of the structural features of wheat dough has not 

yet to be achieved. It is evident that the numerical classification of the microstructure would 

enable the establishment of a fundamental and significant structure-function relationship. 

The development of an appropriate methodology using CLSM in combination with image 

processing and analysis would enable the extraction of the quantitative structural features 

of the micrographs and therefore deliver the basis for a correlation analysis of the structure 

and functionality of wheat proteins in the dough matrix. Furthermore, the real impact and 

the significance of the protein network in wheat dough on processing and breadmaking 

performance could be investigated and re-evaluated on this novel basis.  

The thesis is therefore organized in four parts: 

1. Critical review of the fundamentals of wheat dough microstructure development and 

currently known relations with functionalities  

2. New approach for wheat dough protein quantification, with 

a. Establishment of a methodology to quantify wheat dough protein 

microstructure by structural features 

b. Possibility and traceability of modifications of structural features 

c. First correlation with dough macrostructure and processing performance 

3. Evaluation of a global description of dough macrostructure (rheology) with 

structural protein features by variation of several matrix components 

4. Evaluation of the prediction of breadmaking performance by protein microstructure 

A novel methodology to extract the structural features of wheat dough protein 

microstructure would enable innovative perspectives on the dough system, and a renewed 

understanding of the dough matrix as well as the development of a substantial structure-

function relationship in cereal science. 
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  RESULTS (THESIS PUBLICATIONS) 2

 Summary of results 2.1

The thesis publications are summarized in this chapter, followed by full copies of the 

papers.  

PART 1 

PAGE 45 

Wheat dough microstructure:  The relation between visual 

structure and mechanical behavior .  

 

The microstructure of food matrixes determines its mechanical behavior. Consequently, the 

analysis of the microstructure is both necessary and useful for understanding physico-

chemical and mechanical alterations during the production of cereal-based products such 

as bread. Confocal laser scanning microscopy (CLSM) is an established tool for the 

investigation of these matrix properties due to its methodical advantages such as easy 

preparation and handling, and high depth resolution due to the optical sectioning of 

probes. Therefore, the author provides, in the first thesis publication, an overview of current 

knowledge on dependencies between the visibly detectable microstructural elements 

achieved by CLSM and physically determined rheological properties. Current findings in this 

field, especially on possible numerical microstructural features are described and discussed 

and possibilities for enhancing the analytical methodology are presented. The necessity of 

understanding the formation of wheat dough from the molecular to the microstructural 

scale in order to establish a structure-function relationship is discussed. It is concluded that 

gluten is less a continuous film throughout the dough, but rather consists of a high number 

of strands, in which other particles (such as starch granules) are embedded, which leads to 

an appearance of a film. If these attributes were formulated in quantitative values, a more 

fundamental structure-function relationship could be established. In combination with the 

application of the analyzing measures, established tools such as threshold algorithms could 

serve as a tool to prove a quantitative structure-function relationship and emphasize the 

relevance of the protein network for both the dough and the end product characteristics.  
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PART 2 

PAGE 55 

Dough microstructure: Novel analysis by quantif ication using 

confocal laser scanning microscopy .  

 

The aim of this study was to establish a new methodology for quantifying wheat dough 

protein microstructure. To evaluate the method the effect varied water addition has on the 

microstructural and viscoelastic properties of wheat flour dough was investigated using 

CLSM and a spectrum of rheological methods. Dough with water addition in the range of 

52.5-70.0 g water 100 g-1 flour was investigated using the stickiness test, the uniaxial 

elongation test, and fundamental rheology like small amplitude oscillatory shear 

measurement and the creep recovery test. Micrographs of dough protein gained by CLSM 

were processed and analyzed. The method developed to quantify dough microstructure 

using CLSM in combination with image processing and analysis is described in this study. 

The methodology was highly repeatable and dependencies between microstructural 

features and macroscopic properties were found. The usability of protein microstructure 

quantification was proven. In summary, the author showed that a) most of the rheological 

methods had high significant correlations among the methods, at least due to the variation 

of water addition to wheat flour, and b) that there were high linear correlations between the 

protein microstructure of dough and its rheological properties. Therefore, the dependency 

between protein microstructure and its viscoelastic behavior that has been assumed for 

decades was validated. The DoMiQ (dough microstructure quantification) method has 

proven to be a powerful tool for examining dough protein microstructure.  
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PART 3 

PAGE 63 

Effects of acidif icat ion,  sodium chloride,  and moisture l evels 

on wheat dough: I .  Modeling of rheological  and 

microstructural properties .  

