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Summary
The improvement of the quality of wheat‐based products requires a distinct understanding of
structure‐function relationships. Since the haptic and physical quality (e.g., texture, volume, gas‐
holding capacity) of wheat products depend mainly on properties of the gluten network, its
investigation on a microstructural level (the only possibility to cover the spatial arrangement) is
crucial to elucidate structure‐function relationships. In this thesis, an approach was found to
visualise and quantify most appropriately the complex microstructure of gluten network in wheat
dough. In this regard, a novel image analysis, called protein network analysis (PNA), was developed
which allows characterising the connectivity and strength of gluten microstructure by morphological
(lacunarity) and structural network attributes (branching rate, end‐point rate, protein width and
average length). An additional mandatory requirement for gluten analysis is a most realistic
visualisation of the microstructure. This was achieved by confocal laser scanning microscopy (CLSM)
and by identifying the staining method “bulk water technique” as the method with no impact on
gluten network formation or dough functionality. These developed techniques formed the basis for
further studies of different network properties and structure‐function relationships. Molecular
alterations in gluten polymers were evoked by specific (enzymatic, chemical) and unspecific
(plasticising) gluten‐modifying agents in various concentrations. These alterations were analysed by
microstructural investigations for the first time and detected precisely by PNA. These alterations
resulted in a large variety of different gluten network arrangements, which were classified in six
characteristic network types by principal component analysis and were associated to their typical
rheological behaviour: a cleaved (low viscous), rigid (highly viscous), spread (viscoelastic),
strengthened (viscoelastic), particulate and dense (highly viscous) or particulate and loose (low
viscous) network. A seventh network type (dense network, low viscous) was proposed later on in
the discussion of this thesis. The definition of network types was created as a guiding schema to
support the interpretation of any forthcoming microstructural analysis and to enable predictions of
dough functionality. Moreover, the mechanical behaviour of specific gluten‐modified dough
samples was predicted by mathematical formulas based on microstructural PNA attributes with an
accuracy up to 90% using partial least square regression. In conclusion, the present thesis provides
the basis for upcoming studies of fundamental structure‐function relationships. The protein
network analysis and the transfer of the defined network types on gluten microstructures provide
new possibilities for elucidating and predicting wheat dough functionalities and product quality.
____
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Zusammenfassung
Die Optimierung der Qualität von Weizen‐basierten Produkten erfordert ein umfassendes
Verständnis von Struktur‐Funktionsbeziehungen. Da die haptische und physische Qualität (wie
Textur, Volumen, Gashaltevermögen) von Weizenprodukten vor allem von den Eigenschaften
des Glutennetzwerks abhängt, ist dessen Untersuchung auf mikrostruktureller Ebene (als
einzige Möglichkeit die räumliche Anordnung zu erfassen) zur Aufklärung von Struktur‐
Funktionsbeziehungen essentiell. Daher wurde in dieser Arbeit eine Möglichkeit geschaffen,
die komplexe Mikrostruktur des Glutennetzwerks im Weizenteig am treffendsten zu
visualisieren und in neuer Weise zu quantifizieren. Hierfür wurde eine neuartige Bildanalyse –
die Proteinnetzwerkanalyse (PNA) – entwickelt, mit der nun die Konnektivität und der
Zusammenhalt der Gluten‐Mikrostruktur sowohl durch morphologische (Lückenhaftigkeit) als
auch durch strukturelle Netzwerkattribute (Verzweigungsrate, Endpunktrate, Proteinbreite
und durchschnittliche Länge) charakterisiert werden kann. Eine wichtige Voraussetzung für
die Glutennetzwerkanalyse ist eine möglichst reelle Visualisierung der Mikrostruktur. Dies
konnte mittels konfokaler Laser‐Scanning‐Mikroskopie (CLSM) durch die Identifizierung der
Färbemethode

"Schüttwassertechnik"

als

Verfahren

ohne

Einfluss

auf

die

Glutennetzwerkbildung oder auf die Teigfunktionalität erzielt werden. Diese beiden neu
entwickelten Methoden bildeten die Grundlage für die weitere Untersuchung verschiedener
Netzwerkeigenschaften und Struktur‐Funktionsbeziehungen. So konnten molekulare
Veränderungen in Glutenpolymeren, welche durch spezifische (enzymatische, chemische) und
unspezifische

(plastifizierende)

Gluten‐modifizierende

Agentien

in

verschiedenen

Konzentrationen hervorgerufen wurden, anhand mikrostrukturelle Untersuchungen erstmals
analysiert und durch die PNA präzise erfasst werden. Diese Veränderungen führten zu einer
Vielzahl

an

verschiedenen

Glutennetzwerkanordnungen,

die

durch

die

Hauptkomponentenanalyse in sechs charakteristische Netzwerktypen eingeteilt und mit
ihrem typischen rheologischen Verhalten in Relation gesetzt werden konnten: ein gespaltenes
(niederviskoses),

starres

(hochviskoses),

verteiltes

(viskoelastisches),

gestärktes

(viskoelastisches), partikuläres und dichtes (hochviskoses) oder partikuläres und loses
(niederviskoses) Netzwerk. Ein siebter Netzwerktyp (dichtes Netzwerk, niedrigviskos) wurde
später in der Diskussion dieser Arbeit vorgeschlagen. Die Definition der Netzwerktypen wurde
als Leitschema erstellt, um die Interpretation zukünftiger Mikrostrukturanalysen zu
____
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unterstützen und Vorhersagen über die Teigfunktionalität zu ermöglichen. Darüber hinaus
wurde das mechanische Verhalten spezifischer Gluten‐modifizierter Weizenteigproben durch
mathematische Modelle, die auf den mikrostrukturellen PNA‐Attributen basieren, mit einer
Genauigkeit von bis zu 90% unter Verwendung der Regression der partiellen kleinsten
Quadrate vorhergesagt. Zusammenfassend lässt sich sagen, dass die vorliegende Arbeit die
Basis für zukünftige Studien über grundlegende Struktur‐Funktionsbeziehungen bildet. Die
Proteinnetzwerkanalyse und die Übertragung der Netzwerktypen auf Gluten‐Mikrostrukturen
eröffnen neue Möglichkeiten zur Aufklärung und Vorhersage von Weizenteigfunktionalitäten
und Produktqualität.
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Figure 1: Graphical summary of the main work and findings of this study.
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Introduction

1 Introduction
The improvement of the quality of food products as well as the design of new ones is a steady
aim in in the food industry. For wheat‐based products, the haptic and physical product quality
derives mainly from the unique viscoelastic properties of the gluten proteins (Gianibelli,
Larroque, MacRitchie, & Wrigley, 2001). They affect the gas holding properties, dough
rheology as well as texture and volume of baked products (Cauvain, 2007; Goesaert et al.,
2005; Jekle & Becker, 2015; Wieser, 2007). In order to optimize the product quality, to adapt
it to new process conditions or to modify it specifically, it is important to develop and
purposefully apply an understanding of structure‐function relationships of wheat dough
components. In particular, microstructural investigations are required to study structural
interactions since most of the elements (e.g., proteins, starch granules, lipid droplets), which
affect the mechanical product properties, are in a range below 100 µm (Aguilera, 2005). Due
to novel microscopy techniques, such as confocal laser scanning microscopy (CLSM), it is now
possible to visualize participating elements non‐invasively and specifically by staining them
with fluorescent dyes. The evaluation of the produced micrographs can be performed visually
and quantitatively by image analysis. For this purpose, it requires a precise analysis of the
structural elements. In wheat dough, however, the quantification and interpretation of the
gluten proteins is challenging due to their complex network structure and the complex dough
matrix. Hence, the development of an appropriate method for the quantification of gluten
microstructure would enable determining quantitative relations to dough mechanical
behaviour. By means of these correlations, a database used to simplify the interpretation of
various network structures could be developed. In consequence, this would provide a
prediction of dough functionalities.
In the following section, the molecular characteristics of wheat proteins and formation of the
gluten network in dough is explained. Furthermore, possibilities and difficulties of the
quantification of gluten network structure as well as the advantages and need of a
microstructural investigation to analyse the complex gluten network are shown.
Subsequently, influencing factors on gluten microstructure and the link to dough rheology as
well as to product quality is discussed before the thesis outline is presented.
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1.1 The gluten network in wheat dough
The protein content of commercial wheat flour used for bread making ranges between 10 to
14% (dry base). Although starch is the main component in wheat flour (70‐75%), the unique
viscoelastic properties of wheat dough derive from the proteins, in particular the gluten‐
forming proteins of the endosperm (Gianibelli et al., 2001; Goesaert et al., 2005). Gluten
proteins comprise about 80‐85% of the total wheat proteins and form a continuous network
structure during hydration and kneading (Osborne, 1907). The microstructural investigation
of the gluten network in wheat dough aimed in this study requires a detailed understanding
of the molecular basis of wheat proteins and network formation.
The molecular basis of gluten proteins
According to Osborne (1907), wheat proteins can be classified by their solubility into four
groups: a) albumins which are soluble in water; b) globulins which are insoluble in water but
soluble in saline solutions; c) prolamins (gliadins) which are soluble in 70‐90% ethanol; and d)
glutelins (glutenins) which are insoluble in aqueous ethanol but soluble in dilute acid/alkali or
after reduction of disulphide bonds (c.f. Figure 2). Albumins and globulins correspond to the
non‐gluten‐forming proteins (15‐20%), whereas gliadins and glutenins correspond to the
gluten‐forming proteins (80‐85%)(Osborne, 1907). Gliadins are monomeric proteins with
relative molecular weights (Mr) about 30,000 to 60,000, in contrast to glutenins, which are
polymeric, aggregative proteins with molecular weights of 80,000 up to 20 million
(Veraverbeke & Delcour, 2002).
The classification of wheat proteins by solubility by Osborne was revaluated by P. R. Shewry,
Tatham, Forde, Kreis, and Miflin (1986) according to their biological characteristics. Gliadins
can be classified according to their amino acid sequences and molecular weights into sulphur
(S) ‐poor ω5‐ and ω1,2‐gliadins (mean molecular weight, MMW) as well as in sulphur‐rich α‐
and γ‐Gliadins (low molecular weight, LMW) (c.f. Figure 2). ω‐Gliadins have high contents in
repetitive sequences of proline and glutamine, whereas the cysteine and methionine content
is very low. Since cysteine is essential for the formation of disulphide crosslinks between inter
as well as intra molecular chains, ω‐gliadins can hardly form disulphide crosslinks (Wieser,
2007). In contrast, α‐ and γ‐gliadins form three and four homologous intra‐chain crosslinks
due to six cysteines in the α‐gliadins and eight in the γ‐gliadins of the C‐terminal domain,
____
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respectively (Grosch & Wieser, 1999). Both are characterized by high contents of tyrosine. As
shown in Figure 2, the proportion of α‐ and γ‐gliadins in the total gluten proteins is much
higher than ω‐gliadins. The secondary structure of α‐ and γ‐gliadins show a reverse‐ or β‐turns
in the repetitive N‐terminal domain and α‐helices and β‐sheet in the non‐repetitive C‐terminal
domain, which are stabilised by disulphide and hydrogen bonds. In contrast, ω‐gliadin have
no α‐helix or β‐sheet structure, but are rich in β‐turns, which stability derive from hydrophobic
interaction (Tatham & Shewry, 1985).

