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Summary 

The bread making process consists of diverse processing steps, each exerting different types 

of strain on the wheat dough. Complexity is added as the dough matrix changes due to time-

dependent biological reactions and hydrothermally induced physicochemical changes of the 

polymers. In this regard, baker’s yeast receives growing interest with respect to the impact of 

its metabolites on the structure and functionality of dough polymers. Besides the leavening 

effect of carbon dioxide (CO2), ethanol, and succinic acid have been reported to directly affect 

the wheat dough functionality by changing the structure of the dough’s polymers. Yeast 

metabolites are categorized into primary (CO2 and ethanol) and secondary (succinic acid) 

metabolites according to their relation to the energy metabolism. The individual contribution of 

the single metabolites to the overall change in the processibility of yeasted wheat dough is 

widely unknown. Thus, the scope of this work was to identify their impact on the structure and 

functionality of the wheat dough matrix under process-relevant strain types.  

Among the yeast metabolites, gaseous CO2 was found to majorly impact the small and large 

range interactions within the dough matrix. Contrarily, the single presence of the chemical 

stressors ethanol and succinic acid did not affect the structure and functionality of the dough 

matrix in a comparable manner as the whole metabolome of Saccharomyces cerevisiae itself. 

The yeast-induced alteration of the dough functionality was related to changes in the protein 

microstructure, where yeast-induced degradation was revealed. Being most relevant for the 

bread making process, the strain-rate dependent strain hardening (SH) behavior of the yeast-

fermented and the yeast metabolites-spiked matrices was evaluated additionally. SH of 

yeasted dough was successfully linked to the dough matrix’s stress memory, the condition of 

the protein microstructure, and the spatial distribution of the matrix components. Regarding 

the latter, a starch depletion of the gas cells surrounding lamella was suggested, leading to an 

accumulation of starch granules in the nodes and an increase in SH. 

Following the process chain, thermal treatment during the baking step represents a major 

impact on the structure and functionality of the wheat dough matrix due to the initiation of starch 

gelatinization, protein denaturation, and polymerization. Therefore, the impact of yeast on 

these physicochemical changes was elucidated. A differentiation of the yeast-induced effects 

into metabolite-induced effects (direct) and indirect effects was aimed. Additionally, the 

contribution of hydrothermally induced polymer transitions to the overall course of the 

extensional viscosity in leavened and non-leavened doughs was addressed. On this functional 

level, gaseous CO2 strongly impacts the solidification behavior of the dough matrix during the 

thermal treatment. The extensional viscosity of leavened dough matrices gradually rose, while 

the non-leavened dough matrix adhered to the renowned starch-induced sharp rise in 

viscosity. Reasons for the delayed increase in the extensional viscosity of the yeasted wheat 

dough matrix were seen in a degradation of the gluten network on a microscopic length scale 

and limited heat-induced molecular polymerization. The latter was assumed to be related to 

the existence of gluten fragments and sterically inhibited gluten crosslinking. Contrarily, the 
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slightly premature onset of starch gelatinization in the yeasted wheat dough did not majorly 

impact the course of the extensional viscosity of the dough matrix. Higher mobility of weakly 

bound water in the yeasted dough and a starch depletion in the gas cell-surrounding lamella 

were suggested to cause an excess hydration of starch granules in the yeasted dough, 

resulting in an early onset of starch gelatinization.  

A better understanding of the polymer functionality during heating in dependency on their 

molecular and microscopic structure was developed for two dough systems with different 

gluten network structures: a highly branched non-yeasted wheat dough and a microstructurally 

degraded yeasted wheat dough. Yeasted dough systems revealed a higher share of gluten 

functionality as the CO2-induced expansion of the matrix favored the occurrence of larger 

deformation behavior. Due to the same reason, a greater extent of SH was observed for 

yeasted doughs throughout the baking process, resulting in a higher consistency of the 

yeasted dough matrix. The greater extent of SH was further claimed to be responsible for the 

higher gas holding capacity. despite protein interactions were reduced on a molecular and 

microstructural level.  

Artificial model systems were reconstituted to further elucidate the impact of yeast metabolites 

on the physicochemical changes of starch and gluten during hydrothermal treatment. In 

contrast to the previous works, metabolite formation was restricted to proofing and the dough 

samples were partially degassed before the rheological measurements in this work. The 

results confirm the previous findings, showing that yeast metabolites are destabilizing the 

wheat dough matrix. However, the presence of chemical stressors did not affect the 

solidification point. Nevertheless, the magnitude of the solidification process in the wheat 

starch-gluten model system increased in the fermented dough systems, highlighting the 

importance of water availability during the solidification process. In the semi-inert, gluten-based 

model system, a degrading effect of yeast metabolites was observed along the whole baking 

process, underlining the degrading impact of yeast on the gluten network. It was further 

revealed that the highest extent of gluten polymerization was facilitated in non-starch-based 

model systems, supporting the hypothesis of the spatial hindered polymerization in the 

presence of gas cells.  

This work generated new insights into the impact of single yeast metabolites on the structure 

and functionality of dough polymers during process-relevant deformations. The mechanical 

stressor CO2 was found to induce structural alterations on a molecular and microscopic length 

scale, which are held responsible for the observed changes in the rheological behavior in 

yeasted dough. Although the chemical stressors (ethanol and succinic acid) do not majorly 

affect the structure or functionality of the dough matrix, dough polymer transition processes 

were found to be influenced by the indirect effects of the primary mechanical stressor (CO2). 

The extension of the protein matrix resulted in an altered rheological behavior, an effect on the 

hydration equilibrium of the dough polymers, and an influence of the spatial conditions, which 

are regarded as influential on the extent of polymer-polymer interactions within the yeasted 

wheat dough matrix.  
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Zusammenfassung 

Der Herstellungsprozess von Backwaren besteht aus mehreren Teilschritten, innerhalb 

welchen verschiedenste Deformationen auf die Teigmatrix ausgeübt werden. Neben externen 

Kräften unterliegt die Teigmatrix aufgrund des Ablaufes von biologischen Prozessen und 

hydrothermisch induzierten, physikochemischen Veränderungen der Teigpolymere während 

des Herstellungsverfahrens weiteren Transformationsprozessen. Untern den biologischen 

Prozessen beeinflusst insbesondere Bäckerhefe die Teigstruktur und –funktionalität entlang 

des Backprozesses wesentlich. Neben dem eigentlichen, lockernden Einfluss von Bäckerhefe, 

welcher auf der Bildung von gasförmigem Kohlenstoffdioxid (CO2) basiert, beeinflussen auch 

Ethanol und Bernsteinsäure die Funktionalität der Teigmatrix. Anhand ihrer Rolle im 

Energiestoffwechsel von S. cerevisiae werden die Metabolite in primäre (Ethanol und CO2) 

und sekundäre Metabolite (Bernsteinsäure) unterteilt. Bereits bekannt ist, dass der Einfluss 

der genannten Metabolite auf die Teigfunktionalität auf ihrer Fähigkeit beruht, die Struktur oder 

Löslichkeit der Polymere der Teigmatrix zu verändern. Allerdings ist das Ausmaß der 

individuellen Beiträge von einzelnen Hefemetaboliten zur globalen Funktionalitätsänderung in 

Hefeteigen bisher unbekannt. Die Ursache für die funktionellen Änderungen wurde in der 

Mikrostruktur des Proteinnetzwerkes gefunden, welches insbesondere durch mechanisch 

wirkende Hefemetabolite geschwächt wurde. Um den Beitrag der genannten Hefemetabolite 

auf die veränderten mechanischen Materialeigenschaften der Teigmatrix aufzuklären, wurde 

der Einfluss einzelner Metabolite analysiert. Dieser vergleichende Ansatz zeigte, dass 

gasförmiges CO2 unter den betrachteten Hefemetaboliten den größten Einfluss auf die 

Teigmatrix hat. Dabei beeinflusste gasförmiges CO2 sowohl die Interaktionen der 

Teigpolymere über kurze als auch über lange Distanz. Mit den Effekten, welche durch die 

Zugabe der chemischen Stressoren Ethanol und Bernsteinsäure zu Weizenteigen verursacht 

wurden, konnten hingegen nicht die hefeinduzierten strukturellen Änderungen in 

hefegelockerten Teigen im Vergleich zu ungelockerten Teigen erklärt werden. Neben der 

Untersuchung der strukturellen Änderungen in hefegelockerten Teigen lag ein weiterer Fokus 

der Arbeit auf der Analyse des Einflusses der genannten Hefemetabolite auf dem 

dehnratenabhängigen strain hardening Verhalten. Dieser Fokus erklärt sich durch die hohe 

Relevanz dieses Phänomens für den Backprozess. Das strain hardening Verhalten von 

hefegelockerten Teigen konnte erfolgreich auf das Stressgedächtnis der Teigmatrix, den 

Zustand des Proteinnetzwerkes sowie der räumlichen Anordnung der Teigpolymere 

zurückgeführt werden. In Bezug auf Letzteres wurde vermutet, dass insbesondere die 

Verdrängung von Stärkegranula aus den Lamellen des Proteinfilmes zu einem verstärkten 

strain hardening beitrug.  

In der weiteren Prozesskette folgt nach der Gare die thermische Behandlung der Teigmatrix 

während des Backprozesses. Dabei wird in der Teigmatrix eine Kaskade an 

physikochemischen Veränderungen ausgelöst, welche die Struktur und Funktionalität der 

Teigpolymere verändert. Zu diesen Prozessen zählen die Stärkeverkleisterung, 
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Proteindenaturierung sowie deren anschließende Polymerisierung, welche den Verlauf der 

Dehnviskosität von Teigen während des Backprozess beeinflussen. Die Abhängigkeit der 

Dehnviskosität vom Ausmaß des Ablaufes dieser Prozesse, sowie der Einfluss von 

Hefemetaboliten auf den Ablauf dieser Prozesse, verblieben allerdings bisher unbekannt und 

wurden in dieser Arbeit betrachtet. Wie bereits im ersten Teil der Arbeit wurde insbesondere 

für gasförmiges CO2 ein großer funktioneller Einfluss quantifiziert. Für CO2-gelockerte 

Teigsysteme stieg die Dehnviskosität lediglich sukzessiv, wohingegen durch die 

Teiglockerung ein steiler Anstieg zu beobachten war, wie er auch für reine 

Stärkesuspensionen beobachtet werden kann. Ursachen für dieses veränderte 

Verfestigungsverhalten wurden in der veränderten Proteinmikrostruktur, welche durch die 

Anwesenheit von Gasblasen schlechter vernetzt ist, und in einer Limitierung des Ausmaßes 

der Proteinpolymerisierung auf molekularer Ebene gefunden. Für Letzteres wird ebenfalls eine 

sterische Inhibierung der Vernetzung durch die Anwesenheit von Gasblasen in der Teigmatrix 

ursächlich gemacht. Im Gegensatz zum Einfluss der teilweise inhibierten 

Proteinpolymerisierung wirkt sich das leicht verfrühte Einsetzen der Stärkeverkleisterung nicht 

auf den Verlauf der Dehnviskosität aus. Vermutlich führen eine höhere Wasserverfügbarkeit 

für Stärke und die bessere Stärkezugänglichkeit zu diesem früheren Einsetzen des 

Verkleisterungsprozesses. Die Ursache für Letzteres wird in der bereits zuvor beschriebenen 

Verdrängung der Stärkegranula aus den Lamellen, welche die sich ausdehnenden Gasblasen 

umgeben, vermutet.  