 

To validate the method to quantify dough microstructure, the effect of three experimental 

factors pH (addition of lactic acid and sodium hydroxide), water addition, and sodium 

chloride (NaCl) addition, on the microstructural properties of wheat dough protein were 

investigated. Further, the processing performance of the dough was studied by empirical 

and fundamental rheological properties. The results were modeled through the application 

of a response surface methodology. It was possible to determine microstructural attributes 

such as the area fraction (R2=0.88) and Feret’s diameter (R2=0.86) as a function of pH, water 

addition, and NaCl addition. This provided further evidence of the significance and usability 

of the DoMiQ method. Rheological measures of the dough, especially the dough resistance 

Rk
max, revealed highly significant correlations with the protein microstructure such as the 

branching index (r=0.79). The experimental design and response surface methodology 

enabled the determination of significant effects on empirical and fundamental as well as 

structural attributes. Almost all experimental factors (pH, water addition, and NaCl addition) 

significantly affected the properties of dough. In summary, the study confirmed the 

influence of the protein microstructure on the rheological attributes of wheat dough and 

the dependency of the pH, sodium chloride, and water addition on this microstructure. 

Additionally, influences of the experimental factors on the starch behavior are assumed to 

play another important role.  
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PART 4 

PAGE 73 

Effects of acidif icat ion,  sodium chloride,  and moisture l evels 

on wheat dough: I I .  Modeling of bread texture and stal ing 

kinetics .  

 

In addition to the prediction that wheat dough macrostructural behavior is a function of the 

protein microstructure investigated in the previous study, the prediction that baking 

performance and end product quality are related to dough micro- and macrostructure was 

investigated. The effect of three experimental factors pH (addition of lactic acid and sodium 

hydroxide), water addition, and sodium chloride (NaCl) addition, on wheat bread baking 

performance (volume, baking loss, crumb firmness, crumb grain features) and crumb staling 

during storage was studied. Staling behavior was modeled using the Avrami equation and 

linear regressions. All experimental values showed significant effects on end product 

characteristics. A correlation analysis revealed significant linear dependencies of the dough 

macrostructure on the firmness of the crumb and can thus be used to study bread making 

potential. In particular, small amplitude oscillatory shear measurements (complex shear 

modulus) showed significant correlations with bread crumb firmness after 24 h of storage 

(r=0.73). Due to a dependency on the initial crumb firmness values, the complex shear 

modulus also correlated with the linear firming behavior of bread crumbs. The 

microstructural dough attributes acquired in the previous study, showed significant but low 

correlation with the bread making performance attributes. To predict these attributes, a 

microstructural investigation of the protein microstructure, the starch granules, and their 

morphological alteration due to the heating process, from the foam system dough to the 

sponge system of the bread crumb has to be proposed.  
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 Wheat dough microstructure: The relation between 2.2

visual structure and mechanical behavior 
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 Dough microstructure: Novel analysis by quantification 2.3

using confocal laser scanning microscopy  
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 Effects of acidification, sodium chloride, and moisture 2.4

levels on wheat dough: I. Modeling of rheological and 

microstructural properties 
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 Effects of acidification, sodium chloride, and moisture 2.5

levels on wheat dough: II. Modeling of bread texture 

and staling kinetics  
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 DISCUSSION  3

Wheat protein is the dominant factor influencing dough rheology (Goesaert et al., 2005; 

Thiele et al., 2004; Wieser, 2007). Rheological characteristics such as extensibility and gas 

retention capability are based on physical interactions on the microscopic scale (0.1-

100 µm) (Autio et al., 2001; Lefebvre et al., 2000; Peressini et al., 2008), which covers the 

resolution of light and laser based microscopy. In the current thesis, the microstructures 

were acquired by confocal laser scanning microscopy (CLSM) and were quantified with a 

developed image processing and analyzing method (Dough Microstructure Quantification, 

DoMiQ) in order to create a wheat dough structure-function relationship on a micro- to 

macroscale. 