Figure 2: Classification of wheat proteins. The classification was performed according to their solubility
(Osborne, 1907) as well as functionality (P. R. Shewry et al., 1986). Molecular weights (MW) and corresponding
percentages of gluten proteins were included according to Wieser (2007). Abbreviations: LMW: low molecular
weights, HMW: high molecular weights, S: sulphur.

Glutenins are counted to the largest proteins in nature (Wrigley, 1996). However, the analysis
of glutenins is difficult due to the large size and poor solubility. Nevertheless, it is known that
glutenins are described by subunits since they can be analysed after reduction of disulphide
bonds (Goesaert et al., 2005). As a result, glutenins were classified to LMW and HMW glutenin
____
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subunits (GS). LMW‐GS can be categorized to B‐, C‐ and D‐ subunits according to their mobility
on SDS‐PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis) (Jackson, Holt, &
Payne, 1983; Lindsay & Skerritt, 1999). LMW‐GS are similar in the primary and secondary
structure to α‐ and γ‐gliadins, however, differ from them in one distinct characteristic since
LMW‐GS form not only intra‐ but also inter‐chain disulphide bonds. This is relevant for the
formation of a network structure.
From the gliadins, the HMW‐GS differ in the high content of glycine and low content of proline
(P. R. Shewry et al., 1986). As visualized in Figure 2, HMW‐GS can be distinguished to higher
molecular weight x‐types (Mr 83,000‐88,000) and lower molecular weight y‐types (Mr 67,000‐
74,000) (Wieser, 2007). Even though the proportion of HMW‐GS compared to the total gluten
content is quite low, they contribute mainly to dough elasticity and functionality. HMW‐GS
contribute mainly in the gluten network formation since they can form many inter‐chain
disulphide bonds due to the location of cysteine residuals near the ends. The x‐type HMW‐GS
contain four cysteine residues and the y‐types seven, respectively (Grosch & Wieser, 1999).
As visualized in Figure 3, the terminal domains of HMW‐GS are short with about 80 to 100
amino acid residues in the N‐terminal domain and a constant size of 42 amino acid residuals
in the C‐terminal domain. The central domain varies in length (480‐680 amino acid residues).
The secondary structure of N‐ and C‐terminal domains comprise mainly of α‐helices, whereas
the central part consists mainly of repetitive sequences (containing glutamine, proline and
glycine) which are believed to form overlapping reversed turns resulting in a β‐spiral or helical
structure (c.f. Figure 3). Hence, HMW‐GS are supposed to have a rigid rod‐like confirmation
(P. Shewry, Halford, & Tatham, 1992; Veraverbeke & Delcour, 2002).

____
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Figure 3: Schematic model of HMW‐GS according to P. R. Shewry, Popineau, Lafiandra, and Belton (2000). The
N‐ and C‐terminal domain show an α‐helix in the secondary structure, whereas the repetitive central domain
shows a β‐spiral. The β‐spiral is visualized by (left) a computer modelling and (right) a scanning probe microscope.

Another structure of the glutenins is discussed in literature, the polymeric glutenin
macropolymer (GMP). It consists of large structures of both LMW‐ and HMW‐GS and it is
insoluble in aqueous sodium dodecyl sulphate (SDS) (Don, Lichtendonk, Plijter, & Hamer,
2003). The GMP content (about 20‐40 mg/g flour) was correlated with quality determinants
for elastic properties and bread volume, which makes it to an important contributor for the
product quality (P. Weegels, Van de Pijpekamp, Graveland, Hamer, & Schofield, 1996).
The molecular structure of gliadins and glutenins as well as their ability of forming cross‐links
as described above are relevant for understanding the complex process of gluten network
formation during kneading, which is explained in the following section.
Network formation of gluten molecules
When wheat flour is hydrated due to water addition during kneaded, the gluten proteins form
a continuous network system determining the viscoelastic properties of wheat dough (Singh
& MacRitchie, 2001). The process is described in literature as follows: During kneading, protein
aggregates and gluten macrofibrils are formed by covalent linkage of polypeptide chains by
intermolecular disulphide bonds. Extended protein threads transform to films, a continuous
gluten phase and finally to a homogenous, fine gluten structure (Autio & Salmenkallio‐
Marttila, 2001; Peighambardoust, Dadpour, & Dokouhaki, 2010). During network formation,
____
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the proteins undergo several depolymerisation and (re‐)polymerization processes (P. L.
Weegels, Hamer, & Schofield, 1997). Disulphide bonds play a major role in the formation of
the three‐dimensional gluten network. For understanding these complex processes of
network formation as well as the distribution of gluten molecules forming the network
structure, various models were established in the past by explaining interactions of glutenin
and gliadins as well as the formation of covalent and non‐covalent bonds. The model of Ewart
(1979) described a linear arrangement of glutenin and suggested gliadins as plasticizer.
Graveland et al. (1985) proposed x‐ and y‐ type HMW‐GS as a backbone in a head‐to‐tail linear
arrangement with LMW‐GS as lateral attachments in form of clusters and disulphide bonds as
stabilization between both GS types. A development of this model was performed by Lindsay
and Skerritt (1999) proposing a branched arrangement of glutenin macropolymer with HMW‐
GS as a backbone. y‐HMW‐GS would cause inter‐chain disulphide bonds and the branching
points contain dimeric structures of LMW‐GS. The existence of inter‐chain disulphide bonds
between LMW‐GS and y‐HMW‐GS was proven by Keck, Köhler, and Wieser (1995). Besides
disulphide bonds, Belton (1999) took non‐covalent, hydrogen bonds into account for
describing gluten elasticity. Thanks to the high concentration of the glutamine, the HMW‐GS
contain many hydrophilic sequences to form intra‐ and inter‐molecular hydrogen bonds. He
pointed out that disulphide bonds explain the resistance to extension but not the elasticity of
gluten. Hence, Belton developed the loop and train model stating regions of polymer‐surface
(train) and polymer‐solvent (loop) interactions. The loops increase with hydration level.
During dough kneading, loops will deform to trains and hydrogen bonds will be broken
because of the stretching of the polymers (c.f. Figure 4a III). The equilibrium configuration of
loops and trains will be returning after relaxation (c.f. Figure 4 I) (Belton, 1999).
Later, a further model was developed by Wieser (2007) based on a branched network and the
ratio of HMW‐GS to LMW‐GS (2:1) as well as the molar weight. He proposed that a glutenin
polymer double unit contains 2 y‐types and 4 x‐type of HMW‐GS as well as 30 LMW‐GS linked
by inter‐chain disulphide bonds (molecular weight of 1.5 million of one double unit).
Furthermore, he assumed that GMP comprises of more than ten of those double units
(Wieser, 2007). This model is visualized in Figure 4b.

____
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Figure 4: Gluten network models. a) Loop and train model of Belton (1999) showing the deformation of polymers
I) at equilibrium, II) under small extension and III) under large extension. b) Inter‐chain disulphide crosslink model
of Wieser (2007) of LMW‐GS () and HMW‐GS ().

Those models and further research models highlighted that gluten is a complex three‐
dimensional network, which is highly cross‐linked by covalent bonds (disulphide bonds,
dityrosine cross‐links, (iso)peptide) and non‐covalent interactions (hydrogen bonds,
hydrophobic and ionic interactions) (Belton, 1999; Tilley et al., 2001; Wieser, 2007). All these
bonds and interactions play a major role in formation of the network structure. The most
influence on the formation is derived from the number and distribution of disulphide bonds
(Wieser, 2007). Recent studies identified disulphide bonds between α‐ and γ‐gliadins, HMW‐
GS and LMW‐GS, eleven of them for the first time (Schmid, Wieser, & Koehler, 2017). Hereby,
the network structure is affected by oxidation of SH groups (promoting polymerisation), the
presence of terminators (stopping polymerisation) and SH/SS interchange reactions
(depolymerising polymers by glutathione or cysteine) (Schmid et al., 2017; Wieser, 2007). This
study shows that the elucidation of molecular interactions in gluten network are still ongoing
and that the structure of the complex gluten network is not fully investigated yet. The models
described in this section are a solid approach for understanding the interactions of gliadins
and glutenins and the resulting network structure. However, the models are not entirely
validated and the relation of the molecular structure to the spatial network arrangement on
a microstructural level is lacking.
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1.2 Challenges in quantifying gluten network structure and the need of
microstructural investigation
The models characterising the network structure presented in the section above were mainly
based on molecular investigations and possess only model character, which are not fully
proven yet. Moreover, the transferability of these molecular models to the formation of the
spatial network arrangement (microstructural level) is missing. The challenge of analysing the
gluten structure is the large molecular size of gluten polymers up to millions of Daltons and
low solubility of gluten (Delcour et al., 2012; Dobraszczyk & Morgenstern, 2003; Gianibelli et
al., 2001). Hence, most studies focussed on the determination of disulphide bonds (indirectly
by the amount of free sulfhydryl (SH) groups) or the molecular weight of HMW‐, LMW‐GS or
GMP (Hammann & Schmid, 2014; Hanft & Koehler, 2006; Steffolani, Ribotta, Pérez, & León,
2010; Wieser, 2007). For the analysis, disulphide bonds in gluten need to be reduced or gluten
proteins are extracted by solvents in the Osborne fractions. Even if Schmid et al. (2017)
considered the Osborne fractionation as a kind of mixing of flour and that it is comparable to
dough formation during kneading, none of the molecular investigations on gluten are
performed non‐invasively in a wheat dough system. Hence, all molecular studies are invasive
and require a cleavage of the network structure. It became apparent that mainly the primary
and secondary structure had been studied until now whereas the quaternary structure (the
three‐dimensional arrangement of folded or coiling polypeptides/protein complex with all
subunits) of gluten is difficult to analyse (Delcour et al., 2012). Hence, it requires an analysis
one level up on a microstructural level to gather the spatial network arrangement.
Summarising, the effect of various cross‐links on the spatial arrangement of gluten proteins
as well as the rate of branching within the network cannot be determined on a molecular level
making an investigation of the gluten microstructure crucial.
Microstructural description and analysis of gluten network
Microstructural observations show structures in a scale of 0.1 to several 100 µm and cover the
spatial arrangement of dough components. Bechtel, Pomeranz, and De Francisco (1978)
described the microstructure of wheat dough as a system of starch granules surrounded by a
gluten matrix. Don et al. (2003) presented gluten as a colloidal particle system, which forms a
gel by shearing. However, this hypothesis was comprehensively discussed by Belton (2005).
____
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Furthermore, the gluten microstructure in a wheat dough was characterized as an
interconnected gluten network covering starch granules (Peighambardoust et al., 2010), a
homogeneous protein phase with very fine structure (Peighambardoust, van der Goot, van
Vliet, Hamer, & Boom, 2006), or a spread network, which is described as a continuous
structure with elongated and distributed gluten strands (Jekle & Becker, 2015). Further
microstructural network models were discussed in Jekle and Becker (2015) and in
Kontogiorgos (2011). Finally, Jekle and Becker (2011) described the microstructure as a system
of three phases consisting of the continuous gluten network, a free water phase with starch
granules and soluble components, and a dispersed gas phase, as visualised in Figure 5.