Im Hinblick auf die Prozessrelevanz wurde anschließend der Effekt des veränderten Ablaufes 

der Stärkeverkleisterung und Proteinpolymerisierung auf das strain hardening Verhalten 

betrachtet. Hierzu wurden zwei molekular- und mikrostruturell verschiedene Systeme 

miteinander verglichen: ein gut vernetzter, nicht hefegelockerter Weizenteig und ein 

hefegelockerter Weizenteig, in welchem die Hefemetabolite die Struktur des 

Proteinnetzwerkes schwächen. Trotz des geschwächten Proteinnetzwerkes in 

hefegelockerten Teigen zeigte die Glutenfunktionalität im hefegelockerten Teig einen 

größeren Beitrag zum rheologischen Verhalten des Teigsystems. So zeigte das 

hefegelockerte Teigsystem bereits unter geringer Verformung deutlich ein Verhalten, welches 

sonst nur unter großer Deformation beobachtet wird. Dies wurde auf die CO2-induzierte 

Vordehnung der Matrix zurückgeführt. Auf demselben Grund wurde auch das verstärkte 

Auftreten von strain hardening über den gesamten Backprozess zurückgeführt. Somit zeigte 

die hefegelockerte Teigmatrix, trotz der eingeschränkten Proteininteraktionen auf molekularer 

und mikrostruktureller Ebene, ein gesteigertes Gashaltevermögen im Vergleich zur 

ungelockerten Teigmatrix.  

Abschließend wurden die, bislang lediglich hypothetischen, Ursachen für den veränderten 

Ablauf der physikochemischen Veränderungen von Stärke und Gluten näher betrachtet. Um 

den Einfluss von Hefemetaboliten auf die jeweiligen Weizenteigpolymere und deren 

hitzeinduziertes Verfestigungsverhalten differenziert zu betrachten, wurde ein Modellsystem 

konstituiert. Im Gegensatz zu den vorrangegangenen Arbeiten wurde die Bildung von 
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Hefemetaboliten durch ein mildes, thermisches Inaktivierungsverfahren auf den Zeitraum der 

Gare beschränkt und die Teigmatrix vor den rheometrischen Tests partial entgast. Weder im 

Modellsystem, noch im Weizenteig, konnte ein Einfluss der verbliebenen chemischen 

Stressoren auf den Ablauf des Verfestigungsprozesses gefunden werden. Allerdings konnte 

gezeigt werden, dass das Ausmaß des Verfestigungsprozesses in stärkebasierten Systemen 

durch die vorangegangene Hefefermentation gesteigert wurde. Ursächlich hierfür wird die 

verbesserte Hydratation von Stärke gesehen, welche durch die Verdrängung der Granula aus 

den gasblasenumgebenden Lamellen verursacht wird. In rein glutenbasierten Matrices wurde 

hingegen über den gesamten Backprozess eine hefeinduzierte Destabilisierung beobachtet, 

welche auf die zuvor beschriebene molekulare und mikrostrukturelle Degradation des 

Proteinnetzwerkes während der vorangegangenen Gare zurückgeführt wurde. In diesen 

stärke-freien Systemen wurde zudem das höchste Ausmaß der Proteinpolymerisierung 

beobachtet, was die zuvor angestellte Hypothese der eingeschränkten Proteinpolymerisierung 

durch eine sterische Inhibierung bestärkt. 

Zusammengefasst ermöglichte diese Arbeit neue, differenzierte Einsichten in den Einfluss 

einzelner Hefemetabolite auf die Struktur und Funktionalität der Teigpolymere unter 

prozessrelevanten Bedingungen und Deformationen. Hefeinduzierte Veränderungen auf 

molekularer und mikrostruktureller Ebene konnten erfolgreich mit dem veränderten 

rheologischen Verhalten von hefegelockerten Weizenteigen in Zusammenhang gestellt 

werden. Dabei zeigten die chemischen Stressoren Ethanol und Bernsteinsäure keinen 

wesentlichen Einfluss auf die Weizenteigmatrix, wohingegen gasförmiges CO2 als primärer 

mechanischer Stressor die Funktionalität der polymeren Matrix wesentlich beeinflusste. Dies 

basiert auf der CO2-induzierten Vordehnung der Proteinmatrix, welche zu wesentlichen 

Veränderungen im dehnrheologischen Verhalten der Teige sowie der räumlichen Anordnung 

der Teigpolymere führte. Letzteres wirkte sich dabei insbesondere auf den Ablauf der 

Stärkeverkleisterung und der Proteinpolymerisierung während des Erhitzungsprozesses und 

den, damit in Zusammenhang stehenden, Ablauf des Verfestigungsprozesses der Teigmatrix 

aus. 
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1 Introduction 

Wheat represents one of the most important staple foods worldwide, serving as a raw material 

for bread making, as well as for pasta and noodles production, pastry making, manufacturing 

of snack foods, and breakfast cereals production. For bread making, wheat flour has been 

used for centuries. The unique functionality of the hydrated wheat flour polymers was vital for 

the development of the bread making process, a process whose worldwide volume is 

nowadays amounting to 266.33 billion US$ a year (The Insight Partners, 2023).  

The essential functionalities of the dough matrix involve plasticity for shaping operations, 

elasticity for the gas holding capacity, and thermally induced solidification during the baking 

process. They can be related to the underlying wheat dough structure. On a microscopic length 

scale, the matrix comprises of a three-dimensional (3D) gluten network filled with an actively 

interacting starch-water phase and dispersed gas cells (Jekle & Becker, 2015). Furthermore, 

constituents like minerals and enzymes represent a minor mass fraction with a strong 

functional impact. The functionality of the dough matrix during the bread making process is 

mainly related to the material properties of the constituting polymers. Wheat gluten and starch, 

accounting for more than 90% of the wheat flour dry mass, depict particular rheological 

properties. Gluten proteins, the storage proteins of wheat (Triticum aestivum L.), form a 

viscoelastic network upon hydration and plays a key role in the gas retention capacity of the 

dough matrix until thermal treatment. Wheat starch, which water binding capacity is limited in 

the cold stage, gains importance during the thermal treatment, as starch gelatinization 

contributes to the solidification during the dough-to-crumb transition process. Taken together, 

the heterogeneous dough matrix forms a functional system based on various interactions and 

repulsions of the involved polymers. Hence, the heterogeneous network configuration shows 

a complex rheological behavior, which, as non-Newtonian material, strongly depends on the 

type, amplitude, and rate of the applied strain. 

As diverse processing conditions are applied during the bread making process, the knowledge 

of the time- and temperature-dependent behavior of the consisting dough polymers is further 

emphasized. Biochemical reactions and relaxation processes are known to change the 

structure and functionality of the dough matrix during kneading and proofing. During baking, 

thermally induced physicochemical changes of the wheat dough’s polymers alter their structure 

and functionality, and, consequently, the rheological behavior of the dough matrix. 

Furthermore, the usage of baker’s yeast results in the inclusion of an additional element of 

complexity. Baker’s yeast, or Saccharomyces cerevisiae, is used as a biological leavening 

agent in the bread making process and resembles a century-old bread making ingredient. 

Despite its primary use as a rising agent, the time-dependent release of yeast metabolites into 

the matrix alters the dough matrix’s functionality (Aslankoohi et al., 2015; Jayaram, Cuyvers, 

et al., 2014; Jayaram, Rezaei, et al., 2014; Meerts, Vaes, et al., 2018; Verheyen et al., 2014). 

Hence, different time- (relaxation processes and yeast fermentation) and temperature-

dependent (physicochemical changes of the wheat dough’s polymers) processes alter the 
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rheological behavior of wheat dough along the bread making process and, thus, affect its 

processibility. 

This thesis focuses on the impact of yeast- and thermally induced changes as well as their 

combined effect on the structure and functionality of the wheat dough matrix. As an 

introduction, the current state of the art regarding the impact of yeast-induced and thermally 

induced changes of the rheological behavior of wheat dough matrix, as well as their impact on 

the processibility of wheat dough, will be reviewed, and open questions will be identified. 

Subsequently, the suitability of various rheological methods, commonly used in cereal 

technology to determine bread making process-relevant material properties, will be considered 

in this context before the thesis outline is introduced. 

1.1 The polymeric wheat dough matrix 

Following the approach of Vilgis (2015), who defined food materials in the context of soft 

matter, it is crucial to be familiar with the underlying structures in wheat dough on different 

length scales to understand its processing behavior. Wheat dough comprises diverse 

components and structures from the molecular to the macroscopic length scale, thus 

representing a heterogeneous polymeric system (Jekle & Becker, 2015; Schiedt et al., 2013). 

The wheat dough matrix is developed during the hydration of flour with simultaneous input of 

mechanical energy during the mixing step. Many wheat dough’s properties were ascribed to 

one of its main constituting polymers: gluten. Gluten proteins, which compromise the non-

water- and salt-soluble wheat proteins, represent the major storage proteins in wheat and are 

located in the endosperm (He et al., 2013). The required water-insolubility results from a 

particularly low content of charged amino acids in the amino acid composition of gluten proteins 

(Morel et al., 2002; Herbert Wieser, 2007). Gluten proteins can be categorized into monomeric 

gliadins and polymeric glutenins, which occur in a relation of 65/45 w/w% in gluten (Herbert 

Wieser et al., 2023b). Glutenins can be subdivided into high molecular weight (HMW) glutenins 

(relative molecular weight (Mr): 80 kDa – 120 kDa (Lagrain et al., 2012; Schalk et al., 2017)) 

and low molecular weight (LMW) glutenins (Mr = 32 kDa – 45 kDa (Lagrain et al., 2012; Schalk 

et al., 2017)), which share ~20 w/w% and ~10 w/w% of gluten proteins (H. Wieser & Kieffer, 

2001). The greatest proportion of gluten proteins represent gliadins, composed of α-, γ- and 

ω-gliadins (Mr = 30 kDa, 35 kDa, 50 kDa – 55 kDa, respectively (Schmid et al., 2016)). HMW, 

further categorized as x- and y-type HMW glutenin proteins, and LMW glutenin proteins 

interact via disulfide bonds between cysteine residues. Additionally, Lefebvre et al. (2000) 

highlighted the importance of intermolecular interactions via β-sheets in glutamine-rich, 

repetitive domains of glutenins (Lefebvre et al., 2000). Contrarily, HMW glutenin and gliadin 

interactions are only facilitated via hydrogen bonds, electrostatic interactions, hydrophobic 

interactions, and van-der-Waals-forces (Wellner et al., 2005). The relevance of electrostatic 

interactions within these interactions is restricted, as charged amino acids share a small 

percentage in the amino acid composition of gluten (Létang et al., 1999).  
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Due to its chemical composition, gluten proteins form a non-conventional, transient network 

upon hydration and energy input (Mann et al., 2014; Schiedt et al., 2013). Hydration induces 

the swelling of the gluten proteins, where the increase of the radius of gyration can be up to 

400% in the case of HMW glutenins (Mann et al., 2014). This is based on the assumption that 

good solvent conditions are given and no clustering of the proteins is induced due to an 

incompatible solvent (Hong & Lei, 2009). Furthermore, the shear and extensional forces 

induced by the kneading process favor the unfolding of the proteins (Létang et al., 1999). 

Hence, kneading promotes proteins to interact and the gluten network to develop. Campos et 

al. (1997) highlighted the importance of mechanical energy input, as undeveloped dough did 

not result in an appropriate network development. The authors relate this to a lack of alignment 

of the formed protein fibrils in the absence of mechanical energy input (Campos et al., 1997). 

On the contrary, well-connected networks can be established upon mechanical energy input. 

In this case, hydrated and unfolded x- and y-type HMW glutenins form the backbone of 

glutenin. With a size of ~800 amino acids and cysteine residues in the C- and N-terminal 

domain, HMW glutenins interact via disulfide bonds to form a basic mesh (Vilgis, 2015; Herbert 

Wieser, 2007). Also, LMW glutenins interact with these head-to-tail linked chains via disulfide 

bonds (Herbert Wieser et al., 2023a), forming a cohesive glutenin structure. This structure 

contributes the elastic properties to wheat dough (Létang et al., 1999).  