The protein microstructure was modified in an initial experimental design (chapter 2.3) by a 

variation of water addition to flour because water is considered to have an outstanding role 

in the viscoelastic properties of dough due to its influence on the microstructure (Skendi et 

al., 2010). Further, the blending or mixing of water with biomolecules enables the creation 

of structure in foods (Rao, 2007). On the one hand, the results confirmed the advantages of 

CLSM, such as the dynamic and nearly non-invasive observation of a specific focal section 

for evaluating dough protein microstructure. On the other hand, the variation of the ratio 

water to wheat flour lead to a distinct change in the protein microstructure after mixing, as 

shown in Figure 3-1. 

   

Figure 3-1: Wheat dough protein microstructure with varied water content, in 637 x 637 µm
2
. Left: 52.5 g 

water 100 g
-1

 flour; middle: 58.3 g water 100 g
-1

 flour; right: 64.1 g water 100 g
-1

 flour. Rhodamine B was 

dissolved in the water to stain the proteins (green).  
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The visual microstructure was developed from a slightly orientated network, with some 

empty areas between the strands and clusters (low water content), to a homogenously 

distributed network (standard water addition). A further increase in the water addition lead 

to more strongly clustered and less interconnected aggregates. The rheological influence of 

the water addition on dough can be extrapolated from these micrographs (Figure 3-1): 

Elasticity decreased with increased water addition and the system softened due to the 

weakened protein network. Further, the plasticization effect of water was based on a strong 

non-reactive filling function (Masi et al., 1998) and the enhanced mobility of the liquid 

phase due to its low molecular weight (Mani et al., 1992). The fundamental and empirical 

rheological analysis of wheat dough in chapter 2.3 characterized the plasticizing effect of 

water in detail. All micrographs revealed basic structural protein elements from aggregates, 

coarse protein domains, to homogenously distributed strands as described in earlier studies 

(Dürrenberger et al., 2001; Peighambardoust et al., 2006). However, the microstructural 

element glutenin macro polymer GMP, which was described in several publications (see 

chapter 1.1) as having a spherical particle shape, could not be visualized, regardless of water 

addition. The GMP is described as a round protein particle extractable from wheat flour and 

dough (by sodium dodecyl sulphate, in the insoluble gel-layer), and is disintegrated due to 

mechanical rupture during the mixing process (Don et al., 2003a; Don et al., 2003b). At the 

optimal dough development time, GMP should be still extractable: however, microscopic 

detection after extraction decreases with increased mixing time (Campos et al., 1997; Don et 

al., 2003b). It can be assumed that larger and more widely spread protein morphologies are 

formed out of the GMP particles in the dough matrix itself. Every dough presented in this 

thesis was mixed to its optimal dough development time (if detectable), and regarding the 

GMP theory, the particles should still be available and thus detectable. However, CLSM is 

unable to distinguish any particles in the dough matrix, even if the proteins are more 

aggregated. As such, a critical analysis of whether GMP particle morphology is just an 

artifact which appears due to the extraction methodology and its high shear impact 

(centrifugation) should be undertaken even though the existence of GMP after extraction is 

not doubted, and well established in cereal science. 

In summary, CLSM is well suited to visualizing wheat dough protein microstructure and its 

alterations. However, the aim of the current thesis was to find a structure-function 



Structure-function relationship in wheat dough  Discussion 

84 

 

relationship based on a mathematical approach. Therefore a method for dough 

microstructure quantification (DoMiQ) was established, as shown in Figure 3-2. For this, the 

pre-processing of the original micrograph comprises a change to gray level, binarization, 

and noise reduction. Following noise reduction, regions smaller than 2 pixels are deleted, 

and after segmentation, structural features are analyzed using the open source Java 

software imageJ (version 1.42q, National Institutes of Health, Bethesda, Md, USA) (Collins, 

2007; Rajwa et al., 2004). 

 

Figure 3-2: Operational sequence of the established method for the quantification of a wheat dough 

protein microstructure “DoMiQ”. A scale bar (50 µm) is included in “original micrograph”.  

The DoMiQ method provided quantitative structural details of the morphology of wheat 

dough protein in a non-invasive matter for the first time. The analyzed measures were 

particle count (ΣP, [-]), total area (ΣA, [µm2]), average size (ØA, [µm2]), and area fraction (AF, 

[%]) as well as the shape descriptors perimeter (P, [µm]), circularity (C, [-]), Feret’s diameter 

(DF, [µm]), and the fractal dimension of the image (FD, [-]). Further, the effect of the specific 

dependent variables on the dough’s macrostructure was evaluated. Since it was expected 

that the description of the branching of protein aggregates would be a meaningful value for 

the morphology of the network, the measure “branching index” (BI, [-]) was introduced. It 

characterizes the surface of the region of interest (expressed by the perimeter P) in a 
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dimensionless relation to its extension (expressed by the (Feret’s) diameter DF) and is 

calculated by  

   
 

  
 . (3-1) 

The minimal reachable BI value is theoretically 2.0 with an object as a straight line (where 

P=2DF). A perfect circle has a BI of 3.14. Figure 3-3 shows three different particle 

morphologies with related BI (calculated with imageJ). The significance pertaining to dough 

proteins is discussed after the following paragraph.  