Figure 5: Microstructure of wheat dough. The microstructure is presented by CLSM images of the gluten network
(stained by Rhodamine B, λexc = 543 nm, λem = 590/50 nm), starch granules (stained by FITC, λexc = 488 nm,
λem = 535 nm) and the gas phase (visualized as black holes; wheat proteins in red, dye Rhodamine B,
λexc = 543 nm, λem = 590/50 nm; lipids in blue, dye FatRed, λexc = 635 nm, λem = 650L nm). All images have a
size of 686 x 686 µm.

The investigation of gluten microstructure can be performed by light microscopy,
epifluorescence light microscopy, electron microscopy, scanning electron microscopy (SEM)
or confocal laser scanning microscopy (CLSM) (Bechtel et al., 1978; Dürrenberger, Handschin,
Conde‐Petit, & Escher, 2001; Hug‐Iten, Handschin, Conde‐Petit, & Escher, 1999;
Peighambardoust et al., 2010; Roman‐Gutierrez, Guilbert, & Cuq, 2002). CLSM has some
advantages compared to the other methods, which are described in combination with the
principle of CLSM in the publication of Jekle and Becker (2015) in detail. In summary, images
with a high resolution and a thin optical section can be achieved in CLSM measurements due
to the confocal pinhole filtering out of focus light. In addition, several monochromatic lasers
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as light sources allow the visualisation of various wheat dough components when staining
them with appropriate fluorescent dyes. A further advantage of CLSM is the non‐invasive
measurement of wheat dough compared to molecular investigations as mentioned above.
Hence, the spatial arrangement of the gluten network as it appears in wheat dough can be
visualised in CLSM images. However, there are two challenges to consider when using CLSM.
Although the microscopy method itself is non‐invasive, the visualisation requires a sample
preparation by a staining process. Several dyes could be used which bind non‐covalently or
covalently on the dough components. For gluten proteins, the dye Rhodamine B is commonly
used which binds non‐covalently on the proteins by hydrophobic interactions (Baier‐Schenk
et al., 2005; Jekle & Becker, 2011; Maeda et al., 2013). Hereby, the questions rises if those
hydrophobic interactions might influence the formation of gluten proteins. Staining was
performed in literature either by applying the dye solution on the dough sample’s surface or
by adding the dye to the bulk water during kneading (Döring, Nuber, Stukenborg, Jekle, &
Becker, 2015; McCann & Day, 2013). Another commonly used method was to freeze the dough
samples rapidly to fix the structure and to cut thin sections with a microtome for using these
sections for microscopy (Bousquieres, Deligny, Riaublanc, & Lucas, 2014; Hesso et al., 2015;
Maeda et al., 2013; Peighambardoust et al., 2006). The samples were stained and visualised
afterwards. However, freezing is discussed to affect the dough microstructure, especially the
protein network formation due to depolymerisation (Berglund, Shelton, & Freeman, 1991;
Ribotta, León, & Añón, 2001). Thus, the staining procedure might also have an impact on the
gluten network. However, a visualisation of gluten microstructure as realistic as possible is
crucial for studying structure‐function relationships, and effects of fluorescent dyes as well as
staining procedures need to be elucidated.
The second challenge of CSLM and of all other microscopic techniques is that the
interpretation of the images is difficult and an objective evaluation of the dough
microstructure is required by applying an image analysis. Most of the former studies in
literature did not apply an image analysis on their microstructure images and only described
the network visually (Baier‐Schenk et al., 2005; Dürrenberger et al., 2001). However,
qualitative descriptions can cause misunderstandings and thus, an appropriate quantification
of the gluten network structures would be crucial. Some studies already used images analyses
focussing on the quantification of the protein area or protein particles (number and shape)
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(Jekle & Becker, 2011; Lee, Ng, Whallon, & Steffe, 2001; Peighambardoust et al., 2006).
Correlations between dough rheology and microstructure were detected underlining the
relevance of microstructural quantification methods (Jekle & Becker, 2011, 2012). Since gluten
is present as a network structure in wheat dough, a more advanced image analysis evaluating
the connectivity and strength of a network would allow an even better elucidation of
structure‐function relationships. In general, a tree‐dimensional network of a polymeric
material is described as a structure with several cross‐links between long chain molecules
(Bardwell & Winkler, 1949a). The relation of cross‐links in networks and physical properties of
the material had already been reported in early studies of polymeric structures (e.g., rubbers)
(Bardwell & Winkler, 1949b; Flory, Rabjohn, & Shaffer, 1949; Gehman, 1952). A further
important characteristic of networks are network defects, like terminal chains (Case, 1960).
Hence, the image analysis should detect branching points of the gluten network precisely as
well as end‐points of terminal chains and give quantitative data of those structural network
attributes. Since the gluten network does not have a regular grid structure, a description of
morphological values might also be useful. However, such an image analysis had not been
applied in cereal science, especially not on gluten microstructures, until now.

1.3 Influencing factors on gluten microstructure and the importance for dough and
bread quality
The sections above underline the need of studying gluten network on a microstructural level
since the complex spatial arrangement can only be covered in this way. It is commonly
recognized that gluten proteins define mainly the dough and final product’s quality. To
improve or even predict dough and final bread quality, an understanding of influencing factors
on gluten network is crucial. Figure 6 highlights the influencing factors on gluten network
structure.
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Figure 6: Factors influencing gluten network structure. This matrix highlights influencing factors and
relationships of gluten proteins up to bread‐making quality, modified and refined according to (Veraverbeke &
Delcour, 2002).