Belton’s loop and train model can be used to relate the elastic properties to structural building 

blocks of the glutenin structure (Belton, 1999). In a relaxed state, non-interacting repetitive β-

turn structures of glutenin form so-called loop regions and regions, which interact with other 

molecules via intermolecular β-sheet structures, resemble train regions (Belton, 1999; Herbert 

Wieser et al., 2023a). Upon extension, loops are stretched until they come into contact with 

other molecules and intermolecular β-sheet structures are formed. A further extension would 

result in rupture of the protein strands. If the protein strands experience relaxation instead, the 

structure returns to its equilibrium configuration and the energy is restored (Belton, 1999; Kim 

et al., 2008; Herbert Wieser et al., 2023b). Using Rheo-Fourier-Transform Infrared 

Spectroscopy (FT-IR) measurements, Wellner et al. (2005) revised the original idea of 

complete structural recovery as the authors observed an increase in intermolecular β-sheets 

and a decrease in β-turns and unordered structures after repeated large amplitude extensional 

deformation. According to these observations, it becomes evident that gluten possesses a 

memory for its processing history, which impedes its elastic character upon repeated 

deformation (Herbert Wieser et al., 2023a).  

The second building blocks of the gluten network are gliadins, which are non-covalently bound 

to the glutenin backbone (Wellner et al., 2005). They reduce the network’s stiffness and 

increase the wheat dough’s extensibility (Létang et al., 1999). 

As mentioned above, the kneading process resembles an integral part of dough development. 

It enables the polymerization of the gluten proteins to form the gluten network, even though it 

can also cause depolymerization of the gluten structure upon overmixing (Dreese et al., 1988; 

Kim et al., 2008; Létang et al., 1999). The kneading process generally results in a high level of 
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alignment of the comprising proteins. Therefore, several authors highlighted the importance of 

resting time after kneading for structural relaxation to re-establish an entangled system 

(Brandner et al., 2022a; Kim et al., 2008).  

Gluten quantity and quality are commonly correlated to gas holding capacity during leavening, 

which is a major quality criterion in bread making, as it represents the basis for the loose and 

soft crumb structure (Færgestad et al., 2000; Roels et al., 1993; Tronsmo, Magnus, Færgestad, 

et al., 2003). The growth of gas cells results in a large amplitude biaxial extension of the dough 

matrix. The high stability of the dough matrix towards this deformation is a unique property, 

which has been attributed to the strain hardening (SH) of the gluten polymer. This behavior, 

commonly known in polymer science, can typically be seen as the J-shaped behavior of the 

extensional viscosity with increasing strain at constant strain rates (Stading, 2008; Wikström 

& Bohlin, 1999b). SH is observed only for branched polymers, as entanglements are formed 

between branches while the main chain is extended (Dobraszczyk & Morgenstern, 2003). 

Sliwinski et al. found the SH behavior of pure gluten to be more pronounced than for wheat 

doughs and to be dependent on the originating cultivar. Based on these observations, the 

authors concluded that gluten is the primary source of SH behavior (Sliwinski et al., 2004). 

Belton (2005) explained the SH phenomena in the context of the loop and train model. 

According to this, SH is caused when the structure cannot respond anymore by further 

disentanglement of any loops. Consequently, regions with more pronounced intermolecular 

interactions need to be stretched to enable further extension, which requires additional energy 

input (Belton, 2005). In agreement with this model, Sroan et al. (2009) underlined the relevance 

of glutenins for SH behaviour. The strain hardening index (SHI) was observed to decrease by 

increasing the proportion of monomeric gliadins. Contrarily, adding glutenin-rich fractions 

increased the SHI until the optimum glutenin proportion was exceeded and excessive 

entanglements reduced the extensibility of the system (Sroan et al., 2009). In general, SH 

behavior is unique for wheat among other cereal cultivars and accounts for a high gas retention 

capacity and high specific volumes. While fermentation and oven rise, SH avoids several foam 

destabilization mechanisms, such as Ostwald ripening and coalescence. Thus, SH allows the 

extension of the dough matrix in the lamella around the gas cells (Van Vliet et al., 1992). 

Even though the origins of the functionality of the dough matrix during the bread making 

process can be found in the structure of gluten on a molecular and microscopic length scale, 

the behavior of the dough matrix differs greatly from that of wheat dough (Georgopoulos et al., 

2004; Tronsmo, Magnus, Baardseth, et al., 2003; Uthayakumaran et al., 2002). Besides gluten, 

starch represents a major component in wheat dough, accounting for a volume fraction of 

~85w/w% (Meerts et al., 2017). Native starch is organized in granules. Unique for starch from 

the Triticeae tribe is the bimodal granule size distribution. A smaller weight percentage of 

starch is present as small B-type granules (2 – 5 µm, spherical shape) and a greater share as 

larger A-type granules (10 – 40 µm, lenticular shape) (Wenhao et al., 2013). All granules are 

organized in amorphous and crystalline shells (Jenkins et al., 1993). These structures arise 

due to the two different polymers, that built up starch: amylose and amylopectin. While amylose 
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is a mainly linear polymer composed of 500 – 6000 glucose residues, amylopectin represents 

a branched polymer consisting of 3x105 – 3x106 glucose units. Amylopectin forms double 

helices, representing the crystalline structures in the granule’s structure, while amylose and 

non-crystalline amylopectin form amorphous regions (Goesaert et al., 2005). Due to this 

densely packed structure and its semi-crystalline character, native starch has a limited water 

binding capacity. Therefore, wheat starch is suspended in the liquid dough phase during dough 

kneading and embedded in the strongly connected, protein strand-based gluten phase (Jekle 

& Becker, 2015).  

The role of starch in the polymeric wheat dough system has been intensively discussed. In 

general, incorporating rigid particles into polymeric systems is known to increase the stress of 

the system. According to Edwards (1990), who investigated carbon black-filled elastomer 

systems, such particle-filled systems differ significantly in their strain-dependent stress answer 

from pure elastomer systems. Pure elastomers show a strong elastic behavior but a low stress 

answer, whereas a reinforcing effect can be observed in the presence of filler particles, as the 

stress-strain behavior changes significantly. Similar behavior can be observed when 

comparing the rheological behavior of pure gluten to a wheat dough under oscillatory shear 

strain (Wehrli et al., 2023). Watanabe et al. (2002) concluded that this effect would result from 

friction within the starch granules and Edwards (1990) also explained the importance of 

abrasion resistance.  

Besides the absolute stress answer, another major difference between pure gluten systems 

and wheat dough is the increasing sensitivity to deformation with increasing starch volume 

fractions (Khatkar & David Schofield, 2002; Meerts et al., 2017; Schiedt et al., 2013; 

Uthayakumaran et al., 2002). Schiedt at el. (2013) related this behavior to the “Payne effect”, 

a collapse of the filler network, which has an increasing impact on the matrix as the starch 

volume fraction increases (Payne, 1962). The starch network, stabilized by short range 

interactions (such as non-covalent molecular interactions), is increasingly dominating the 

behavior of the dough matrix with increasing starch volume fraction and is responsible for the 

reduction of the linear viscoelastic (LVE) range, as with larger amplitudes, starch granules will 

be displaced and the deformation turns invasive. This interpretation of dough as a particle-

based system, consisting of a highly connected polymeric gluten network and actively 

interacting filling starch particles, has received increasing attention. Bridging from polymer 

science to natural dough systems, Brandner et al. (2021) found further evidence for the 

importance of a rigid particle network in semi-artificial glass beads – gluten systems and 

pleaded for the existence of a particle-filled network in wheat dough. Also, Schiedt et al. (2013) 

highlighted the active involvement of starch granules in the dough matrix via interactions 

between the starch granule surface and the gluten proteins. Here, starch granule surface-

associated molecules are of particular importance and are known to affect the functionality of 

starch granules during processing (Baldwin, 2001). Brandner et al. (2022, 2021) elucidated the 

role of various starch granule surface-associated molecules by imitating the functionality of 

different starch granule surface-associated molecules in large amplitude deformation 



Introduction 

 - 11 - 

experiments. Within this scope, the best agreement with wheat dough functionality was found 

for the imitation of surface-associated protein. Therefore, the authors emphasized that starch 

surface-associated proteins increase the stability of the wheat dough system: strong gluten-

starch granule interactions were suggested to endure after the breakdown of the particle 

network, as energy can be dissipated by sliding of starch-gluten-groupings along each other 

before the gluten matrix is deformed (Brandner et al., 2022b). 

Along with gluten and starch as the main wheat dough’s polymers, several minor components 

are involved in the wheat dough system. In this regard, lipids, non-starch polysaccharides, and 

endogenous enzymes can have a major impact on the development and functionality of the 

gluten network as well as on the structure of starch and non-starch polymers (Döring et al., 

2015; Dornez et al., 2007; Rouillé et al., 2005). Even though these minor fractions can have 

major impacts on the rheological behavior of the wheat dough system, this thesis focuses on 

gluten and starch. In short, it can be summarized that wheat dough represents an 

inhomogeneous polymeric, multiphasic system with diverse interactions on molecular to 

microscopic length scale. Hence, the behavior strongly depends on the applied deformation 

as different length scales respond to different types and amplitudes of strain.  

1.2 Deformations occurring during the bread making process 

A thorough understanding of the steps involved in the bread manufacturing process is vital to 

know the stress exerted on wheat dough. The bread making process is a series of several sub-

processes, varying in time, intensity, and order. As a basic example, the straight dough method 

is depicted in Figure 1. The process starts with a kneading step, followed by a relaxation step, 

and then a shaping process. Before the final baking process, the expansion of the dough is 

initiated during the proofing step. 

 

Figure 1: Overview of types of strains and strain rates occurring during the bread making process. Data 
from (Bloksma, 1990; Connelly & Kokini, 2006; Della Valle et al., 2014; Jongen et al., 2003). Created with Biorender. 
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The main goals of the kneading step are to distribute and hydrate the dough ingredients 

homogeneously and to develop the polymeric gluten network through a progressive sequence 

of stress and relaxation steps (Vidal et al., 2022). The types of strain applied during this 

processing step are diverse and vary over several magnitudes in terms of strain rates. A 

combination of high shear rates (𝛾̇ = 101 s-1 – 102 s-1, quantified in a z blade mixer, filled with 

0.11% Carbopol with shear-thinning properties), elongational and rotational stress acts on the 

dough during kneading, where the proportions between the types of strain may widely vary 

according to the geometry of the mixer (Connelly & Kokini, 2006; Jongen et al., 2003). The 

kneading step is followed by a resting step, allowing the highly aligned network to encounter 

conformational relaxation (Brandner et al., 2022a). To create a basis for the soft crumb of the 

final baked good, gas nuclei formed during the kneading step need to expand and to be 

redistributed during the following processing steps. As CO2 is formed and diffuses to the gas 

cells, their growth is induced exerting extensional stress on the dough matrix. The extension 

is of a biaxial nature as the surrounding dough matrix is tangentially extended in two directions 

and uniaxial compressed in the radial direction. Biaxial extension rates occurring during 

proofing range from 10-4 s-1 to 10-3 s-1
, depending on the initial gas cell size (Babin et al., 2006; 

Turbin-Orger et al., 2015). While Babin et al. (2006) focused on exponential gas cell growth 

during the initial proofing phase, Weegles et al. traced coalescence processes and reported 

extensional strain rates in the magnitudes of 𝜀̇ = 101 s-1 – 102 s-1 (Peter L. Weegels et al., 

2003).  

During the subsequent shaping processing, the dough undergoes further shearing  

(𝛾̇ = 100 s-1 – 102 s-1) and extension (𝜀̇ = 10-3 s-1 – 10-1 s-1) (Della Valle et al., 2014). Throughout 

the baking step, deformation again is mostly originated from gas cell growth, where extensional 

strain rates are, compared to the proofing step, increasing to 𝜀𝑏̇ = 10-3 s-1 – 10-2 s-1, due to the 

thermally induced acceleration of gas cell expansion (Bloksma, 1990). 