 

Figure 3-3: Visualization of three particle morphologies with different branching indexes. Left: a long and 

thin morphology with a BI of 2.35; middle: a circular morphology with a BI of 3.14; right: a branched 

morphology with a BI of 5.43.  

The analysis of the micrographs in chapter 2.3 revealed a repeatable acquisition of 

measures such as the area fraction AF of the standard (58.2 g water 100 g-1 flour) with 

35.8 ± 2.38% (n=14 micrographs). Also, structural features such as the perimeter P showed 

a reasonable standard deviation of 3.7 µm with a mean of 55.2 µm. A comparison of the 

water addition levels revealed significant differences from the lowest water addition to all 

other variations (52.5 up to 70.0 g water 100 g-1 flour). This fact statistically replaces earlier 

views on the microstructure by environmental scanning electron microscopy (Létang et al., 

1999) which assumed no fundamental changes in the structure of dough following water 

addition of 45 to 60 g water 100 g-1 wheat flour. Other authors described a rheological 

alteration of wheat dough due to the filler function of water and due to water’s function as 

a lubricant which increases the relaxation of dough (Masi et al., 1998). In contrast to these 

invasive previous works, the current micrographs, structural features, and rheological 

characterization confirmed tremendous changes from an interconnected network, resulting 

in stiff and less extensible dough at a low water addition, to a clustered, less entangled 

network with more plastic and less elastic properties at high water additions. In dough with 

a water addition above 64.1 g 100 g-1 flour, the alteration of the microstructure was based 
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on a low energy input during mixing as an optimum mixing time was no longer detectable 

(over 20 min). Due to the plasticization effect of water in the system, the protein aggregates 

cannot be distributed to a homogenous network and are revealed in the analyzed clustered 

status.  

The value BI, postulated in this thesis as a measure of the ratio of protein perimeter to 

(Feret’s) diameter, was applied to a related experimental set-up (not included in the thesis 

publications in chapter 2) in which the addition of water to another wheat flour batch was 

varied in steps comparable to chapter 2.3 (Jekle and Becker, 2011). Figure 3-4 shows two 

micrographs of a standard water addition (A) and an increased water addition (B). The 

proteins in micrograph B are considerably less spread out and reveal stronger and less 

branched strands or aggregates.  

 

Figure 3-4: Binary CLSM micrographs of wheat dough protein with 58.3 g (A) and 70.0 g (B) water 

addition 100 g
-1

 flour. A water addition of 58.3 g water is the optimal water addition for this flour; 70.0 g 

is equivalent with a 20% increased water addition. Proteins are displayed black.  

The DoMiQ method exhibited highly significant dependencies between the water addition 

and the branching index BI (r=−0.92) (Figure 3-5). The graph illustrates a more spread out 

protein structure with low water addition; whereas, a simpler or less branched structure 

exhibits with increased water addition due to less interconnected aggregates that result 

from the plasticizing effect of the water. 
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Figure 3-5: Branching index BI of the protein microstructure as a function of the water addition to flour 

(based on (Jekle and Becker, 2011)). 

To validate the results in a wider range of experiments, a multivariate analysis of an 

experimental design with three variables (water, sodium chloride addition, and pH value by 

acidification with lactic acid) was performed using response surface methodology (RSM). 

The selection of the three parameters was reasonable due to their high impact on wheat 

protein microstructure (Beck et al., 2012a; Jekle and Becker, 2011; Schober et al., 2003). The 

variables showed a significant influence on all microstructural measures such as AF, FD, ΣP, 

DF, P, ØA, C, and BI (expect water addition on ΣP). This means that a) the protein 

microstructure can be modified by sodium chloride addition and pH value and b) it can be 

quantified by DoMiQ. A second-order polynomial model of the protein microstructure 

partly revealed a highly adjusted R². In particular, the fitted model of AF explained 88.4% of 

the variability of the protein area fraction as a function of water addition, sodium chloride 

addition, and the pH value. The mean absolute error (MAE), as the average value of the 

residuals, was 1.83. The BI had an adjusted R² of 82.4% with a MAE of 0.25. This confirms the 

universal applicability of the method for quantifying dough protein microstructure.  