The gluten network structure is affected by the gluten quantity and quality. However, the
gluten quality is dependent on genetic and environmental factors causing variations in LMW‐
/HMW‐GS and gliadin/glutenin ratio, quality and polymer size distribution (Delcour et al.,
2012; Gianibelli et al., 2001; Veraverbeke & Delcour, 2002). Thus, these variations limit an
easy prediction of end‐product quality. Hence, a lot of research was performed showing
correlations of gluten components (as illustrated in Figure 6) and dough rheological properties
and/or bread quality. These relations were discussed in detail in Veraverbeke and Delcour
(2002) and Goesaert et al. (2005). However, these studies focused mostly on single
correlations on a molecular level but the formation of gluten network is dependent of many
and interacting influencing factors (c.f. Figure 6). All these factors are reflected in the gluten
network structure highlighting the relevance of an investigation of gluten microstructure for
structure‐function relationships since this is the only method to cover the spatial arrangement
of gluten polymers.
Other alterations in gluten network can occur due to process conditions, such as different
kneading (time, speed) or fermentation/proofing settings (time, temperature, humidity).
There are already many studies presenting microstructural changes of gluten network in
under‐mixed, optimal mixed and over‐mixed dough samples, such as protein rearrangement,
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ruptures of gluten threads, air bubbles and starch granules motions (Amend & Belitz, 1991;
Auger, Morel, Lefebvre, Dewilde, & Redl, 2008; Boitte, Hayert, & Michon, 2013;
Peighambardoust et al., 2010; Peighambardoust et al., 2006; Peressini, Peighambardoust,
Hamer, Sensidoni, & Van Der Goot, 2008). Microstructural studies for a fermented wheat
dough also exist in literature presenting gluten network alterations caused by gas bubble
growth (Autio et al., 2005; Bernklau et al., 2017; Gan et al., 1990; Salmenkallio‐Marttila,
Katina, & Autio, 2001). It should be noted that changes in process conditions affect not only
gluten network structure but also other flour constituents, especially starch granules, and that
gluten alterations are not specifically dependent on process variations since they are
additionally affected by other ingredients, e.g., yeast. Due to these reasons and because of
already investigated effects on microstructure, variations in process conditions will not be the
focus of this thesis.
Specific alterations of gluten polymers can be achieved on a molecular level by dough
ingredients, such as enzymatic or chemical agents, which cause an effect on dough mechanical
behaviour (macroscopic level). Gluten polymers can be ruptured by specific cleavage of
disulphide bonds caused by glutathione or of peptide bonds caused by proteases resulting in
weakened dough structure (Lagrain, Thewissen, Brijs, & Delcour, 2007; Lindahl & Eliasson,
1992; Lyons, 1982; Verheyen et al., 2015). Oxidizing agents such as ascorbic acid or potassium
bromate are said to promote the formation of disulphide bonds and to strengthen the dough
(Dong & Hoseney, 1995; Grosch & Wieser, 1999). The enzyme glucose oxidase also improves
disulphide formations and additionally dityrosine cross‐links (Hanft & Koehler, 2006; Rasiah,
Sutton, Low, Lin, & Gerrard, 2005; Steffolani et al., 2010). Further alterations in gluten network
can be provoked by the addition of the enzyme transglutaminase, which catalyses the cross‐
linking of lysine with glutamine residues. Dependent on the concentration of
transglutaminase, those new isopeptide bonds improve the resistance to extension and dough
strength (Autio et al., 2005; Basman, Köksel, & Ng, 2002; Steffolani et al., 2010). All those
studies have in common that they determine and discuss effects of those enzymatic or
chemical agents on a molecular level and on dough or bread quality. However, an investigation
of gluten microstructure is lacking. Since those enzymatic and chemical agents affect different
bonds in gluten network (disulphide, dityrosine, (iso)peptide), the spatial arrangement of the
protein network might be completely different. Hence, the questions rises if those alterations
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are visible in gluten microstructure and if so, a specific gluten arrangement can be linked to a
certain dough mechanical behaviour to conclude on baked product quality. Moreover, other
dough ingredients, which interact with proteins such as lipids, or different hydration levels
might cause further spatial gluten arrangements. Thus, specific as well as unspecific gluten
modifying agents could evoke targeted alterations of gluten network arrangements. To cover
gluten quantity and quality variations caused by e.g., environmental and genetic effects as
discussed above, different wheat flours should be used for this study.
Consequently, an investigation of gluten microstructure would combine all influencing factors
on gluten network structure (c.f. Figure 6). With an advanced image analysis and a realistic
visualisation by CLSM as described in section 1.2, quantitative relations between gluten
network and dough mechanical behaviour could be developed to predict dough functionality.
A challenge hereby could be the interpretation of quantitative results of image analysis and
the characterisation of different spatial network arrangements. A possibility of an objective
network characterization and a verification would be crucial. Using statistical analyses, like
principal component analysis, could verify and support the understanding and interpretation
of the results gained by image analysis. Partial least square regressions could be applied for a
statistical prediction of dough mechanical behaviour based on network attributes of an image
analysis.
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1.4 Thesis outline
As expressed in the introduction, the properties, like network connectivity and spatial
arrangement of gluten polymers, which form the complex gluten network, cannot be analysed
on a molecular level appropriately, but on a microstructural level. For this purpose,
microstructure analysis by CLSM is a suitable method to visualise the spatial arrangement of
the gluten network. However, a precise image analysis which enables the determination of
structural network attributes as well as a realistic visualisation with a suitable staining method
for CLSM analysis are required to define structure‐function relationships and to accurately
forecast dough functionality. Based on these demands, the following hypotheses were
identified for this study:
1. A development of a more advanced image analysis for quantifying gluten
microstructure in wheat dough based on morphological and structural network
attributes enables determining the connectivity and strength of the complex network
structure.
2. Existing staining methods with fluorescent dyes and the dye itself (e.g., by hydrophobic
interactions) used for CLSM measurement have an impact on protein network
formation and dough functionality, which should be considered for a most realistic
visualisation of gluten microstructure.
3. Molecular alterations in the gluten polymers caused by specific as well as unspecific
gluten‐modifying agents influence the gluten arrangement on a microstructural level
and the new developed image analysis is precise enough to detect them.
4. Various spatial arrangements of gluten networks can be classified in network types
related to dough mechanical behaviour to support the interpretation of the gluten
microstructure by image analysis.
5. Dough mechanical behaviour can be predicted by mathematical formulas based on
structural and morphological network attributes gained by microstructure image
analysis.
Thus, this study aims to develop an appropriate method for the quantification of gluten
microstructure and to use it for a definition of quantitative relations to dough mechanical
behaviour in order to enable a prediction of dough functionalities.
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For this purpose, the first aim of this thesis was to develop and validate an image analysis to
detect structural and morphological attributes of the gluten network. This would enable the
quantitative description of the connectivity and strength of the complex network structure. In
a second step, a staining method for gluten in wheat dough with fluorescent dyes as non‐
invasive as possible needs to be identified. With fulfilment of these two demands, a most
realistic visualization by CLSM and precise quantification of gluten network should be enabled.
A further aim of this thesis is to support the interpretation of gained image analysis data by
classifying various gluten network arrangements and to relate them to dough mechanical
behaviour to find prediction models for dough functionality. Hereby, limits and the robustness
of the models should be validated.
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2 Methods
The main methods, which were used in this thesis, are summarised in this section.

2.1 Dough preparation
All dough samples used in this thesis were prepared with commercial wheat flour Type 550
and demineralized water. The required kneading time and appropriate water concentration
were determined in a Z‐kneader (doughLAB; Perten Instruments, Hägersten, Sweden)
dependent on the water absorption and moisture (corrected to 14%) of the flour with a
targeted resistance of 500 Farinograph units (according to AACCi method 54‐70.01). Detailed
information about the flours, recipes and dough variations (specific and unspecific gluten‐
modified samples) can be found in the four publications of this thesis in section 3 (Bernklau,
Lucas, Jekle, & Becker, 2016; Lucas, Becker, & Jekle, 2018; Lucas, Petermeier, Becker, & Jekle,
2019; Lucas, Stauner, Jekle, & Becker, 2018).

2.2 Staining of dough samples
Since all dough samples were analysed by confocal laser scanning microscopy, a staining
procedure with a fluorescent dye was required. The dye Rhodamine B was used to stain the
gluten proteins in wheat dough. Three common staining procedures with increasing dye
concentrations were comparatively investigated in the second publication of this thesis (Lucas,
Stauner, et al., 2018):
‐

Drop technique: applying a specific drop volume of dye solution on the dough surface
with an incubation time of 10 min; previously, dough was placed in an object carrier,
cut with a razor blade to achieve a plane surface and sealed with an object slide

‐

Bulk water technique: dye is added into the bulk water during kneading; dough was
placed in an object carrier, cut with a razor blade to achieve a plane surface and sealed
with an object slide

‐

Rapid freezing technique: bulk water technique followed by a rapid freezing and
cutting step with a microtome to achieve a plane surface

After the evaluation of these three methods, the bulk water technique with a Rhodamine B
solution of 0.1 g/L water was used in all other three publications of this thesis.
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2.3 Microstructure analysis by confocal laser scanning microscopy
Microstructure analysis of gluten network was performed by confocal laser scanning
microscopy using an eclipse Ti‐U inverted microscope with an e‐C1 plus confocal system
(Nikon GmbH, Düsseldorf, Germany). Images were recorded with two different objectives
(Plan Apo VC 60x/1.40 oil and Plan Apo 20x/0.75) in the first publication of this thesis, whereas
only the 20x objective was applied in the second and the 60x objective in the third and fourth
publication. Details about the laser wavelengths, resolution, size and number of the recorded
images can be found in Bernklau et al. (2016), Lucas, Stauner, et al. (2018) and Lucas, Becker,
et al. (2018).

2.4 Method development for image processing and analysis
A main part of this thesis was the method development and validation of an image processing
and analysis of CLSM images of gluten networks. First, an appropriate image analysis tool, with
which a detailed detection and description of a network is feasible, was required. Since such
image analyses of gluten networks had not been applied in cereal science (or even in food
systems), it was necessary to search for a suitable software in other fields. For this purpose,
similar structures to gluten network of other matrices were evaluated. It was discovered that
gluten networks show a similarity to blood vessels on microscopic images. In cancer research,
the growth of blood vessels, called angiogenesis, are studied with several images analyses,
which detect and determine network attributes. Hence, four tools for angiogenesis were
tested on gluten network images: WimTube (Onimagin Technologies, Córdoba, Spain), S.CORE
(S.CO LifeScience, Munich, Germany), Angiogenesis Analyzer (plugin for ImageJ, National
Institute of Health, Maryland, USA), and AngioTool64 version 0.6a (National Cancer Institute,
National Institute of Health, Maryland, USA). The evaluation of these four tools was first
performed visually on the precision of the detected gluten network on example images.
Afterwards, the two most promising tools Angiogenesis Analyzer and AngioTool were further
investigated quantitatively with CLSM images of different dough systems (a standard wheat
dough, a standard with additional 10mL of water, and a standard with additional 2% of NaCl).
The evaluation was performed according to the precision and correctness of detected
junctions, the relevance of determined network attributes for a description of gluten networks
and the precision of quantitatively detected differences between the three example dough
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systems. Since AngioTool showed the most advantages, it was used for a detailed application
test and validation, which was performed in the first publication of this thesis (Bernklau et al.,
2016). Furthermore, the determined attributes were adapted to protein networks of wheat
dough and further developed as well as new attributes were established. This analysis was
finally called “protein network analysis” (PNA).

2.5 Protein network analysis
All produced CLSM images of gluten networks in this thesis were analysed by protein network
analysis with the appropriate settings dependent on the applied magnification (20x or 60x
objective), as described in the first publication (Bernklau et al., 2016). The attributes protein
area, junctions’ density, branching rate, end‐point rate, average protein length, protein width
and lacunarity were evaluated in the first and second publication (Bernklau et al., 2016; Lucas,
Stauner, et al., 2018), whereas the latter five attributes were evaluated in the third and fourth
publication (Lucas, Becker, et al., 2018; Lucas et al., 2019).