In summary, deformations during the bread making process can be categorized into two 

sections: external shear forces that induce large deformations during kneading and shaping 

and large deformations due to endogenic forces induced by the growth of gas cells. The 

leavening process causes relative deformations of the dough matrix around the growing gas 

cells (𝜀𝑏) of up to 1.3 at slow biaxial extensional strain rates (𝜀𝑏̇ = 10-4 s-1 to 10-2 s-1 (Babin et 

al., 2006; Bloksma, 1990)) during proofing and baking (Vliet et al., 1992). Therefore, this work 

focuses on the behavior of the wheat dough matrix during the proofing and baking process, 

where the biaxial extension process prevails. Hence, different methods used to characterize 

the behavior of the wheat dough matrix during such deformations will be revised in the following 

chapter. 
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1.3 Rheology in cereal technology and its relevance for the bread 

making process 

The capacity to form a highly aerated foam is particularly important among the different 

functionalities of the dough matrix during the bread making process. Gas cells are stabilized 

in the semisolid dough matrix until the solidification of the system is initiated during the baking 

process. Inappropriate material properties can cause undesired product characteristics, such 

as a dense crumb structure due to a firm network or crumb collapse due to the failure of large 

gas cells (Dedey et al., 2021). The rheological behavior of the dough matrix is of strong interest 

in predicting the stability of the dough matrix against the deformations arising during proofing. 

For this reason, a wide range of analytical procedures has been implemented in the field of 

cereal technology. Rheometry is generally used to gain information on mechanical properties, 

material structure, and processing behavior. Thus, rheometry is widely used in food technology 

(Fischer & Windhab, 2011). In the field of cereal technology, empirical rheological approaches 

are commonly found due to their close relation to the bread making process.  

Based on the processes occurring during bread making, tests have been developed to 

downscale the bread making process and enable the recording of quantitative measures of the 

analyzed dough systems. Besides some subjective manual tests, such as the windowpane 

test or the poke or ripe test, which are performed to judge either dough development or the 

status of dough during proofing, respectively, a broad set of instrumental standard tests has 

become parts of the state of the art methods filed by the leading associations for cereal science 

and technology (Van Boeckstaele, 2011). Noteworthy examples of instrumental approaches 

are z blade kneaders (Farinograph, DoughLAB), dough extensibility testers (Extensograph, 

Kieffer Dough Extensibility Rig, Alveograph), or rotational viscometers (Rapid Visco Analyzer, 

Viscoquick, ViscoQC).  

Extensibility measurements for flour or gluten are widely used to predict loaf volume (Abang 

Zaidel et al., 2008; Dunnewind et al., 2003; Janssen, Vliet, et al., 1996; Kieffer et al., 1998; 

Tronsmo, Magnus, Baardseth, et al., 2003). In this context, it should be mentioned that 

Huen et al. found no significant correlation between any analytical value from empirical 

characterization methods of commercial wheat flours and the specific bread volume resulting 

from a baking procedure, which was held close to industrial methods (Huen et al., 2018). Thus, 

the generalized explanatory power of empirical methods, such as Extensograph or 

Alevograph, needs to be put into question. Bloksma (1972) found the rate of deformation 

occurring during Extensograph and Alevograph testing to be several magnitudes higher than 

during proofing or baking (Bloksma, 1972), which might limit the transferability of the results to 

the real bread making process and explain their restricted potential to serve as process 

predictors. Even though not in the desired magnitude, several authors suggested conversions 

to extract fundamental data from empirical tests for dough extensibility tests (Bloksma, 1972; 

M. Charalambides et al., 2002; M. N. Charalambides et al., 2002; Maude Dufour et al., 2024; 

Dunnewind et al., 2003). However, the often complex geometries of the probes used for 
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empirical tests induce poorly defined deformations on the samples. Thus, information or control 

of the applied strain and strain rates are limited and, therefore, the information to attain on the 

strain rate-dependent behavior as well.  

To bridge this gap, fundamental rheology is receiving growing interest as a tool to extract 

superior information on the structure of the analyzed system. The impact of various ingredients 

and processing technologies on the structure and functionality of wheat dough has been 

determined using fundamental rheometry (Alvarez-Ramirez et al., 2019; Campos et al., 1997; 

Clarke et al., 2004; Fu et al., 1997; Steffe, 1996; Verheyen et al., 2015). Similarly, rheology 

has been applied to investigate the changes in structure and functionality of the cereal 

polymers during the thermal stabilization process during baking (Bloksma, 1979; Bloksma & 

Nieman, 1975; Campos et al., 1997; Jekle et al., 2016; Salvador et al., 2006; Vanin et al., 

2018; Xu et al., 2017). Fundamental rheological techniques can roughly be distinguished 

between shear and elongational techniques, as well as small and large deformation testing. 

Measurements under small deformation are performed to preserve structural integrity (Létang 

et al., 1999). As Steffe (1996) highlighted, the characterized material behavior is strongly 

dependent on the applied type of flow. Being subjected to shear flow, molecules can rotate to 

avoid being stretched. Contrarily, pure extensional flow leads to an orientation of the molecules 

in the direction of the flow resulting in forced stretching (Steffe, 1996). In the case of Newtonian 

fluids, shear and elongational viscosity can be converted into each other using Trouton’s ratio 

(Sliwinski et al., 2004). However, this convertibility is restricted in wheat dough due to its non-

Newtonian nature. 

Shear rheological techniques using rotational rheometers have been widely implemented to 

study the viscoelastic behavior of the dough matrix, from which oscillatory, stress-relaxation, 

and shear measurements are widely used. Extensive research has been performed using 

techniques within the LVE range of dough, where (complex) stress and (oscillatory) strain 

behave linearly. This non-invasive deformation is used to characterize short range interactions 

in the polymeric network, such as starch-starch interactions (Schiedt et al., 2013). In the case 

of larger strain amplitudes, the deformation becomes invasive as starch granules are displaced 

and the initial polymer interactions are interrupted (Schiedt et al., 2013). Hence, large 

amplitude deformation techniques are used to characterize the rheological behavior of gluten, 

while starch-protein interactions respond to intermediate deformations (Schiedt et al., 2013).  

When the applied strain does not exceed the LVE range, structural information can be 

extracted from the frequency-dependent behavior of a tested material. Gabriele et al. (2001) 

suggested a power law fit of the frequency-dependency of the complex modulus to 

characterize the “rheological structure” of weak gels. This approach has been applied to wheat 

dough to analyze the strength and interactions of the polymeric dough network as impacted by 

raw materials (Caramanico et al., 2018; Meerts et al., 2017), ingredients (Fu et al., 1997; 

Georgopoulos et al., 2004; Li et al., 2021; Lucas et al., 2019; Upadhyay et al., 2012) and 

processes (Gabriele et al., 2001; Létang et al., 1999; Vidal et al., 2022).  
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Lately, developments in devices and software have enabled the widespread use of multiwave 

testing, where more than one single frequency can be tested at a time. Fourier transform 

mechanical spectroscopy can provide complex rheological information within short 

measurement times due the application of a superimposed strain function (Dörr et al., 2020). 

By combining several sine waves of various frequencies into one complex sinusoidal wave, 

Holly et al. implemented multiwave rheology as a new analyzing tool for viscoelastic materials 

within a short measurement time (Holly et al., 1988). This method has been applied to a range 

of viscoelastic materials to quantify mainly time- (Meerts, Vaes, et al., 2018), temperature- 

(Alpers et al., 2023; Ma et al., 2014; Palla et al., 2019; Seighalani et al., 2021; Udyarajan et 

al., 2007), or process-induced (Vidal et al., 2022) changes in material properties. 

The suitability of oscillatory rheological testing for predicting processibility was shown to 

depend on the applied amplitude. Although a strong link between small amplitude oscillatory 

shear (SAOS) rheological behavior and the protein microstructure has been proven (Jekle & 

Becker, 2015; Lucas et al., 2019), moderate to no correlations were mostly found with the final 

baking quality (e.g., loaf volume) (Dobraszczyk & Morgenstern, 2003; Tronsmo, Magnus, 

Baardseth, et al., 2003). Contrarily, structurally invasive large deformation rheological tests 

showed good to very high correlations (Dobraszczyk & Morgenstern, 2003). Considering this 

non-linear region, initial attempts have been conducted where the storage modulus G’ was 

fitted with the power law model to quantify the strain dependency of the drop of G’ (Hwang & 

Gunasekaran, 2001; Mann et al., 2014). Hwang and Gunasekaran (2001) observed a 

dependency of these power law parameters on the dough development time. The authors 

concluded that the power law model in the non-linear region can be used to analyze the gluten 

network structure. Lately, large amplitude oscillatory shear rheology (LAOS) has emerged to 

analyze the response of dough structures under non-linear, large deformation testing (Alvarez-

Ramirez et al., 2019; Wehrli et al., 2023; Yazar et al., 2016a, 2016b; Yildirim-Mavis et al., 

2019). The functionality assessed under large deformation can explain wheat dough 

functionality under deformation processes occurring during the bread making process 

(Alvarez-Ramirez et al., 2019; Yazar et al., 2016a) and reveal gluten functionality (Schiedt et 

al., 2013). 

Besides shear tests, extensional tests represent the second main category of rheological 

testing. Here, three different types of extension can be distinguished. Uniaxial extension is 

caused by an elongation process along one axis, resulting in a contraction along the two other 

axes. In accordance with that, biaxial extension is the equal extension process along two axes 

resulting in the compression along one axis. A third case represents the planar extension, 

where the material is extended in one axis and compressed in a second axis while the third 

axis remains neutral (Haward et al., 2023). The abovementioned cases assume the Poisson’s 

ratio of the material to be positive (𝜈 > 0), meaning that the material contracts along the axis 

being orthogonal to the applied tensile stress. In regards to the bread making process, the 

dough matrix is subjected to biaxial extensional deformation, mostly occurring during proofing 

and oven rise, as mentioned above. Being subjected to extensional flow, SH can occur in 
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polymeric materials. As previously introduced, gluten is subjected to this phenomenon, whose 

extent has been found to define the bread making performance of wheat flour (Dobraszczyk & 

Morgenstern, 2003; Sroan et al., 2009). Shear rheological measurements are, therefore, not 

appropriate tools for the quantification of SH. 

Several fundamental extensional techniques have been developed in the past decades, either 

from initio or by converting data from empirical tests (M. N. Charalambides et al., 2002; Maude 

Dufour et al., 2024; Dunnewind et al., 2003; Launay et al., 1977). For high viscous materials 

like wheat dough, those techniques compromise the Meißner extensional rheometer (Meißner, 

1969), the filament stretching rheometer (Matta & Tytus, 1990), hyperbolic contraction flow 

(Stading & Bohlin, 2001; Wikström & Bohlin, 1999b), or the Sentmanat extensional rheometer 

(Sentmanat, 2004) as uniaxial extensional techniques and Lubricated Squeezing Flow (LSF) 

(Chatraei et al., 1981) and bubble inflation (Launay et al., 1977) as biaxial extension 

techniques. Most of the mentioned techniques originate from the polymer industry, as extrusion 

and film forming processes are common practices that require knowledge of the extensional 

rheological behavior. The reviewed techniques for fundamental extensional rheometry 

compromise a broad spectrum of different techniques. Suitability for the application in wheat 

dough rheometry has been proven without exclusion, raising the need for additional factors to 

be considered. Setting the scope of the rheological measurements to the characterization of 

wheat dough behavior for deformations as they occur during the production process, the type 

of extension as well as the achievable strain amplitude and strain rate are gaining importance. 

Regarding the former, the differentiation between uniaxial and biaxial extensional techniques 

is crucial. In the case of Newtonian fluids, the Trouton ratio can be applied to convert shear 

viscosity η to uniaxial (ηe), planar (ηp), and biaxial extensional viscosity (ηb) (Petrie, 2006). For 

viscoelastic materials, this conversion becomes invalid for high strain rates and any 

predictability of suitable conversions decreases with increasing polymer concentrations as 

intermolecular interactions increase (Haward et al., 2023). Comparing the stress values 

retrieved from uni- and biaxial extension tests with wheat dough and gluten samples, Sliwinski 

et al. (2004) found, as to be expected, higher stress levels in uniaxial extension tests and 

related this to an increased orientation of glutenins in the direction of the flow. Even though 

uniaxial testing was performed with a Kieffer Extensibility rig, which was previously shown to 

cause a mix of shear and extensional flow, the authors were able to highlight the importance 

of the induced flow type. Hence, it is essential to characterize materials under process-relevant 

types of strain to retrieve information on the processing behavior in the imitated processes. 