That the rheology of food comprises macroscopic responses determined by changes and 

characteristics on a microscopic scale (José Miguel, 2005; Rao, 2007) is an accepted fact in 

cereal science (Beck et al., 2012a; Bloksma, 1990b; Lefebvre et al., 2000). However, it had yet 

to be mathematically proven. The current thesis facilitated the proof due to the variation of 

water addition and a correlation of the results of the successfully established method to 

extract structural protein features with fundamental and empirical rheological properties. 
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Variation of water addition was chosen as water is a key factor in the creation of edible 

structures of foods (Rao, 2007). Highly significant linear correlations (r) were found among 

others between AF and the rheological measures |G*| (0.79), Rk
max (0.76), Ek (−0.76), and Ds 

(−0.81). This provides a general statement: The more protein is detectable with DoMiQ (AF), 

the stiffer, less sticky, and less extensible the dough is. This proves the visual evaluation of 

SEM micrographs by Lee et al. (Lee et al., 2001) and a further interpretation of the results of 

Schober et al. (Schober et al., 2003) (also see chapter 2.2) that a low content of detectable 

protein microstructure weakens wheat dough. This was also described as low protein 

density (Schober et al., 2003), meaning low gray intensity. Considering the structural 

features, the following correlations were found: circularity C with Jmax (0.85), Jel (−0.86), CS 

(0.77); FD with |G*| (−0.75), Jel (−0.75), Rk
max (−0.72), Ds (0.77); and perimeter P with |G*| 

(0.66), Jmax (−0.74), Jel (0.74), Rk
max (0.61), Ds (−0.73). The variation of one parameter reveals 

the interrelation between rounder (>C) and therefore less branched (smaller surface or 

perimeter, <P) and a softer and less elastic dough. In reverse, the dough becomes stronger 

(stiff, elastic) with more surface contact between the protein aggregates and the 

surrounding matrix. Furthermore, the results of the variation of three ingredients in the RSM 

design showed some high significant linear correlation between P and |G*| (0.59), Jmax 

(−0.57), and Jel (0.61), between BI and Rk
max (0.79), and between DF and Rk

max (−0.71). The 

rheological impact of a branched and therefore enlarged contact area (>P, >BI) due to 

spacious and connected protein strands is also evident in this experimental design. This 

morphological detail also explains the interpretation of gluten protein micrographs that a 

less fragmented and more organized protein network (described by branched and 

interconnected areas) leads to a higher viscoelastic behavior. However, the variation of 

water, sodium chloride addition and pH value in 2.4 resulted overall in lower correlations 

than the single ingredient variation. Therefore, the mode of action of sodium chloride and 

acidification is critically discussed in the next paragraph.  

Next to the influence on the microstructure, the experimental variables influenced as well 

the molecular and nanoscopic scales. A decreasing pH value results in a slight change of the 

protein configuration due to an increase of net positive charge of the proteins (Galal et al., 

1978). Furthermore, the reaction rate of SH/SS interchanges is pH-dependent (Song and 

Zheng, 2007). This means that mechanisms in the molecular and nanoscopic scale could 
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occur, directly influencing the macroscopic behavior without having any relation to the 

microstructure. Sodium and chloride ions change the protein fraction on a nanoscale level 

as well due to neutralized repulsion forces in the proteins (Kirkwood, 1943), this 

considerably effects the microstructure (see chapter 2.4 and own works (Beck et al., 2012a)). 

The change of the microstructure determines in turn the macrostructure; however, there 

could be also direct impacts from the nano- to the macrostructure. To explain these effects, 

a possible simple experimental set-up would address the addition of ascorbic acid to wheat 

flour-water systems. Ascorbic acid influences the molecular and nanoscopic scale of wheat 

gluten (Every et al., 2008; Koehler, 2003a, b) and thus dough macroscopic behavior, such as 

increased dough strength (Aamodt et al., 2003). The addition quantity is low so that the 

amount of molecules will only affect crosslinking abilities and not the structure itself. A 

comprehensive investigation of its effects on the molecular/nanoscopic, microstructural, 

and macrostructural level could reveal and/or close causality breaks in the argumentation.  