2.6 Dough rheology measurements
The first, second and fourth publications of this thesis include rheological measurements of
the dough samples, performed with an AR‐G2 rheometer (TA instruments, New Castle, USA)
with parallel crosshatched plates ( 4.0 cm). The measurement procedure as well as the
settings for oscillatory frequency sweep and creep‐recovery tests were applied according to
the description in Bernklau et al. (2016). The first two publications contain the evaluation of
corresponding attributes for both measurements, e.g., complex shear modulus G* and creep
compliance Jmax (c.f. Bernklau et al. (2016) and Lucas, Stauner, et al. (2018)). In addition,
attributes gained by applying the power law on oscillatory frequency sweep test results
(network strength Af, network connectivity z) and by applying the Burgers model on creep‐
recovery test results (e.g., instantaneous compliance J0, steady state viscosity 0) were
evaluated in the fourth publication. A comprehensive explanation and description of the
measurement, determination and evaluation is summarised in the publication Lucas et al.
(2019).
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2.7 Statistical analysis
For statistical analysis, results were analysed by a one‐way analysis of variance (ANOVA)
followed by a Tukey‐test with the software GraphPad Prism 6 (version 6.01, GraphPad
Software Inc, La Jolla, USA) according to Bernklau et al. (2016), Lucas, Stauner, et al. (2018)
and Lucas, Becker, et al. (2018). Multivariate statistics, principal component analysis (PCA) and
partial least squares (PLS) analysis were executed with JMP Pro software (version 12.2.0, SAS
Institute Inc, Cary, NC, USA) according to Lucas, Becker, et al. (2018) and Lucas et al. (2019).
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3 Results (Thesis Publications)
3.1 Summary of thesis publications
Protein network analysis – A new approach for quantifying wheat dough

Pages 31‐39

microstructure
The unique viscoelastic properties of wheat dough are derived from their proteins, the gluten
proteins, which form a continuous network during kneading. Thus, the physical quality of
baked wheat products, like volume and texture, depend mainly on properties of the gluten
network. To understand these structure‐function relationships, the analysis of the gluten
network on a microstructural level is crucial. Hence, the first study of this thesis focused on
the quantification of gluten microstructure, which had been challenging due to the complex
structure until now. A precise image analysis, called “protein network analysis” (PNA), was
developed. For the first time, the connectivity and strength of varying network structures were
quantified by absolute values (e.g., protein junctions and average protein length), new
developed structural network attributes (branching rate and end‐point rate) as well as the
morphological attribute lacunarity. The method was validated by applying PNA on CLSM
pictures of various network shapes using two different magnifications. For this purpose, wheat
dough samples were produced with increasing concentrations of bulk water. In addition,
dough rheology by oscillatory frequency and creep‐recovery test was measured as a reference
method. Correlations of the attributes of both methods confirmed the loss of a network
structure with increasing water concentration and thus, the applicability of the image analysis.
Contribution:
The doctoral candidate performed the study conception, method development, data analysis
and interpretation, statistical analysis, as well as literature search, and drafted, revised as well
as approved the final manuscript.
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Figure 7: Graphical Abstract of the first publication

____
26

Results (Thesis Publications)
Staining methods for dough systems – Impact on microstructure and

Pages 40‐46

functionality
The visualisation of gluten microstructure in wheat dough by CLSM is one of the most
appropriate methods to analyse the complex network structure in a direct and non‐invasive
way. However, the measurement requires staining of gluten with fluorescent dyes, which
might affect gluten network formation. Thus, the aim of the second study of this thesis was to
elucidate the impact of different staining methods on dough microstructure and functionality
to find a suitable staining method for a most realistic visualisation of gluten network by CLSM.
Tree common staining methods (drop‐, bulk water‐ and rapid freezing technique) were
comparatively investigated by CLSM and rheological measurements using increasing
concentrations of the dye Rhodamine B. Results showed that the dye itself did not affect
structural protein formation or rheological dough properties. Rather the staining procedure
had an impact on dough functionality. The drop‐ and the rapid freezing technique weakened
the dough significantly (decreased firmness G* by 12% and 17%, respectively), whereas the
bulk water technique did not affect dough rheology. Protein network analysis revealed higher
end‐point rates (8% and 20%, respectively) and less interconnected protein segments (shorter
average protein lengths by 29% and 42%, respectively) when stained with drop‐ or rapid
freezing technique compared to the bulk water technique. The less interconnected protein
structure explained the lower dough firmness. Concluding, bulk water technique is
recommended for staining in further CLSM studies.
With these first two studies of this thesis, it is now possible to visualize most realistically and
to analyse quantitatively the gluten network structure in wheat dough.
Contribution:
The doctoral candidate performed the study conception, data analysis and interpretation,
statistical analysis, as well as literature search, and drafted, revised as well as approved the
final manuscript.

____
27

Results (Thesis Publications)
Gluten polymer networks – A microstructural classification in complex

Pages 47‐62

systems
Even though a realistic visualization by CLSM using bulk water technique and a quantification
of gluten microstructure by applying PNA is now possible, the interpretation of the attributes
for gluten network is challenging due to its various complex, structural arrangements. In order
to specify different spatial arrangements of gluten networks in general, the network formation
was altered by specific gluten modifying agents (glutathione, ascorbic acid, potassium
bromate, glucose oxidase, transglutaminase, bromelain) and analysed by CLSM followed by
PNA. Hereby, it was shown that modifications in gluten cross‐links provoked by enzymatic and
chemical agents could be detected on a microstructural level which had not been published
before and that these alterations can be quantified by PNA precisely. The structural network
attributes branching rate, end‐point rate, protein width and average protein length correlated
linearly among each other, which lead to the general assertion: the higher the branching rate,
the thinner the protein threads and the larger the interconnected protein aggregate. By
means of the morphological attribute lacunarity, a classification of different network
arrangements was established. Further investigations were performed by using unspecific
gluten‐modifying agents (increased and reduced hydration level, addition of rapeseed oil and
shortening) in order to provoke additional network arrangements and to extend the
classification. Finally, five network types with an interpretation of dough functionality were
proposed, which support the understanding of microstructural analysis of the complex gluten
network.
Contribution:
The doctoral candidate performed the study conception, data analysis and interpretation,
statistical analysis, as well as literature search, and drafted, revised as well as approved the
final manuscript.
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Figure 8: Graphical Abstract of the third publication
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Definition of network types – Prediction of dough mechanical behaviour

Pages 63‐76

under shear by gluten microstructure
The last study of this thesis shows prediction models of dough mechanical behaviour under
shear by gluten microstructure and presents a definition of six protein network types. It is a
further development of the network types established in the third publication and they were
linked to dough mechanical behaviour. The same dough variants provoked by unspecifically
and specifically gluten modifying agents in various concentrations as in the former publication
were analysed by rheological measurements in addition to CLSM. Linear, reciprocal and
logarithmical relations of dough rheology with gluten network attributes were identified for
specific gluten modified samples, and prediction models were defined by PLS regressions with
an accuracy up to 90%. Hence, it is now possible to predict dough mechanical behaviour with
the five microstructural attributes of gluten network (branching‐ and end‐point rate, protein
width and average length, lacunarity). Since prediction models could not be established for
every kind of unspecifically gluten‐modified dough sample, six network types were defined
based on clusters detected with PCA: a cleaved (low viscous), rigid (highly viscous), spread
(viscoelastic), strengthened (viscoelastic), particulate and dense (highly viscous) and
particulate and loose (low viscous) network. The classification of network types was designed
to use it as a guiding scheme supporting the interpretation of gluten network arrangements
and the prediction of corresponding dough mechanical behaviour in future research. This
study provides the basis of predictions of dough functionality and baking quality as well as
new approaches of structure‐function relationships and product developments with targeted
properties for further studies.
Contribution:
The doctoral candidate performed the study conception, data analysis and interpretation,
statistical analysis, as well as literature search and drafted, revised as well as approved the
final manuscript.
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3.2 Protein network analysis – A new approach for quantifying wheat dough
microstructure
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Supplementary data to “Protein network analysis – A new approach for quantifying wheat
dough microstructure”

Figure 9 (supplementary data): Influence of different bulk water concentrations on dough microstructure. The
dough samples based on wheat flour and water (59.2‐89.8 ml/100 g flour) were stained with Rhodamine B to
stain proteins and analysed by CLSM. Two objectives with different magnifications were used (‐‐ 20x objective;
‐‐ 60x objective). Results are shown as mean ± standard error (n=30). Letters a – e represent significant different
dough samples of varying water concentrations (p < 0.01).
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3.3 Staining methods for dough systems – Impact on microstructure and
functionality

____
40

Results (Thesis Publications)

____
41

Results (Thesis Publications)

____
42

Results (Thesis Publications)

____
43

Results (Thesis Publications)

____
44

Results (Thesis Publications)

____
45

Results (Thesis Publications)

____
46

Results (Thesis Publications)