Therefore, bubble inflation and LSF as biaxial extensional techniques are potential methods to 

imitate bread making-relevant deformations. In the case of the bubble inflation test, a 

conversion, as suggested by Blokasma (1957), needs to be applied to extract 𝜂𝑏(𝜀̇). Following 

this approach, Charalambides et al. (2006) found stress and strain to be overestimated at large 

amplitude strain. The authors further suggested that the bubble inflation test must be 

complemented with supplementary data to extract fundamental values, increasing the testing 

procedure’s complexity. Thus, LSF represents the most applicable technique for wheat dough 
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analysis due to the applied biaxial extension, achievable strain and strain rates as well as the 

almost complete negligibility of shear due to applying lubrication (Launay & Michon, 2008). 

The fundamentals of this technique will, therefore, be introduced in the following section. 

During LSF, a cylindrical sample is compressed between two lubricated plates and is subjected 

to a radial squeezing flow. The term “lubricated” originates from the lubricant used to enable a 

“perfect slip scenario” between the sample and the plates (Engmann et al., 2005), avoiding 

shear stress between the plates and the sample. The technique was introduced by Chatraei 

et al., who theoretically and practically introduced the squeezing flow experiment. Beneficiating 

from the perfect slip assumption, Hencky strain 𝜀 can be calculated according to Equation 1 

(Chatraei et al., 1981): 

𝜀 = l n (
ℎ𝑡
ℎ0
) Equation 1 

where ℎ0 refers to the initial sample height and ℎ𝑡 is the sample height at the test time t.  

Derivation by time yields the strain rate  defined by Equation 2 (Chatraei et al., 1981). 

𝜀̇ =
𝑑𝜀

𝑑𝑡
=

ℎ̇

ℎ0
 Equation 2 

with ℎ̇ being the compression speed.  

Taking into account the velocity field, the related biaxial strain 𝜀𝑏 and biaxial extension rate 𝜀̇ 

are then defined by Equation 3 and Equation 4 (Vanin et al., 2018): 

𝜀𝑏 =
1

2
l n (

ℎ𝑡
ℎ0
) Equation 3 

 

 

𝜀𝑏̇ =
1

2
𝜀̇ =

ℎ̇

2ℎ0
 Equation 4 

Furthermore, the LSF setup allows the calculation of the apparent biaxial extensional viscosity 

𝜂𝑏
∗  as the contact area within the sample and the plates remains constant during the whole 

experiment. Using the normal stress difference (𝑇𝑟𝑟 − 𝑇𝑧𝑧), 𝜂𝑏
∗  can be calculated according to 

Equation 5, 

𝜂𝑏
∗ = (𝑇𝑟𝑟 − 𝑇𝑧𝑧)/𝜀𝑏̇ =

𝐹𝑁,𝑡
𝜋𝑟𝑝

2𝜀𝑏̇
 Equation 5 

where 𝐹𝑁,𝑡 is the normal force at the test time t and 𝑟𝑝 the plate radius (Chatraei et al., 1981). 

As Launay and Michon (2008) highlighted, lubrication is crucial in LSF. The viscosity of the 

lubricant is decisive as it may impede the measured extensional viscosity in two different 

scenarios: a) the viscosity of the lubricant is too high and may not be neglectable from the 

resulting viscosity or the depletion of lubricant on the interface of the sample and plates in 

scenario b) causes friction and impedes the zero-shear condition (Launay & Michon, 2008). 

To avoid depletion of the lubricant, the applied strain should be limited to 𝜀𝑏 ≈ 1.0 – 1.5 (Launay 

& Michon, 2008). Considering these conditions, LSF represents a suitable tool for the 

fundamental characterization of the extensional behavior of wheat dough. On the downside, 



Introduction 

 - 18 - 

Launay and Michon (2008) questioned the validity of the incompressibility boundary condition 

for dough, which could influence the calculated SHI.  

LSF has been widely used to investigate the effect of raw materials (Janssen, Van Vliet, et al., 

1996; Kokelaar et al., 1996; Sliwinski et al., 2004; Wikström & Bohlin, 1999a), ingredients 

(Arufe et al., 2017; Yue et al., 2020), and processing parameters (Kokelaar et al., 1996; Launay 

& Michon, 2008; Turbin-Orger et al., 2016; Vanin et al., 2018) on the rheological behavior of 

wheat dough. Most authors applied LSF to cold stage, non-proofed dough samples. A few 

exceptions represent Yue et al. (2020), who reported decreased SH ability for proofed wheat 

dough, and Launay & Michon (2008), Kokelaar et al. (1996), as well as Vanin et al. (2018), 

who considered the impact of thermal treatment on the flow behavior of wheat dough and 

gluten under biaxial extensional flow. Regarding the latter, all authors observed a marked drop 

in the flow behavior index when temperatures exceeded 42 °C for wheat dough and gluten 

samples. Kokelaar et al. (1996) also compared the SHI for wheat dough and gluten at 20 °C 

and 55 °C. The thermally induced change in SHI was inconsistent across the comparison 

between samples of different wheat varieties, limiting the interpretability. Furthermore, a 

relation of the observed changes to thermally induced structural changes of the dough-matrix-

constituting polymers is largely lacking. This lack of knowledge is meant to be targeted within 

the framework of this thesis.  

1.4 Structural and functional changes of the wheat dough matrix 

along the bread making process 

This chapter will review the most important structural and functional changes of the wheat 

dough matrix occurring during proofing and baking. Following the bread making process, 

yeast-induced effects during the proofing step will be firstly discussed. Afterward, the effect of 

hydrothermal treatment, occurring during the latter baking process, on the cereal polymers will 

be reviewed. 

1.4.1 Yeast-induced changes on the microscopic length scale during 

proofing 

The processes of gas cell stabilization, growth, and destabilization must be comprehended to 

understand the complex changes in the mechanical material properties of the proofing dough 

matrix. Therefore, a closer look will be taken at these processes and the resulting structural 

changes in the wheat dough matrix.  

In yeasted wheat dough, the gas void fraction increases gradually with the increase in 

fermentation time (Elmehdi et al., 2003; Verheyen et al., 2014). The origin of this process lies 

in the gradual release of CO2 by yeast cells during proofing, being dissolved in the liquid dough 

phase until saturation is reached. As nucleation is an energy-intensive process that only occurs 

in a supersaturated medium (Pandiella et al., 1999), yeast-released CO2 instead migrates into 

existent air cells as soon as the dough matrix is saturated with CO2. These air cells originate 

from the mixing process where air pockets are entrapped during the mixing process (Mehta et 
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al., 2009). The geometric mean of the gas cell size distribution after kneading was reported to 

be ~ 22 µm, being homogeneously distributed in the dough matrix (Babin et al., 2006; Koksel 

et al., 2016; Rouillé et al., 2005). Furthermore, the gas cell sizes varied widely depending on 

the dough formulation. With increasing fermentation times, the size of gas cells increased. 

Quantitative data is given by Turbin-Orger et al., who reported volume mean values of the gas 

cell size distribution of 411 ± 230 µm and 675 ± 320 µm after 87 min and 166 min of 

fermentation, respectively, with a yeast concentration of 2% (w/flour weight) fresh compressed 

yeast. This data was confirmed by Rouillé et al., who further quantified gas cell sizes of up to 

3000 µm after 133 min using 2.5% (w/flour weight) fresh compressed yeast (Rouillé et al., 

2005).  

In wheat dough, gas cells are stabilized in the 3D gluten network and surrounded by a thin 

liquid film of surface active proteins and lipids (Babin et al., 2006; Salt et al., 2006). From a 

mechanical perspective, this can be described by the superposition of the Laplace pressure, 

such as hydrostatic and viscous forces as described by Grenier et al. (2010). Thereby, the 

Laplace pressure (𝑝) is determined by the surface tension 𝛾 and the radius 𝑟 as described by 

the Young-Laplace equation (Equation 6):  

𝑝 =
2𝛾

𝑟
 Equation 6 

According to the Young-Laplace equation, the pressure inside gas cells is always higher than 

in the surrounding dough matrix due to the surface tension and is indirectly proportional to the 

gas cell size. Surface active substances aid reducing the surface tension by surrounding the 

gas cell. In wheat dough, the aqueous phase is known to form a thin liquid film at the gas cell 

surfaces (Mills et al., 2003; Sroan & MacRitchie, 2009). As Mills et al. (2003) summarized, 

endogenous substances such as various dilute salt solution-soluble proteins, polar lipids, and 

arabinoxylans help to reduce the surface tension or stabilize the gas cell surrounding thin liquid 

film. Besides these wheat-descending surfactants (e.g., lipids (Sroan et al., 2009; Sroan & 

MacRitchie, 2009)), yeast metabolites could further contribute reducing the surface tension. 

Accordingly, ethanol, which surface tension-reducing effect is well documented in beer (Lynch 

& Bamforth, 2002), could also contribute to gas cell stabilization in wheat dough.  

As mentioned above, hydrostatic pressure and viscous forces contribute to the pressure 

exerted on gas cells (D. Grenier et al., 2010). Depending on the hydration level in the wheat 

dough, surface tension contributed up to 30%-40% of the total pressure in the core of proofed 

bread dough with decreasing relevance in dough systems with lower hydration levels. In these 

cases, the contribution of viscous forces prevailed (D. Grenier et al., 2010).  

As with any foam, the dough matrix is subjected to destabilization mechanisms. Koksel and 

Scanlon stated that disproportionation and coalescence are the main destabilization processes 

during proofing (Koksel & Scanlon, 2016). As the Laplace pressure is indirectly proportional to 

the gas cell size (see Equation 6), higher CO2 concentrations arise in the surroundings of 

smaller gas cells, which are then diffusing towards larger gas cells to reach a pressure 

equilibrium. This diffusion process is referred to as disproportionation. Disproportionation was 
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observed in both, non-yeasted and in yeasted dough (Koksel et al., 2016; Shimiya & 

Nakamura, 1997; Shimiya & Yano, 1988).  

The occurrence of destabilization processes contributes to the increase of the size of the gas 

cells and the heterogeneity of their size distribution with increasing proofing time (Turbin-Orger 

et al., 2012). The increasing heterogeneity results from the decrease in the proportion of small 

gas cells and a broadening of the distribution towards larger gas cell sizes, as observed by 

several authors (Shimiya & Nakamura, 1997; Turbin-Orger et al., 2012, 2015). Theoretical 

considerations of Shah et al. and Chiotellis and Campbell on the growth of gas cells in the 

absence of coalescence indicated that gas cells of all sizes are subjected to growth, even in 

dough systems with initially log-normal distributed gas cell sizes (Chiotellis & Campbell, 2003; 

Shah et al., 1998). The authors explained the privileged growth of smaller gas cells by the 

greater surface area and, hence, the higher mass transfer of smaller gas cells. This effect was 

found to be tantamount to the preferred growth of larger cells due to the lower internal pressure, 

thus initiating a uniform gas cell growth of all sizes (Chiotellis & Campbell, 2003). However, 

coalescence in real dough systems leads to a decreasing volumic fraction of small gas cell 

sizes with increasing fermentation time (Turbin-Orger et al., 2012, 2015). 

The growth of the gas cells must result in a thinning of the surrounding gas cell walls. When a 

critical thickness is reached, the rupture of these cell walls can occur and cause the 

coalescence of the formerly separated gas cells (Koksel & Scanlon, 2016). In wheat dough 

systems, these gas cell walls are referred to as lamella. Grenier et al. (2010) reviewed several 

studies on the microscopic analysis of gas cell walls. Based on these results, the authors 

suggested a schematic representation of the gas cell walls, from which it becomes evident that 

the constitution of the material of the lamella is dynamic throughout the fermentation process. 

Initially, the lamella is composed of gluten with embedded starch granules surrounded by a 

thin liquid film (see Figure 2, left) (David Grenier et al., 2021; Sroan & MacRitchie, 2009). With 

increasing fermentation time, the composition of the material of the lamella transitions and, at 

some extremes, starch granules are partially excluded from the thinning gas cell walls (see 

Figure 2, right) (David Grenier et al., 2021).  