The often declared structure-function relationships of gluten proteins are mostly based on 

the molecular and nanoscopic levels (Belitz et al., 1986; Hamer and van Vliet, 2000; 

MacRitchie, 1999; Mejia et al., 2007; Southan and MacRitchie, 1999). The current thesis 

enables an enlarged structure-function relationship on a microstructural level which is 

strongly determined by physical effects. A further improvement of the method would be to 

enlarge the current micrographs (212x212 µm) to a millimeter scale without losing details 

so that a larger microstructural area could be acquired and analyzed. For this purpose, both 

an automation of the imaging with a construction for a movable sample and a compiling of 

the micrographs have to be applied.  

The schematic protein network models presented in chapter 1.1 (Belton, 2005; Bloksma, 

1990a; Létang et al., 1999; Singh and MacRitchie, 2001) are, on the one hand, the basis for 

the protein microstructure and therefore the material’s mechanical behavior; however, they 

do not represent the status of the microstructure itself. Therefore a dough protein 

microstructure model with different properties is illustrated in Figure 3-6. The results of the 

current thesis are implemented in this protein model. It is a physical approach that 

describes the network with strands and aggregates which become joined through physical 

entanglements. The mechanical behavior of scheme A is stiffer and more elastic than 

scheme B. This can be detected by the smaller circularity and a higher perimeter of the 
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protein aggregates and strands, respectively. The rounder and less branched (<BI) protein 

aggregates in B reveal more deformation due to stress during elongation or mixing, 

resulting in a decreased dough resistance value. The higher perimeter in A induces a higher 

contact area between the protein and the surrounding matrix (starch, liquid phase) as well 

as to adjacent protein aggregates. Therefore higher friction energies have be to overcome, 

resulting in a strengthening of the material (A2). Converting the nanoscopic model of loops 

and trains to the microscale, a higher branching of the protein structure leads to an 

increased elasticity of the system.  

 

Figure 3-6: Illustration of wheat dough protein model in the microscale level (<100 µm) under relaxed (1) 

and stressed (2) conditions. The schemes in A represent a stiffer mechanical behavior and B a softer and 

less elastic material.  

The prediction of the end product qualities based on a dough analysis would enable better 

control of the production of baked goods as well as a defined creation of specific 

properties. However, the micro- and macrostructure undergo tremendous changes during 

the heating process of the dough matrix. Nevertheless, the analysis of the results of the 

experimental design of chapter 2.5 revealed that the dough macrostructure, more precisely 

the complex shear modulus |G*|, determined the bread crumb firmness as well as the 

firming rate during storage. The higher the firmness of the dough, expressed in a high |G*| 
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value, the firmer the bread crumb and the higher the firming rate. During the fermentation 

step (in the following named proofing) carbohydrates are metabolized to carbon dioxide 

(CO2) which diffuses from the dough matrix into the cells leading to an expansion by more 

than an order of magnitude (Martin, 2004). The complex shear modulus is a measure of the 

viscous forces Pv(t), which together with the hydrostatic pressure Ph(t) and the surface 

tension Ps(t), defines the expansion of the gas cells during proofing (Grenier et al., 2010). 

The lower the viscous forces, the higher the expansion rates (with an local maximum (Jekle, 

2011)), the higher the volume of the bread and therefore the lower the firmness of the 

crumb. The detected effect on the firming rate can in general be explained in two ways: a) 

by affecting the components of the matrix during firming (during storage), which could be 

accomplished by an alteration of starch with ions as theoretically shown in an own work 

(Beck et al., 2011a); or b) by influencing the matrix components before firming (during 

dough preparation), in particular by an increased water adsorption of pentosans and 

damaged starch, respectively, due to higher water addition (Goesaert et al., 2009). The 

second aspect would affect processing and baking performance, such as the volume of the 

end product. The volume, in turn, determines the firming rate of the crumb, which was 

shown by an own special experimental set-up (Jekle and Becker, 2010b), as well as in the 

practical application in the current thesis (inverse relation between volume and firming 

rate). Despite these findings, the analysis method of the crumb firmness should be 

discussed and improved. Even though all studies concerning crumb texture firming are 

based on texture profile analysis (TPA) (Beck et al., 2012b; Cornford et al., 1964; Hug-Iten et 

al., 2003; Martin et al., 1991; Rasmussen and Hansen, 2001), the application of this method 

should be critically evaluated. The higher the product volume, the higher the void fraction 

and the lower the ratio of crumb touching the plunger of the TPA. This system represents 

practically the thumb method used in sensory evaluation, but does not deliver information 

about the firming of the pure crumb matrix itself. The specific porosity (via image 

processing and analyzing of the crumb) of the crumb texture should be taken into account 

to normalize the crumb firmness.  