3.4 Gluten polymer networks – A microstructural classification in complex systems
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3.5 Definition of network types – Prediction of dough mechanical behaviour under
shear by gluten microstructure
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4 Discussion, conclusion and outlook
The improvement of the quality of wheat‐based products requires a distinct understanding of
structure‐function relationships. In this thesis, an approach was developed to visualise and
quantify most appropriately the complex structure of gluten network in wheat dough on a
microstructural level. These developed techniques formed the basis for the investigation of
different network properties and structure‐function relationships. Based on the hypotheses
stated in the thesis outline (1.4), the following findings were identified in this study:
 The protein network analysis (PNA), a more advanced image analysis for quantifying
gluten microstructure in wheat dough based on morphological and structural network
attributes, was developed and enables now defining the connectivity and strength of
the complex network structure
 The staining methods drop‐ and rapid freezing techniques have an impact on protein
network formation and dough functionality whereas the dye itself has not
 A staining method for gluten in wheat dough with fluorescent dyes as non‐invasive as
possible was identified (bulk water technique), which enables a most realistic
visualization of gluten network when using confocal laser scanning microscopy and
without interfering microstructural changes
 Molecular alterations in the gluten polymers caused by specific (enzymatic, chemical)
as well as unspecific (plasticising) gluten‐modifying agents influenced the gluten
arrangement on a microstructural level and the new developed image analysis PNA
was precise enough to detect them
 Various spatial arrangements of gluten networks were classified in six network types
to support the interpretation of the gluten microstructure by image analysis
 Those network types were related to dough mechanical behaviour which enables the
prediction of dough functionalities by PNA attributes
 Dough mechanical behaviour was predicted by mathematical formulas based on
structural and morphological network attributes gained by PNA for specific gluten‐
modified samples with an accuracy of up to 90%
These summarised findings are discussed based on the hypotheses, subsequently.
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Hypothesis 1: A development of a more advanced image analysis for quantifying gluten
microstructure in wheat dough based on morphological and structural network attributes
enables determining the connectivity and strength of the complex network structure.
The first hypothesis of section 1.4 was confirmed in the first study (Bernklau et al. (2016), c.f.
section 3.2). Most of the former studies in literature did not apply an image analysis on their
microstructure images (Baier‐Schenk et al., 2005; Dürrenberger et al., 2001) or used methods
focussed on the analysis of protein area or protein particles (Jekle & Becker, 2011; Lee et al.,
2001; Peighambardoust et al., 2006). The protein network analysis developed in this study is
the first method, which enables a quantification of the connectivity and strength of network
structures in absolute values (protein junctions, protein thread length or width), ratio values
(branching‐ and end‐point rate) and the morphological attribute lacunarity (Bernklau et al.,
2016). By validating the method and comparing to dough rheology, it was highlighted that
PNA is a suitable method to characterise the complex gluten network formation detecting
structural differences in various dough systems and explaining changes in mechanical dough
behaviour. The characterization of protein threads would be even more precise, if the length
distribution of single protein threads between two junctions was returned by the tool.
However, only the average length of an interconnected and continuous protein particle can
be determined.
PNA is based on a tool (AngioTool), which was originally intended for use in cancer research
of angiogenesis. The idea of using this tool for gluten network structures occurred when
recognizing its similar shape to blood vessels. For this purpose, the resulting attributes needed
to be adapted for the evaluation of gluten networks. Moreover, the attributes branching rate
and end‐point rate were developed, since they are independent of the recorded image section
and give information about the connectivity of a network. Furthermore, the protein width was
calculated for a detailed description of protein threads. The adaption of AngioTool results on
gluten microstructure worked very well, and indicate that PNA could be used not only in other
dough systems, but also in baked products, like for gluten‐free (e.g. rice, buckwheat) or rye
proteins. Rye proteins (Döring, Hussein, Jekle, & Becker, 2017; Döring et al., 2015) as well as
rice proteins (Moore, Heinbockel, Dockery, Ulmer, & Arendt, 2006) form network structures
with the addition of transglutaminase. Applying PNA on those microstructures would support
the interpretation of the mechanism of network formation as well as on their impact on dough
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rheology. Moreover, many network structures occur in food systems and most of their
microstructures are not quantified by a network analysis as well. The proteins in milk and
cheese form complex network structures, which were only little investigated quantitatively
and not with structural network attributes (Auty, Fenelon, Guinee, Mullins, & Mulvihill, 1999;
Buffa, Trujillo, Pavia, & Guamis, 2001; Lopez, Camier, & Gassi, 2007; Ong, Dagastine, Kentish,
& Gras, 2011). Hence, PNA would be a useful tool for the characterisation of any kind of
network microstructure and it is suggested for a comprehensive investigation in future food
studies. Nevertheless, the link to mechanical properties of those other food systems or gluten
free products must be investigated when applying PNA, since the network types of this thesis
might not be applicable on non‐gluten systems.
Hypothesis 2: Existing staining methods with fluorescent dyes and the dye itself (e.g., by
hydrophobic interactions) used for CLSM measurement have an impact on protein network
formation and dough functionality, which should be considered for a most realistic
visualisation of gluten microstructure.
The second hypothesis was partially debunked with the second publication of this thesis
(Lucas, Stauner, et al. (2018), c.f. section 3.3). The dye Rhodamine B did not have an impact
on protein network formation due to the potential hydrophobic interactions as expected.
Thus, the network formation was not impaired by the dye. In contrast, the staining procedure
by drop‐ and rapid freezing technique affected dough microstructure and mechanical
behaviour. For investigating structure‐function relationships by CLSM, a realistic visualisation
of the microstructure is crucial. CLSM is a non‐invasive method. However, the components
need to be stained with fluorescent dyes for visualising with CLSM. Even if the CLSM
measurement itself is non‐invasive, this study shows that the required staining procedure has
an invasive effect when using drop‐ or rapid freezing technique. Considering the fact that both
methods were commonly used in literature, it can be concluded that the microstructure of
gluten had not been visualised as realistic as possible very often in the past. Nevertheless, the
staining procedure “bulk water technique” was identified as the method for a visualisation as
realistically as possible since it has no impact on dough mechanical behaviour and it is non‐
invasive. Hence, the bulk water technique is recommended for further studies. Since it is not
always practical to add the dye during dough preparation, the drop technique is suggested as
a second option. Moreover, the bulk water technique is mostly feasible in lab‐scale, whereas
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the application of the drop technique is required for up‐scale processes, as it was used for e.g.,
the analysis of pizza dough (Bernklau et al., 2017). Although the drop technique affects dough
rheology, the effect is much smaller than using the rapid freezing technique.
The stated hypothesis was related to the CLSM analysis of gluten network. An investigation of
other fluorescent dyes for further dough components should be considered in future studies.
Likewise, specific dyes with covalent linkages to dough components should be evaluated
prospectively. The dye Rhodamine B, which was used in this study, stains all gluten proteins
unspecifically. If subunits of glutenins or gliadins could be visualized specifically, it would
support a detailed structure‐function analysis.
The first two studies of this thesis formed the basis for following microstructure studies of the
gluten network in dough. Now, it is possible to visualise gluten microstructure most
realistically by CLSM and to quantify the complex structure of gluten network by specific
network attributes.
Hypothesis 3: Molecular alterations in the gluten polymers caused by specific as well as
unspecific gluten‐modifying agents influence the gluten arrangement on a microstructural
level and the new developed image analysis is precise enough to detect them.
The third hypothesis was confirmed in the publication Lucas, Becker, et al. (2018) (c.f. section
3.4). In the first study of this thesis (Bernklau et al., 2016), PNA was only validated on gluten
network structures affected by different hydration levels. Those network structures showed
distinct differences with increasing hydration levels, which was expected due to the
plasticising effect of water. The third hypothesis of this thesis focused on the precision and
accuracy of PNA. It states that even little effects and specific modifications on gluten network
formation, caused by e.g., enzymes or chemical agents, modify the gluten network
arrangement and that these effects can be detected by PNA. In the past, those effects on
protein network formation were analysed on a molecular level in detail, but rarely on a
microstructural level. In the present study, it was shown that first, specific modifications in
cross‐links (disulphide, (iso)peptide, dityrosyl) caused by reduction, oxidation or enzymes
(glutathione, bromelain, ascorbic acid, potassium bromate, glucose oxidase and
transglutaminase) are visible on a microstructural level in form of altered network
arrangements and second, PNA detected those alterations precisely. Moreover, structural
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alterations within all concentration series of both specifically as well as unspecifically gluten‐
modified structures were quantified by PNA, which confirms the hypothesis 3.
However, microstructure analysis has its limits as highlighted by the effect of bromelain on
gluten network in Lucas, Becker, et al. (2018). As in the case of high bromelain dosages, the
protein network was entirely cleaved due to the proteolytic activity of the enzyme. The
remaining protein fragments formed a homogenous and liquid mass with embedded starch
granules, as illustrated in Figure 10c. Thus, PNA did not detect real cross‐links or gluten
threads, which are formed and stretched during kneading (c.f. image of a standard wheat
dough in Figure 10a). At low bromelain concentrations (e.g., 200 mg/kg flour, Figure 10b), a
skeleton of a protein network as well as protein fragments are still present, and ruptured
protein threads were detected with PNA by increased end‐point rates similar as with
glutathione addition (c.f. section 3.4, third publication). In contrast to glutathione, which only
reduces disulphide bonds, bromelain breaks peptide bonds, which leads to a collapse of the
whole protein network structure at high bromelain concentrations. The remaining liquid,
homogenous mass looked like a network on CLSM images due to the black gaps caused by the
starch granules. Hence, applying PNA would cause misleading results by detecting junctions.
Consequently, applying PNA on microstructure images is only suitable if a real network
structure is still present. This decision requires a distinct knowledge of cereal microstructures
and expertise of the operator, which are anyway a prerequisite when using CLSM.
Nevertheless, it can be stated that hypothesis number 3 was confirmed in this study.

Figure 10: CLSM images of a) a standard wheat dough, b) a dough with 200 mg bromelain/kg flour and c) 6100
mg bromelain/kg flour. Gluten proteins are stained with Rhodamine B and visualized as grey colour in the images
(215x215 µm).
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Hypothesis 4: Various spatial arrangements of gluten networks can be classified in network
types related to dough mechanical behaviour to support the interpretation of the gluten
microstructure by image analysis.