 

Figure 2: Schematic representation of the arrangement of the wheat dough’s components in gas cell walls. 

Structure of a lamella at a microscopic length scale before thinning (left) and after thinning due to the growth of gas 

cells in the dough matrix (right). Figure adapted from David Grenier et al. (2021). Created with Biorender. 
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At the latter stages of dough proofing, thinning of the lamellas might result in discontinuities of 

the gluten-starch-lamella (Gan et al., 1990). In such cases, Gan et al. hypothesized the 

stabilization of gas cells to be reliant on a thin liquid film comprising surface-active substances, 

such as polar flour lipids, proteins, or pentosanes, which are actively stabilizing gas cells and 

enable their expansion.  

To identify the effects of yeast metabolites on the dough matrix, several authors investigated 

the fermentation time-dependent rheological behavior of yeasted wheat flour doughs. Using 

fundamental SAOS rheometry, several authors observed a decreasing elastic behavior of the 

dough matrix with increasing fermentation time (Meerts, Vaes, et al., 2018; Verheyen et al., 

2014). Similar behavior was observed for the extensional behavior as elasticity or resistance 

to extension decreased with increasing fermentation time and increasing yeast levels (Lee et 

al., 2004; Lee & Campanella, 2013; Salvador et al., 2006; Verheyen et al., 2014). Accordingly, 

Yue et al. (2020) found the SHI to decrease after wheat dough proofing. Overall, most authors 

ascribed the increasing viscous behavior to the production of CO2 and, thereby, the decreasing 

dough density. The inverse relation of material density and moduli has been described for 

many other polymeric systems (Saint-Michel et al., 2006). In yeasted dough systems, the 

relation between dough density and the resulting mechanical properties of the dough matrix is 

rather complex to assess because the changes in the gas void fraction also impact the material 

properties. For instance, to reach a higher gas void fraction via leavening agents, biological or 

chemical leavening agents must be dosed in higher levels or react over a longer time. 

Therefore, an alteration of the material properties of the wheat dough matrix cannot be 

excluded and the changes in the rheological behavior of wheat doughs cannot be exclusively 

linked to changes in the gas void fraction.  

Chin et al. (2005) conducted one of the rare attempts to control the gas void fraction of wheat 

dough via the mixing process to keep the material properties of the dough matrix constant 

while the gas void fraction was controlled. The authors found the SHI to decrease with an 

increasing gas void fraction, which was attributed to the gas cells causing a disjunction of the 

network (Chin et al., 2005). The results align with the findings of Yue et al. for fermented wheat 

dough, thus potentially indicating a significant impact of the gas void fraction on wheat dough 

functionality. When analyzing the impact of the yeast level on the wheat dough’s rheological 

properties, Upadhyay et al. reported an increase in G’ with increasing yeast levels (Upadhyay 

et al., 2012). The authors explained this tendency by observing the formation of smaller gas 

cell sizes with increasing yeast concentrations and suggested the occurrence of nucleation 

due to supersaturation in the presence of 10% (w/flour weight) dry yeast. The exceptionally 

high yeast level differs from the previously mentioned studies and could explain the 

discrepancy in the observed effects. However, the results underline the importance of the 

distribution of the gas cell size to the overall wheat dough’s functionality. Contradictory 

observations were also made by Newberry et al. (2002), who found no difference in the 

rheological behavior of wheat dough prepared without or inactivated yeast. The contradictory 

observations of Newberry et al. might be explained by considering that the samples were 
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degassed due to the compressional forces exerted during the loading of the sample (Meerts, 

Ramirez Cervera, et al., 2018; Verheyen et al., 2014). A new pressure build-up in the dough 

during the measurement was prevented due to the previous inactivation of the yeast (Newberry 

et al., 2002).  

In general, it can be summarized that the attempt to study the impact of an increasing gas void 

volume on the mechanical properties of the surrounding wheat dough matrix faces some 

challenges as (i) the gas void volume, (ii) the gas cell size distribution, and (iii) the lamella 

thickness of the proofing dough matrix. A differentiation between these factors has not been 

revealed yet in the literature, despite that these factors should be considered influential for the 

mechanical properties of fermented wheat dough. However, some authors found evidence that 

the decay of the dough’s elasticity with decreasing density is not entirely related (Elmehdi et 

al., 2003; Meerts, Vaes, et al., 2018). Considering the reduced density as the main impact on 

the rheological behavior of the yeasted dough matrix, Elmehdi et al. (2003), Meerts et al. 

(2018), and Salvador et al. (2006) found indications that changes in the material properties of 

the gas cell surrounding the dough matrix are likewise changing the rheological behavior of 

yeasted dough. Thus, additional impact factors should also be considered: (iv) the lamella 

composition and (v) its mechanical material properties. One cause of structural and, thus, 

functional changes in the wheat dough matrix is the release of additional yeast metabolites 

besides CO2 during proofing. The successful quantification of yeast metabolites in the 

fermented dough matrix has paved the way for research, providing insights into the effect of 

single yeast metabolites in the complex wheat flour dough matrix (Jayaram et al., 2013). Since 

then, numerous studies elucidated the effects of yeast metabolites on the structure and 

functionality of the dough matrix (Aslankoohi et al., 2015; Jayaram, Cuyvers, et al., 2014; 

Jayaram, Rezaei, et al., 2014; Meerts, Ramirez Cervera, et al., 2018; Rezaei et al., 2016). The 

origin and potential effect of these metabolites are meant to be reviewed in the following 

chapter. 

1.4.2 The formation of primary and secondary yeast metabolites during 

proofing and their impact on the dough’s molecular structure 

The relevant metabolic pathways occurring during the fermentation of wheat dough must be 

considered to understand the metabolome of S. cerevisiae in wheat dough. The active 

metabolic pathways in S. cerevisiae during dough fermentation are strongly related to the 

conditions in the wheat dough. After only a short time, wheat dough is depleted of oxygen 

(Joye et al., 2012). Under these anaerobic conditions and in the presence of glucose, which 

initiates the Crabtree effect in high doses, fermentable short-chain sugars are converted to 

CO2 and ethanol (Heitmann et al., 2018; Jayaram et al., 2013; Rezaei et al., 2014). Once in 

the cell, the metabolization of glucose starts with the glycolysis of glucose to pyruvate (Broach, 

2012). Degradation of pyruvate in the fermentative pathway leads to the formation of 

acetaldehyde. Further reduction of acetaldehyde to ethanol aids in restoring the cell’s redox 

balance by regenerating the coenzyme nicotinamide adenine dinucleotide (NAD+). Ethanol has 
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been studied regarding structure- and functionality-influencing interactions in wheat dough. 

The intensity of the effect of ethanol on the dough matrix functionality has been found to 

strongly depend on its concentration. Jayaram et al. quantified 15 mmol/100 g flour (equivalent 

to 0.69 g/100 g flour) to be released into the dough matrix by 1 (w/flour weight)% fresh 

compressed yeast (based on flour with 14% moisture) after 3 hours of fermentation. In the 

case of 3 (w/flour weight)% fresh compressed yeast (based on flour with 14% moisture), 

35 mmol ethanol/100 g flour was quantified after 3 hours, which is in the same range as 

29.3 ± 0.9 mmol ethanol/100 g dough, which was determined by Loveday and Winger for a 

compressed yeast level of 3.3 (w/flour weight)% (Jayaram et al., 2013; Loveday & Winger, 

2008). Jayaram et al. found ethanol concentrations greater than 20 mmol/100 g flour to affect 

the extensional properties of dough and concentrations greater than 40 mmol/100 g flour to 

affect the dough spread. The authors related these changes to the ability of ethanol to act as 

a solvent for gliadins. The protein network was, therefore, expected to be more swollen and 

expanded. Consequently, the partial solubilization of gliadins was assumed to reduce the 

viscous properties, resulting in a more elastic but stiffer network (Jayaram, Rezaei, et al., 

2014). However, an ethanol concentration of 40 mmol/100 g flour is only reached after long 

proofing times with comparably high yeast levels. 

A second major category of yeast metabolites are organic acids, where acetate and succinic 

acid need to be mentioned. Acetate originates from the cytosolic pyruvate dehydrogenase 

bypass, which provides acetyl-coenzyme A for reactions in the cytosol synthesis such as lipid 

synthesis (Remize et al., 2000). The formation of acetate by the oxidation of acetaldehyde by 

acetaldehyde dehydrogenase yields reduced nicotinamide adenine dinucleotide phosphate 

(NADPH) and is, thus, helping to maintain the redox balance (Remize et al., 2000). Succinic 

acid represents a well-known metabolite originating from the respiration pathway under aerobic 

conditions. During the alcoholic fermentation, the tricarboxylic acid cycle (TCA cycle) is 

repressed and pyruvate is mainly transformed to CO2 and ethanol (Camarasa et al., 2003; 

Dzialo et al., 2017). Still, as TCA-descended organic acids, such as malate and succinate, are 

produced during fermentation under oxygen-limited conditions, a residual TCA pathway activity 

was proved (Camarasa et al., 2003). The authors reported the production of succinate as the 

main product of the reductive branch of the TCA pathway during fermentation and assumed a 

critical role in the flavin adenine dinucleotide (FAD) supply of the yeast cell (Camarasa et al., 

2003). Despite this generally accepted knowledge of the succinic acid production via the 

reductive branch of the TCA cycle during fermentation, Rezaei et al. also reported evidence 

on a residual activity of the TCA cycle of S. cerevisiae in wheat dough fermentation. The 

authors reported a significant reduction of the amounts of succinic acid produced in fermenting 

wheat dough when the respective genes for the expression of the enzymes involved in the 

steps 1-5 in the TCA pathway were deleted. Furthermore, a significant increase in succinic 

acid concentration was observed when repressing the succinate dehydrogenase (step 7 of the 

TCA pathway) (Rezaei, Aslankoohi, et al., 2015).  
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Functional effects of organic acids need to be considered as their formation, together with the 

formation of CO2, can affect the pH of the dough matrix. Jayaram et al. quantified 

concentrations of succinic acid in a yeasted dough of up to 1.6 mmol/100 g flour (equivalent to 

0.19 g/100 g flour) after 3 hours of fermentation with 5.3 (w/flour weight)% fresh compressed 

yeast (based on flour with 14% moisture). In this case, succinic acid prevailed over acetic acid, 

quantified in a concentration of 0.25 mmol/100 g flour (equivalent to 0.02 g/100 g flour) under 

the same conditions (Jayaram et al., 2013). A faster and stronger acidification has been 

reported with higher levels of yeast (Verheyen et al., 2014).  

The analysis of the origin of acidification in yeasted wheat dough, through the spiking of organic 

acids has been performed be several researchers. Jayaram et al., who employed a yeast strain 

in which the metabolome succinic acid dominates over acetic acid (ration of succinic/acetic 

acid: 6.4), reported that spiking the amount of succinic acid quantified in a yeasted dough to a 

non-yeasted wheat dough resulted in a pH of 5.0 ± 0.1 (Jayaram et al., 2013). This pH value 

was close to the pH reached by yeast fermentation itself with the respective yeast level and 

fermentation time (pH = 4.8) (Jayaram et al., 2013). Based on this result, the authors related 

the pH drop in fermented wheat dough to the production of succinic acid when using a 

S. cerevisiae strain (Jayaram et al., 2013). Rezaei et al. studied a wide range of different 

S. cerevisiae strains with succinic acid to acetic acid ratios ranging from around 0.2 up to above 

1. In their study, the pH value of fermented dough was successfully replicated when both, 

succinic and acetic acid, were spiked to a non-yeasted dough matrix in amounts as they were 

previously quantified in fermented wheat dough for four different fermented dough samples 

(Rezaei, Verstrepen, et al., 2015). Both studies attributed only a minor effect to the formation 

and dissociation of carbonic acid, which could originate from the solubilization of CO2 in the 

liquid dough phase. Despite the abovementioned authors proofed that the sole presence of 

organic acids is sufficient to recreate the pH value in the yeast-leavened dough, the respective 

contribution of organic acids and carbonic acid remains unclear. For instance, Miller et al. 