A relationship between the dough protein microstructure and the baking performance 

could not be properly established. Further approaches could improve the capabilities of the 

microstructure in determining processing and baking performance: Comprehensive 
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multivariate statistical methods such as the principal component analysis could support 

revealing relations between the measures, if existent. However, additional information has 

to be considered in this context and is discussed in the following.  

The relation of the protein microstructure with dough macrostructure in ambient 

temperature has been shown, but during heating this relationship could be disordered. 

During heating the baking functionality of gluten is reduced by a decrease of extractability 

and solubility (Schofield and Booth, 1983). This is based on the formation of cross-links and 

the polymerization of gluten molecules. Furthermore, hydrophobicity increases due to 

unfolding processes and the exposure of hydrophobic groups. The unfolding increases as 

well as the elasticity and permanent cross-links are formed with further heating (Lefebvre et 

al., 1994). It is not clear if these processes mainly take place in the molecular and 

nanoscopic level or if they also occur in the microscopic level, too. An investigation of 

temperature dependent changes of the protein microstructure would be necessary to 

determine this. In addition to protein changes during the heating process, a further point is 

the consideration of the gas phase in the system. The foam system dough with a porosity of 

around 7% (Tanner et al., 2011) tremendously increases its porosity and merges into a 

sponge system. The expansion of dough during oven rise leads to a high rate of strains in 

the dough system, since the dough cell walls are elongated parallel to the cell surface and 

perpendicular to the surface. Strain hardening of gluten proteins occurs which is based on 

the molecular weight distribution (MWD) of the gluten proteins and leads to an increased 

resistance to biaxial extension. At its optimum, the slippage of the segments between the 

entanglements of the protein appears without a rupture of the polymeric, entangled 

network. With lower MWD less dough strength is exhibited, and slippage is prevented with 

higher MWD due to more entanglements (Sroan et al., 2009). This supports the baking 

performance of wheat dough by an increased gas holding ability (Dobraszczyk et al., 2003). 

An online observation of the microstructural changes together with rheological changes 

including the strain hardening during the heating process could explain the significance of 

microstructural phenomena.  

Another influence on the relation between protein microstructure and baking performance 

is the relevance of starch on the dough properties during heating. The tremendous increase 

of dough viscosity during heating is mainly based on the gelatinization process (Salvador et 
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al., 2006), which strongly influences gas retaining ability and therefore determines end 

product qualities (He and Hoseney, 1991). These effects are also a function of changes in 

the microstructure, namely starch microstructure. Therefore, in an own study, wheat starch 

granules were analyzed with CLSM during a heating process and combined with the, 

established in this thesis, DoMiQ method in an offline experimental set-up (Schirmer et al., 

2011). The increase of the mean granule area as well as the granule perimeter could be 

significantly detected as well as its linear positive relation with thermal characteristics 

(differential scanning calorimetry). Even if the quantitative relation with the macrostructure 

is still pending, this indicates strong impacts on the behavior of dough. Further 

investigations promise comprehensive insights into the transition from dough to crumb. 

Efforts should focus on an online investigation during the heating process of starch as well 

as on the protein microstructure. Simultaneously, an observation of the gas cell growth and 

pressure during heating (offline usability already proved (Petford et al., 1999)) would deliver 

new insights in the transition from dough to crumb.  

In addition to these real-time experiments the established DoMiQ method would also 

facilitate new research fields in cereal science such as an observation of pentosans to 

determine its impact on rye dough characteristics; this would continue current 

investigations in this field (Beck et al., 2009; Beck et al., 2011b). A further outstanding 

research field would be the three-dimensional acquisition of structural elements, although it 

would require a distinctly enhanced processing, analyzing, and structure modeling 

methodology. To summarize, all investigations should be focused on the approach to 

enhance the understanding of micro- and macrostructure in order to create specific 

structural features as a function of processing parameters. Overall, the successfully 

developed DoMiQ methodology provided detailed and novel knowledge of the structure-

function relationship in wheat dough. 
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