The fourth hypothesis was confirmed in the third publication (Lucas, Becker, et al., 2018) as
well as in the fourth publication (Lucas et al., 2019) (c.f. sections 3.4 and 3.5). Even though a
method for the quantification of the gluten network was provided in the first publication
(Bernklau et al., 2016), the meaning of the network attributes remained challenging for an
interpretation of the whole network structure or its effect on dough functionality. When
confirming hypothesis 3 by different modifications in gluten network, it became apparent that
the evaluation of single network attributes is not enough to understand the kind of network
arrangement and to draw conclusions on mechanical behaviour. At least five network
attributes and their combined interpretation were required to describe the protein networks
(branching rate, end‐point rate, average protein length, protein width and lacunarity).
Moreover, based on the findings of hypothesis 3 that different modifications in cross‐links
(disulphide, (iso)peptide, dityrosyl) lead to various network arrangements, this fact led to the
assumption that there must exist various network arrangements with specific characteristics.
Consequently, these spatial network arrangements must be classifiable in network types for a
general interpretation of PNA results based on network attributes. Those various network
arrangements were provoked by using specific as well as unspecific gluten‐modifying agents
in order to gain as much as different network arrangements and quantitative values of the five
network attributes in a large range. Using principal component analysis, five typical gluten
network arrangements were identified and verified in Lucas, Becker, et al. (2018). The
inclusion of rheological attributes in the principal component analysis enabled the detection
of a sixth network type (Lucas et al., 2019). Finally, six network types were classified according
to the morphological attribute lacunarity and related to dough mechanical behaviour. Hence,
the plain data of PNA of microstructural images compared to the data of a standard dough are
enough to identify the network type (arrangement of gluten polymers) and to predict dough
mechanical behaviour in future studies.
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Hypothesis 5: Dough mechanical behaviour can be predicted by mathematical formulas
based on structural and morphological network attributes gained by microstructure image
analysis.
The fifth hypothesis was partly confirmed in the last study of this thesis (Lucas et al. (2019),
c.f. section 3.5). Prediction formulas were developed for specifically gluten‐modified samples
using PLS analysis (Table 2 of Lucas et al. (2019)). With these formulas, it is now possible to
predict dough mechanical behaviour with the microstructural network attributes branching
rate, end‐point rate, average protein length and protein width as well as the morphological
attribute lacunarity. The accuracy was remarkably high (up to 90%), since results are based on
microstructure images which are more dependent on the operator (e.g., individual decisions
which images of a dough sections are taken) than other measurement methods which have
no subjective influence. A further step could be a development of prediction models for final
product characteristics (e.g., texture attributes, volume) that a prediction of the product
quality would be feasible solely based on gluten microstructure of the dough. This could give
an opportunity to design products with targeted textural properties. For this purpose, the
knowledge to modify the gluten network specifically by using chemical or enzymatic agents is
crucial, which can be developed by protein network analysis.
However, it was not possible to determine prediction formulas for unspecifically gluten
modified samples due to a lack of distinct relations within the data. The influence of unspecific
gluten‐modifying agents on other flour ingredients than gluten outweighed that no significant
mathematical relation could be detected. On the contrary, this highlights the determining,
single influence of gluten and all other dough constituents on the functionality of wheat‐based
products and underline the importance of the investigation of structure‐function
relationships. Nevertheless, the development of the network types provides a good
compromise to predict dough mechanical behaviour related to gluten microstructure even for
unspecifically gluten‐modified samples.
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Transfer of network types on literature examples
There are already few studies published, which applied protein network analysis on CLSM
images of wheat protein microstructure. In the following sections it is discussed, if the
networks described in these literature studies can be classified also to one of the six network
types of Lucas et al. (2019).
Before the establishment of the six network types, the effect of sodium chloride and
fermentation/proofing on gluten networks in pizza dough was studied by protein network
analysis (Bernklau et al., 2017). Pizza dough is a more complex system compared to the wheat
flour‐water systems of this thesis because of the addition of yeast, sodium chloride and
sunflower oil in the recipe. Another difference to the studies of this thesis is the application of
a 20x objective to cover a larger network section due to increased gas bubbles caused by
fermentation. Nevertheless, a classification of the network structures to the network types
was tested. As mentioned in the fourth publication of this thesis, the classification of network
types is based on lacunarity because it is less dependent on the used magnification compared
to the structural network attributes (Lucas et al., 2019). It is also emphasised that the given
lacunarity values are solely a range and no fixed values which can vary dependent on the
dough system and measurement settings. In the first publication, a comparison of both
magnifications using the 20x and 60x objective was presented (Bernklau et al., 2016).
Lacunarity values were very similar for both magnifications, but a mean multiplying factor of
1.5 could be applied on lacunarity results of the 20x magnification to achieve similar values of
the 60x objective. A classification of network types could be performed only by comparing the
results to a standard dough by evaluating the value decrease or increase of each attribute
even if the lacunarity values do not fit exactly in the given ranges of Table 3 of Lucas et al.
(2019). After multiplying the lacunarity results of the pizza study of Bernklau et al. (2017), the
lacunarity values were even more in accordance with the ranges. The addition of sodium
chloride caused a decrease of lacunarity compared to the standard dough (≈0.11 or after
multiplying ≈0.17 at highest NaCl level). Furthermore, sodium chloride lead to a dense gluten
network expressed by very high branching rates, high average protein lengths and very low
end‐point rates. Hence, dough with sodium chloride addition can be classified to a rigid
network. It should be noted that the addition of sodium chloride affects also the water
absorption and that it was not adapted in this study. Hence, the influence on gluten network
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is not only derived from sodium but also from various hydration levels. The rigid network is
characterized by a high firmness (G*) and an increased relative elastic part (Jel). Rheological
measurements by texture‐profile‐analyser (TPA) revealed a higher resistance to extension and
extensibility confirming the properties of a rigid network. Moreover, the rheological
investigation by elongation measurements extend the knowledge of the classification of this
network type. Fermentation and proofing of dough caused an increase in lacunarity values (up
to ≈0.23) compared to the unfermented standard dough (Bernklau et al., 2017). Since the
branching rate and average protein length decreased slightly and the end‐point rate as well
as the protein width increased, the network of fermented and proofed pizza dough can be
classified to a strengthened network. The lacunarity value of fermented and proofed dough
fitted in the range of a strengthened network without multiplying with a factor of 1.5 even if
the magnification with a 20x objective was applied. If multiplying with 1.5, a lacunarity value
of about 0.33 resulted, which would fall into the classification of a particulate, dense network.
However, the average protein length is too high to fit to a particulate, dense network.
Furthermore, the visual evaluation does not show clustered protein agglomerates, but a
branched network with locally strengthened protein threads, which fits more the
characteristics of a strengthened network. Moreover, the rheological evaluation indicated still
a viscoelastic behaviour even if the extensibility was lower than the standard dough. Likewise,
the gas holding capacity indicated an intact and strong network because no CO2 loss was
detected. Hence, the classification of the fermented and proofed pizza dough is proposed as
a strengthened network type. Taking into account that usually higher yeast concentrations are
used as in this study of pizza dough, larger gas bubbles and thus, even higher lacunarity values
(≙ larger gaps, higher irregularities) and a weakening of the protein network would be
expected. Studying fermented doughs could be a topic for future research, which might also
lead to a definition of a new network type. Another option could be to extent the lacunarity
range of the strengthened network to cover also doughs produced with yeast. Nevertheless,
the lacunarity ranges of network types of Table 3 in Lucas et al. (2019) are just suggestions
and no fixed values.
There are further publications, which used the protein network analysis. Q. Li, Liu, Wu, and
Zhang (2017) produced wheat doughs with different soluble dietary fibre (SDF) fractions of
wheat bran and studied the effect on gluten network formation using CLSM and PNA.
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Compared to the standard dough (without SDF), lacunarity values and end‐point rate
decreased whereas the branching rate increased for dough with soluble dietary fibre fractions.
Those characteristics can be classified to a rigid network, which was confirmed by an
increased hardness and resistance to extension measured by TPA. However, the absolute
values of lacunarity did not fit in the range of a rigid network. An explanation for this might be
the poor quality of the recorded CLSM images which were illustrated in the publication of Q.
Li et al. (2017). The proteins appeared pixelated and partly oversaturated affecting lacunarity
results since the algorithm of PNA is based on box counting (pixel counting) (Bernklau et al.,
2016).
PNA was also applied by Gao et al. (2018) to study the absence and presence of Ax1 and Dx2
subunits on glutenin polymerisation. The analysis was performed without a standard, only on
gluten samples and not in a wheat dough system and the average protein length as well as
protein width were not evaluated, which is why a categorisation to network types is not
possible. However, the authors found significant differences in gluten networks and
correlated the attributes with dough mixing properties confirming the applicability of PNA.
Moreover, they proposed lacunarity and end‐point rate as an indicator for dough properties.
In a subsequent study of Gao’s co‐workers, a linear correlation of dough mixing properties
(dough development and stability time) with lacunarity values was demonstrated (S. Li et al.,
2019). However, correlations to further dough mechanical properties (e.g., resistance to
extension, creep compliance, viscosity) were not analysed. Since the classification of network
types in this thesis is also based on lacunarity values, the attribute lacunarity can indeed be a
good indicator for dough properties. However, it can give only indications and a reference to
a standard dough is always required for an accurate classification.
The present thesis focussed on network types affected by various dough ingredients (specific
and unspecific gluten modifying agents). In contract, the research of Hackenberg et al. deals
with mechanical effects on wheat flour ingredients (gluten, starch) caused by various process
condition during milling and its effect on gluten network formation during kneading
(Hackenberg, Jekle, & Becker, 2018; Hackenberg, Vogel, Scherf, Jekle, & Becker, 2019). At the
highest mechanical starch modification (MSM) level and at optimum kneading time (Peaktime)
according to AACCi method 54.21, the gluten network appeared as clustered protein
agglomerates with decreased branching rates and average protein lengths as well as highly
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increased end‐point rates and protein widths compared to a standard dough. The lacunarity
increased up to a value of about 0.4 and it can be assumed as higher (0.58 with the multiplying
factor of 1.5), since a 20x objective was used. Hence, this network can be classified as a
particulate, loose network. The reduced resistance to extension and extensibility compared
to a standard dough fit to the weakened structural properties of this kind of network type.
Hackenberg et al. (2019) found out that with increasing kneading times, a fully developed
protein network comparable to a standard dough could be achieved at a second peak
(2.Peaktime). With a too long kneading time and thus a too high energy input (>2.Peaktime), the
network appeared as a dense and highly branched structure with accumulated protein threads
(highly increased branching rates and average protein lengths, decreased end‐point rates and
protein width compared to the standard). Since the lacunarity decreased compared to the
standard, this network could fall into the network type “rigid network”. However, the
lacunarity value is very low (≈0.03) and lower than the corresponding range of Table 3 in Lucas
et al. (2019). Furthermore, the rigid network is characterized by a highly viscous, stiff dough,
which does not comply with the measured decreased resistance to extension and extensibility
in the study of Hackenberg et al. (2019). Other studies with overmixed dough showed the
same structural changes to a homogenous, finely spread and closely interconnected gluten
microstructure with a weakening effect on dough (Amend & Belitz, 1991; Peighambardoust et
al., 2010; Peressini et al., 2008). Thus, it can be concluded that this network cannot be
categorized in one of the existing six network types. Based on this and on additional further
studies, a seventh network type could be established in the future. A proposed classification
(called e.g., “dense network”) is given in Table 1 and a visualisation in Figure 11. Additionally,
all new findings to extend the definition of network types related to dough mechanical
behaviour are summarised in Table 1.
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Table 1: Extension of the definition of gluten network types based on Lucas et al. (2019). The strength of
network and rheological attributes is given by dots ● (low) up to ●●●● (very high). The network characteristics
compared to its corresponding standard wheat dough are denoted by arrows (). All new findings and
extension of network types are highlighted in blue. The classification of a “dense network” is not fully proven
and just a proposal (lacunarity range is estimated in this case).
Dense
network
Classification
by Lacunarity
(-)
Branching rate
(µm-2)
Protein width
(µm)
Average protein
length (µm)
End-point rate
(µm-2)
Network
description


0 – 0.1
●●●● 
●



●●●● 
●



Densly
accumulated
protein
threads,
highly
branched,
homogenous

Low viscous
Rheological
characteristics
η0 (Pa*s)
G* (Pa)
z (-)
tanδ (-)
Jel (-)
J0 creep (1/Pa)
J1 creep, J1 rec,
J2 rec, Jmax, Jr
(1/Pa)
Extensibility
●
(mm)
Resistance to
●
extension (N)
Examples

MSM 8.15
g/100 g flour
+dough
development
>Peaktime (c.f.
Hackenberg et
al. (2019))