(1994) attributed the origin of the occurring pH drop in the first 30 min of yeast fermentation 

purely to the formation and dissociation of carbonic acid (Miller et al., 1994). However, the 

authors did not quantify the concentration of organic acids.  

Difficulties in allocating of the contribution of organic acids and carbonic acid can be attributed 

to the buffer capacity of wheat dough. Even though the buffer capacity of wheat flour is 

relatively low compared to other protein-based food and feed, a residual buffer capacity can 

be attributed to the presence of minerals and proteins (Ji et al., 2005; Mennah-Govela & 

Bornhorst, 2021). Due to this buffer capacity, the initial addition of any acid may drop the pH 

value but into the buffer’s working range of wheat flour. Thus, the further addition of acid would 

not change the pH value as the dough’s buffer working range has been reached. Within this 

pH range, further acid does not significantly affect the pH of a buffered system. Similarly, 

yeasted dough can be considered a buffer system. As CO2 is initially present in much higher 

quantities than organic acids (~ 20-fold amount (Jayaram et al., 2013)), the liquid dough phase 

might first be saturated with CO2. Hence, the formation and dissociation of carbonic acid might 
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be responsible for the pH drop during short fermentation times. With the additional release of 

organic acids, the yeasted wheat dough would reach the working range of the dough’s buffer 

working range, leading to a disproportional response of the pH value to any additionally added 

amount of organic acid. Nevertheless, the extent of the initial pH drop due to the presence of 

carbonic acid has not been quantified for yeasted dough yet. Based on these information, it is 

hypothesized that the acidification of the dough matrix is a mixed effect of CO2 and organic 

acids. However, this hypothesis has not been proven or disproven so far.  

Generally, acids released into the dough matrix enhance elasticity and stiffness (Clarke et al., 

2004; Jayaram, Cuyvers, et al., 2014). In the presence of greater amounts of acid, a positive 

net charge and conformational changes within the gluten polymer are enabled (Galal et al., 

1978; Rezaei et al., 2016). Subsequently, fewer intermolecular interactions are present and 

disaggregation is initiated. This is based on an increased positive charge of ionizable side 

chains of amino acids of gluten upon a pH drop (Elmehdi et al., 2003). The resulting increased 

intermolecular electrostatic repulsive forces are hypothesized to cause a stiffer and more 

fragile dough structure. Wehrle et al. (1997) found lactic acid and acetic acid to cause a more 

elastic and firmer dough behavior (Wehrle et al., 1997). Also, Jayaram et al. (2014) reported 

succinic acid in a concentration of 0.8 mmol/100 g flour to reinforce the internal cohesion of 

dough, accompanied by decreasing dough extensibility, which was attributed to the unfolding 

and swelling of gluten proteins in the presence of succinic acid. Increasing interactions, caused 

by the greater accessibility upon the unfolding and elongation of the protein conformation, are 

assumed to enable the reinforcement of the dough structure. In addition to its impact on gluten, 

Barber et al. (1992) suspected the inducement of mild acid hydrolysis of starch in the presence 

of organic acids in sourdoughs (Barber et al., 1992), which has been shown to result in a 

relative increase of crystalline structures and therefore, in an increased gelatinization 

temperature (Ulbrich et al., 2014). The effect of organic acids on the dough structure is also 

strongly concentration-dependent. E.g., the potential effect of lower concentrations of succinic 

acid, as occurring during fermentation with lower amounts of compressed yeast (e.g., 

0.5 mmol/100 g flour in a wheat dough containing 2 (w/flour weight)% fresh compressed yeast 

(based on flour with 14% moisture) after 3 h of fermentation), is yet unknown. 

Glycerol, another amply produced secondary S. cerevisiae metabolite plays a vital role in yeast 

fermentation (Jayaram et al., 2013). Its production is initiated by the HOG (high osmolarity 

glycerol) signaling pathway to face the osmotic stress exerted by the low water activity in the 

dough matrix and to regenerate NAD+ (Hohmann, 2002; Raab & Lang, 2011; Rezaei, 

Verstrepen, et al., 2015). The production of glycerol is reliant on the synthesis of glycerol-3-

phosphate-dehydrogenase and glycerol-3-phosphatase by the expression of the encoding 

genes GPD2 and GPP1 under anaerobic conditions, which is vital for maintaining the redox 

balance (Tamás et al., 1999). The efflux of glycerol is regulated by osmolarity and conducted 

by plasma membrane channels (aquaglyceroporin, Fps1p) (Aslankoohi et al., 2015; Oliveira 

et al., 2003; Tamás et al., 1999).  
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Glycerol levels of up to 10 mmol/100 g flour (equivalent to 0.92 g/100 g flour) were quantified 

in yeasted wheat dough after 3 hours of fermentation with 5.3 (w/flour weight)% fresh 

compressed yeast (based on flour with 14% moisture) (Jayaram et al., 2013). Aslankoohi et 

al. found the gas retention capacity of wheat flour dough to be improved when using GPD1-

overexpressing (encodes for glycerol-3-phosphate-dehydrogenase) mutants (Aslankoohi et 

al., 2015). Additionally, dough extensibility was found to be improved when spiking 1.5 mmol 

glycerol/100 g flour to non-yeasted wheat dough (Aslankoohi et al., 2015). The authors 

ascribed this observation to the dough softening effect of exogenous glycerol. Therefore, the 

technological relevance of glycerol might be imposed during dough fermentation. 

Besides osmotic stress, thermal stress affects the yeast fermentation process. Deviations from 

the optimum in any unfavorable direction (cold and heat) affect the yeast metabolome. 

Trehalose and proline accumulation have been shown to enable freeze tolerance and superior 

viability in dry yeast (Lahue et al., 2020). Their impact on wheat dough structure and rheology 

will not be focused in this work as the protective mechanism involves intracellular accumulation 

rather than active transport out of the cell. However, in the case of the use of dry yeast, these 

metabolites need to be considered as the cell wall of yeast cells becomes porous upon cellular 

death and, thus, considerable amounts of, e.g., glutathione (GSH, 5.37 mg/g yeast (db) – 

81.22 mg/g yeast (db)) can be found in commercial dry yeast preparations (Verheyen et al., 

2015). GSH concentrations in this range were further shown to reduce significantly the specific 

bread volume (Verheyen et al., 2016). Furthermore, thermal stress is well-known to inactivate 

yeast cells during baking. Doppler et al. (2022) were the first ones to report the viability of yeast 

cells along the baking process. By utilizing three different techniques (Colony-forming unit 

counting, Fluorescence imaging, and Flow cytometry), the authors could quantify viable, dead, 

and inactive yeasts in a solid matrix, as is the case for wheat flour dough and crumb. Using an 

electrical resistance oven, a method beneficiating from gradient-free heating, viability 

drastically reduced at 65.5 °C and nearly completely reduced at 81.3 °C (Doppler et al., 2022). 

Therefore, formerly enclosed yeast metabolites might be released during baking upon cell lysis 

depicting functional impact. However, quantitative data to underline this hypothesis is not 

available.  

Besides the abovementioned metabolites, hydrogen peroxide has been hypothesized to 

represent an important yeast metabolite but was disproved to be produced in relevant amounts 

during fermentation with S. cerevisiae (Rezaei, Dornez, et al., 2015). 

1.4.3 The effect of yeast metabolites on the processibility of wheat 

dough 

The literature reviewed in the previous chapter suggests a significant functional impact of 

primary (CO2 and ethanol) and secondary (organic acids and glycerol) yeast metabolites on 

the dough matrix. However, it remains unclear if the processibility of wheat dough is affected 

by the altered functionality of the wheat dough matrix and which sub-processes of the manifold 

steps of the bread making process would be affected by this. The latter is of particular interest 
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and requires the dough’s material properties to be analyzed for the same type, amplitude, and 

rate of strain as occurring during the sub-processes of bread making itself. The need for such 

an approach can be seen in the dependency of the dough matrix functionality on the gas 

formation kinetics, as reported by Verheyen et al. (2016). The authors found the matrix-

weakening impact of GSH to be reduced when high concentrations of chemical leavening 

agents were used. The authors concluded that higher gas formation kinetics would 

compensate for GSH-induced effects. Contrarily, the dry yeast concentration correlated 

negatively with the time of porosity and, therefore, the onset of CO2 loss from the proofing 

dough matrix (Verheyen et al., 2016). Hence, a strain-dependent functionality for GSH might 

be concluded, as processes at large strain amplitudes and high strain rates (e.g., kneading) 

appeared less affected than processes inducing low strain rates, such as proofing.  

Besides these empirical measures, initial attempts have been made to quantify the extent of 

SH on the strain rate. Using plain wheat dough, McCann et al. found no impact of the extension 

speed on the SHI of four commercial Australian wheat flours (Mccann et al., 2016), while 

Sliwinski et al. (2004) reported that the fracture stress and strain increase with an increasing 

rate of deformation. Given that the extent of SH of wheat dough is strain rate-dependent, 

fundamental information on the SHI for the different strain rates occurring during kneading and 

proofing with various yeast levels during the bread making process would be needed to predict 

the processibility of wheat dough. Additionally, the impact of yeast metabolites in relevant 

amounts on the biaxial extension behavior of the wheat matrix needs to be considered when 

focusing on the wheat matrix’s proofing and baking. The relevance of focusing on the yeast 

metabolites’ impact on the biaxial extension behavior has been proven by Yue et al. (2020). 

The authors targeted the quantification of the strain hardening behavior of yeasted dough in a 

fundamental manner using LSF to analyze the SHI and ηb for proofing wheat dough (Yue et 

al., 2020). Upon verifying an impact of yeast metabolites on the functionality of the dough 

matrix under extensional deformation, the authors found a significant increase in the SHI after 

proofing. Hence, they hypothesized the origin in the stretching of the dough matrix during 

proofing. Additionally, the authors found ηb to decrease after proofing (Yue et al., 2020). 

However, attempts to differentiate along the impact of the different yeast metabolites have not 

been performed so far. 

1.4.4 Thermally induced changes on the molecular and microscopic 

length scale during baking 

Thermal processing is the second major impact on the dough matrix functionality during bread 

making. During the final processing step, the matrix undergoes thermally induced solidification. 

Gluten and starch are the driving factors for this process due to the thermal dependency of 

their functionality. The conformational and functional changes of the polymers occurring during 

hydrothermal treatment have been extensively investigated. Comprehensive literature can be 

found on characterizing the polymers in pure systems under isolated conditions. The key 

mechanisms and findings will be summarized in the following sections. 
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Hydrothermal treatment of gluten induces a stepwise change in the structure and functionality 

of the macromolecule. Up to 40 °C, structural and rheological changes are reversible upon 

cooling (Lefebvre et al., 2000). Above this temperature, irreversible transformations are caused 

as protein unfolding is initiated. As the strength of hydrogen bonds decreases with increasing 

temperature (Apichartsrangkoon et al., 1998; Defaye et al., 1995; Tang et al., 2002), structural 

changes are facilitated, such as a decrease of α-helical structures (P. Wang et al., 2018). 

Together with an increase in β-structures for temperatures from 50 °C onwards these 

conformational changes may be interpreted as the unfolding of the proteins (P. Wang et al., 

2018). Accordingly, surface hydrophobicity increased from 45 °C and 50 °C onwards (Guerrieri 

et al., 1996; P. Wang et al., 2018). Furthermore, another indication of the exposure of 

hydrophobic regions is that water is excluded from the gluten network upon heating, as found 

by low-field 1H-Nuclear Magnetic Resonance (NMR) studies (Bosmans et al., 2012).  