Cleaved
network

Rigid
network

Spread
network


0 – 0.16


0.17 – 0.26


0.17 – 0.26

Strengthened Particulate,
network
dense
network


0.17 – 0.4
0.27 - 0.5

●●●● 

●●● 

●●



●



●



●●●● 

●



●●●



●



●●



●●●● 


> 0.5


●●



●●●



●●●

●●



●●●



●

●●●



●●



●●●● 

●●●● 



●



●●●● 

●

Ruptured
protein
threads, short
protein
segments

Uniform,
dense and
continuous
structure,
highly
branched

Homogenous,
very
branched,
elongated and
distributed
protein
threads

Locally
strengthened
protein
threads,
continuous

Clustered
agglomerates,
densely
arranged

Clustered
agglomerates,
widely
scattered

Low viscous

Highly
viscous
●●●
●●●●
●●●
●●
●●●
●
●

Viscoelastic

Viscoelastic

Low viscous

●●●
●●●
●●●
●●
●●●
●
●

●●
●●
●●
●●●
●●●
●●
●●

Highly
viscous
●●●●
●●●●
●●●●
●
●●
●
●

●
●
●
●●●●
●
●●
●●●

GLU ≥30
mg/100 g
flour,
BRN ≤200
mg/kg flour



Particulate,
loose network

●
●
●●
●●
●
●●●
●●●●

●●●

●●

●

●●●●

●●

●

RHL ≤49.8
ml/100 g
flour, NaCl
≥1.1 g/100g
dough (c.f.
Bernklau et al.
(2017)),
various SDF
fractions (c.f.
Q. Li et al.
(2017))

GOX ≥40 mg/
kg flour,
TG ≤1000 mg
/kg flour

ASC ≥50 mg/
kg flour,
KBrO3 ≥60
mg/kg flour
SHO ≤15 g/
100g flour,
0.13 g yeast
/100g dough
+proofing (c.f.
Bernklau et al.
(2017))

TG >1000 mg
/kg flour,
SHO ≥50 g
/100 g flour

IHL ≥69.9 ml/
100 g flour,
ROI ≥50 g
/100 g flour,
MSM 8.15
g/100
g/flour+dough
development
<Peaktime (c.f.
Hackenberg et
al. (2019))

These examples highlighted that protein microstructures analysed by PNA can be classified to
the network types according to Table 3 in Lucas et al. (2019). Moreover, CLSM images
recorded with other settings can still be classified according to this scheme (summarised in
Table 1). In this thesis, only effects of specific as well as unspecific gluten‐modifying agents on
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gluten structure in flour‐water dough were investigated. The application of classifying network
types on literature examples as discussed above showed that even more complex dough
systems as well as dough affected by process conditions can still be classified in the six network
types. This proves the existence of the network types and their applicability. The network
types were developed on dough systems modified by chemical, enzymatic or plasticising (and
thus hydrophobic/hydrophilic) effects on gluten network with low effects on other
components of flour, such as starch. If other effects, such as mechanical (kneading, stretching,
sheeting), temperature dependent or specific effects on other flour components (especially
starch) modify gluten network formation, the six network types might not be sufficient. As the
last literature example indicated, further network types probably exist, which could be
elucidated in forthcoming studies. However, there is a high probability that the influence of
those unspecific effects on gluten will predominate and that a prediction of dough
functionality by solely the analysis of gluten network is not practicable in these cases. Hence,
the “dense network” is just a proposed classification, since it is not fully proven.

Figure 11: Schematic illustrations of network types. A seventh network type, called “dense network”, was
proposed in addition to the six network types of Lucas et al. (2019).

As demonstrated above, the classification of the literature examples to the network types
extended the knowledge of dough mechanical behaviour related to the network types by
including the resistance to extension and extensibility (c.f. Table 1). To summarize, the seven
gluten network types cause characteristic dough mechanical properties as described in
following bulleted list. In addition, further likely dough handling properties as well as the
potential effect on specific volume and crumb texture of baked products were discussed
based on literature results corresponding to the applied modifying agent on the network type:


Dense network: Low viscous, but still elastic dough with poor elongation properties
(very low extensibility and resistance to extension). It is more elastic than a dough of
a cleaved network.
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Cleaved network: Low viscous dough with a very low firmness (complex shear
modulus) and a very high deformation against strains (e.g., creep compliance) resulting
in a very soft or even liquid (very high loss factor) dough system with almost no elastic
properties (very low relative elastic recovery). If the microstructural properties reach
extremes, the elongation properties could not be measured since this kind of dough
system would be too liquid.
Comparing literature results of rheology and texture studies for the used examples of
this network type (increased glutathione concentrations, low concentrations of
bromelain), it can be assumed that a dough of a cleaved network has a decreased
elasticity resulting in lower specific bread volumes and an impaired crumb texture
(Dong & Hoseney, 1995; Every, Morrison, Simmons, & Ross, 2006; Verheyen, Albrecht,
Becker, & Jekle, 2016).



Rigid network: Highly viscous dough with a very high firmness and relative elastic
recovery as well as strong elongation properties (very high extensibility and resistance
to extension), resulting in a stiff but still elastic dough.
Comparing literature results of rheology and texture studies for the used examples of
this network type (reduced hydration level/low concentrations of water addition), it
can be assumed that a dough of a rigid network has a high resistance to deformation
and shows good elastic properties, resulting in a compact crumb with small gas
bubbles and higher crust firmness (Mastromatteo et al., 2013).



Spread network: Viscoelastic dough with a high resistance to deformation. It has a
higher firmness and viscosity than a dough of a strengthened network, both are very
elastic (relative elastic recovery).
Comparing literature results of rheology and texture studies for the used examples of
this network type (low concentrations of transglutaminase, or glucose oxidase
addition), it can be assumed that a dough of a spread network has an improved
resistance to extension (Autio et al., 2005; Steffolani et al., 2010). Final products’
properties were reported contrarily in literature, which is why no estimated assertions
can be given and further studies are required (Altınel & Ünal, 2017; Basman et al.,
2002; Rasiah et al., 2005; Steffolani et al., 2010; Vemulapalli, Miller, & Hoseney, 1998).
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Strengthened network: Viscoelastic dough with median elongation properties, a
median resistance to deformation and a high relative elastic recovery. It is similar to a
dough of a spread network, but softer and less viscous.
Comparing literature results of rheology and texture studies for the used examples of
this network type (ascorbic acid or potassium bromate addition, or low concentrations
of shortening), it can be assumed that a dough of a strengthened network has an
improved expansion during proofing, an increased resistance to extension and dough
strength (Aamodt, Magnus, & Faergestad, 2003; Gandikota & MacRitchie, 2005; Joye,
Lagrain, & Delcour, 2009). The specific volume and crumb texture of baked products
might be enhanced compared to a standard bread (Goesaert et al., 2005; Vemulapalli
et al., 1998; Yamada & Preston, 1994).



Particulate, dense network: Highly viscous and very stiff dough with a high resistance
to deformation. It is less elastic and even higher viscous than dough of a rigid network.
Comparing literature results of rheology and texture studies for the used examples of
this network type (high concentrations of transglutaminase or shortening), it can be
assumed that a dough of a particulate, dense network has an increased resistance to
extension, but a decreased extensibility resulting in a rigid and less extensible dough.
Furthermore, the specific volume of final bread will likely be decreased compared to a
standard bread (Autio et al., 2005; Steffolani et al., 2010).



Particulate, loose network: Low viscous dough with a low resistance to deformation,
a very low relative elastic recovery and poor elongation properties resulting in a very
soft to even liquid dough. If the microstructural properties reach extremes, the
elongation properties could not be measured since this kind of dough system would
be too liquid. The deformation against strains is even higher than of a dough of a
cleaved network, whereas the loss factor is lower.
Comparing literature results of rheology and texture studies for the used examples of
this network type (increased hydration level/very high concentrations of water
addition), it can be assumed that a dough of a particulate, loose network shows poor
elasticity and high softness, resulting in irregular, large gas bubbles in the crumb and a
poor loaf volume of baked bread (Mastromatteo et al., 2013).
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Discussion, conclusion and outlook
As an outlook, the investigation of relations between gluten microstructure and modifications
on a molecular level as well as the relation to final product quality based on the findings of the
present thesis and a further extension of the network types including product characteristics
could be an interesting topic as prospective research. The potential effect of the various
network types on baked products’ properties were discussed above and give good
impressions. However, these assumptions must be investigated and proven in future studies.
Furthermore, the microstructure of baked products should be studied as well. First attempts
to determine the microstructure of wheat dough during heating with PNA was performed by
Verbauwhede et al. (2020), but without an analysis of texture properties. Further
investigations of the microstructure of baked products analysed by PNA were already
performed on pizza crust by Bernklau et al. (2017) and related to the product’s texture.
However, detailed research needs to be done for a classification of network types related to
product quality. Then, this knowledge can be used to design targeted dough and product
functionalities. An even more specific texture design could be achieved if the relations
between molecular and microstructural level would be investigated in more detail (e.g.,
modifications in covalent/non‐covalent gluten cross‐links, environmental influences on gluten
quality, and alterations in gliadin/glutenin quantity). A recent study published linear
correlations between lacunarity and the protein content, the SDS‐unextractable polymeric
protein as well as with the glutenin/gliadin ratio (S. Li et al., 2019), presenting first trials of
relations between molecular and microstructural level using PNA. In the present thesis, all
wheat proteins were stained non‐covalently with Rhodamine B to analyse on a microstructural
level the overall effect on gluten caused by modifications on a molecular level. These and
further modifications on a molecular level could be elucidated more precisely in the future by
specific staining of protein subgroups by covalent linked fluorescent dyes. There are already
possibilities to stain specifically gluten, gliadins or even HMW subunits (Ansari et al., 2015;
Blomfeldt, Kuktaite, Johansson, & Hedenqvist, 2011; Bozkurt et al., 2014; Sozer & Kokini,
2014). However, the sample preparation requires mostly an invasive staining process. When
optimizing these staining processes combined with the PNA analysis and using the prediction
formulas developed in this thesis as well as further develop those formulas, a huge database
of relations on all levels (molecular, microstructure and macrostructure) could be achieved in
upcoming research studies to provide a distinct knowledge of structure‐function relationships.
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Discussion, conclusion and outlook
In conclusion, the present thesis provides the basis for upcoming studies of fundamental
structure‐function relationships. The main work and most important findings are summarised
in the graphical abstract in Figure 1. The protein network analysis and the transfer of the
defined network types on gluten microstructures provide new possibilities for elucidating and
predicting wheat dough functionalities and prospectively, the product quality.
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