With increasing protein denaturation, hydrophobic and thiol-rich regions are exposed. Due to 

its lower heat stability and molecular structure, glutenin is the first subunit to form large glutenin 

structures upon aggregation above 55 °C (Schofield et al., 1983). Extractability studies with 

sodium dodecyl sulfate (SDS) in combination with size exclusion chromatography revealed a 

decreasing extractability, which can be interpreted as an increase of aggregation (Redl et al., 

2003) resulting in an increase of the glutenin molecular sizes in this temperature region 

(Schofield et al., 1983). This polymerization was found to be initiated by interactions via 

hydrophobic regions and disulfide bonds (Schofield et al., 1983). Accordingly, the amount of 

free thiol-groups decreases between 70 °C and 80 °C (Lagrain et al., 2005; Schofield et al., 

1983), indicating polymerization via oxidation of thiol-groups (Lagrain et al., 2008). This 

increase in crosslinking of glutenins provokes changes in the functionality of gluten, as 

reported by Wehrli et al. (2021). In dependency on the gliadin content, which was reported as 

a measure of thermal stability of gluten, a first transition toward a more enhanced elastic 

behavior was found between 55 °C and 65 °C (Wehrli et al., 2021).  

Gliadins were shown to be resilient up to 75 °C (Schofield et al., 1983). However, consecutive 

heating up to 95 °C or 100 °C led to a decreasing extractability of α- and γ-gliadins, whereas 

the level of extractable ω-gliadins was not found to be influenced by increasing temperatures 

up to 100 °C (Lagrain et al., 2005; Schofield et al., 1983). This divergent behavior originates 

from the polymerization through disulfide bonds, initiated by sulphydryl-disulfide intercharge 

reactions within unfolded glutenins and sulphuric amino acid-containing α- and γ-gliadins. In 

contrast, ω-gliadins without sulphuric groups are not covalently integrated in the network 

structure (Lagrain et al., 2008; Schofield et al., 1983). The integration of gliadins induces a 

second change of functionality towards a more elastic behaviour. The onset of this functional 

change was found at temperatures around 80 °C accompanied by a change in β-turns, which 

was quantified for hydrothermal treatment to 85 °C (Wehrli et al., 2021). Interestingly, the 

mobility of gluten protons was not found to be majorly affected upon heat treatment (Alpers et 

al., 2024; Bosmans et al., 2012).  
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As water represents a plasticizer for gluten, the hydration level has a substantial impact on the 

structural and functional changes upon thermal treatment. A strong impact of the hydration 

level on the denaturation temperatures of gluten has been reported. With an increasing 

hydration level, an earlier onset and greater extent of the denaturation process were favored 

for glutenins (Leon et al., 2003). Accordingly, a decreasing SDS-extractability for glutenins 

after heating treatment was shown for moisture levels above 20% (P.L. Weegels et al., 1994). 

Thus, the contribution of thermally induced, physicochemical changes of gluten proteins to the 

solidification of the dough matrix depends on the hydration level of gluten in the dough matrix. 

In the case of wheat starch, gelatinization represents the primary driver for functional changes 

upon hydrothermal treatment. The pre-requisite for starch gelatinization is the presence of a 

plasticizer (e.g., water, glycerol, ethylene glycol, urea, and sorbitol (Perry & Donald, 2000; Van 

Soest et al., 1996; Zuo et al., 2015)) allowing sufficient chain mobility. Within the various 

plasticizers, water has superior functionality due to its low molecular weight and hydrogen 

bonding’s capacity (Ai & Jane, 2015; Taghizadeh & Favis, 2013). Due to its relevance for the 

bread making process, water shall be exclusively considered a potential plasticizer in this 

chapter. Native wheat starch, with a limited water binding capacity, gradually increases its 

water binding capacity upon thermal treatment and in the presence of plasticizers. At first, the 

amorphous starch structures absorb water and increase the polymer’s mobility (Ratnayake & 

Jackson, 2007). From this so-called swelling process, starch polymers in the amorphous 

regions form new interactions and reorganize. Continuous thermal treatment initiates further 

structural changes as the strength of intermolecular interactions along starch polymers 

decreases gradually (Ratnayake & Jackson, 2007). The authors concluded that the 

endothermic gelatinization process comprises the realignment of intermolecular interactions in 

the amorphous phase on the one hand and the melting of crystalline regions on the other hand 

(Ratnayake & Jackson, 2007).  

Several intrinsic and extrinsic factors have been shown to impact the starch gelatinization 

process. When comparing the gelatinization process of starches from different botanical 

origins, a strong relation between the branch-chain length of amylopectin and the amylose 

content was revealed (Ai & Jane, 2015). Furthermore, a relation between the starch granule 

size and the gelatinization temperature was shown for starches from various botanical origins 

(Lin et al., 2015; Noda et al., 2005; Singh & Kaur, 2004). Within these, starch from members 

of the Triticeae tribe presents an exceptional case due to the existence of A-type and B-type 

granules, which display distinct gelatinization behaviors (Ao & Jane, 2007; Saccomanno et al., 

2017). Thus, large A-type granules show lower gelatinization peak temperatures than small B-

type granules (Ao & Jane, 2007; Chiotelli & Le Meste, 2002; Eliasson & Karlsson, 1983; 

Vermeylen et al., 2005). Small B-type granules’ higher gelatinization temperature was related 

to a denser crystalline structure (Vermeylen et al., 2005). As extrinsic factors, besides low 

hydration levels, plasticizers different from water and increasing concentrations of sugars and 

salts are known to retard the onset of the gelatinization process (Ai & Jane, 2015).  
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The gelatinization process initializes extensive intermolecular interactions due to swelling and 

distortion of the granules. Therefore, an increase of viscosity with increasing temperature is 

observed as the granules are swelling. After reaching a peak viscosity, structural breakdown, 

alignment, and progressive melting of crystalline structures result in a decreasing viscosity with 

continuous thermal treatment (Keetels et al., 1996; Tsai et al., 1997).  

Regarding the importance of the thermal transitions of gluten and starch for the bread making 

process, a layer of complexity is added when starch and gluten are combined in one system. 

Besides spatial effects, water distribution between the two polymers has a major impact on the 

functionality of the heterogeneous system. At room temperature, commercially isolated and 

dried vital gluten has a water absorption potential of ~158 w/w% (Schopf et al., 2021). In 

contrast, the hydration of native wheat starch is limited, as the water absorption potential was 

quantified to ~ 65 w/w% (Jakobi et al., 2018). During heating, the water distribution was then 

shown to shift in favor of starch (Eliasson, 1983). The impact of water availability and the 

starch/gluten ratio on solidification has been proven earlier (Campos et al., 1997; Champenois 

et al., 1998; Jekle et al., 2016). Therefore, the extent of the thermal transition processes of 

gluten and starch strongly depends on the availability of water for plasticizing the polymers, 

which is difficult to access in a differentiated manner for the heterogenous dough matrix. 

Therefore, many researchers focused on the impact of the thermal processing of isolated 

cereal polymers rather than on elucidating structural and functional changes in the complex 

dough matrix (Mann et al., 2014). 

Furthermore, most research was based on SAOS rheometry, whose results may not be directly 

translated to the behavior of the wheat dough matrix under large extensional deformation. 

However, this type of strain was identified as most relevant during baking. Only little data on 

the impact of temperature on the biaxial viscosity and flow behavior of wheat dough have been 

published for baking-related types of strain and strain rates (Vanin et al., 2018). Another level 

of complexity is added when additional ingredients are incorporated. The impact of yeast 

metabolites on the thermal transition behavior of gluten and starch, in general, is relatively 

unknown, even though there are indications for potential impacts such as mild acid hydrolysis 

of starch or deamination of gluten (Liao et al., 2010; Ulbrich et al., 2014). This is represented 

by the lack of publications on the impact of yeast metabolites on the course of the biaxial 

extensional viscosity or SHI during thermosetting.  

1.5 Thesis outline 

The previous chapter outlined the various impacts on wheat dough during bread making. As 

reviewed, its structure and functionality are altered due to several ingredient- and process-

induced changes during processing. The main factors affecting the rheological behavior of 

wheat dough during bread making were previously identified as the release of yeast 

metabolites during proofing and thermally induced physicochemical changes of the main wheat 

dough’s polymers during baking. These processes alter the structure of the dough polymers 

and, consequently, affect the processibility of the wheat dough matrix.  
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As the flow behavior of wheat dough is non-Newtonian, the rheological behavior of dough 

during the bread making procedure depends on the type, amplitude, and rate of strain exerted 

during each processing step. Thus, to predict and improve the processibilty, the behavior of 

the transient polymeric system needs to be assessed under process-relevant conditions. In 

terms of processibility, the ability of the dough matrix to stabilize the expanding gas cells is of 

particular interest regarding bread quality. The biaxial extension was previously identified as 

the dominating strain type during proofing and baking. Generally, it is well-known that wheat 

dough greatly resists such large amplitude deformations. This resistance has been related to 

SH, thus, being the basis for the gas holding capacity of proofing wheat dough and during 

consecutive baking. However, endogenous and exogenous factors affecting this property have 

yet to be adequately evaluated.  

Up to now, too little focus has been put on identifying functionally relevant yeast metabolites 

and their impact on the physicochemical changes of the wheat dough’s polymers. Hence, the 

elucidation of the effect of yeast metabolites and thermally induced physicochemical changes 

of the wheat dough’s polymers on the SH behavior of wheat dough remains a critical point. 

Additionally, a potential interaction of these two factors needs to be investigated as the impact 

of yeast metabolites might affect the solidification behavior of the wheat dough matrix during 

the dough-to-crumb-transition process. To elucidate the impact of individual yeast metabolites 

on the wheat dough matrix along the bread making process, this thesis bases on the following 

three hypotheses:  

• The non-yeasted dough can behave similarly to its yeasted counterpart by spiking the 

primary (CO2 and ethanol) and secondary (succinic acid) metabolites in their respective 

concentrations. The spiking of yeast metabolites is hypothesized to affect the 

rheological behavior of wheat dough in dependency on the applied type and rate of 

strain. Thus, the individual impact of single yeast metabolites on the functionality during 

the individual bread making sub-processes can be determined. 

• The yeast metabolite-induced changes in the rheological behavior of the yeasted 

dough matrix are based on the alteration of the protein structure. They can be revealed 

on the molecular and microscopic length scale.  

• The yeast-induced modification of the polymeric structures in wheat dough is further 

hypothesized to alter the thermally induced polymer transition processes. 

Consequently, the structural changes on the molecular and microscopic length scale 

alter the thermal dependency of the flow behavior and the solidification behavior of the 

wheat dough matrix during baking. 

The following procedure was applied to evaluate these formulated hypotheses:  

Following the above-stated hypotheses, it was intended to elucidate the effect of the most 

abundant primary (CO2 and ethanol) and secondary (succinic acid) yeast metabolites on the 

rheological behavior and microstructure of the wheat dough matrix. The effect of single yeast 

metabolites on the behavior of the complex yeasted dough matrix was assessed by spiking 

yeast metabolites to a non-yeasted dough matrix. Using this approach, the impact of single 
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yeast metabolites on the behavior of wheat dough under small and large amplitude 

deformation was quantified. The origin of these functional changes was assessed on a 

microscopic length scale.  

After identifying the structurally and functionally relevant metabolites, their impact on the 

rheological behavior during thermal processing was considered. Within this scope, the 

physicochemical changes of gluten and starch were traced along the baking process in the 

yeasted and non-yeasted dough matrix to reveal the impact of yeast metabolites on the extent 

and onset of starch gelatinization or gluten polymerization. The relation between these 

structural changes and the extensional viscosity along baking was evaluated. Due to the 

relevance for oven rise, the rheological behavior was assessed with a particular focus on the 

strain-rate dependent SH.  

Finally, a resolution towards the impact of yeast metabolites on single wheat dough polymers 

was achieved by (semi-)artificial wheat dough systems. Artificial model systems, as used by 

Brandner et al., were reconstituted, (Brandner et al., 2018), to elucidate the impact of yeast 

metabolites on the single dough polymers. Re-engineered systems, composed of wheat starch 

and native gluten, as well as semi-inert model systems, were used in this regard. Additionally, 

water availability varied to represent multiple restrictive conditions. This approach elucidated 

the impact of yeast metabolites on single wheat dough polymers and their functionality during 

the bread making process. The strain-rate dependent assessment enabled the transfer to 

specific sub-processes, such as the slow growth of gas cells during proofing, intermediate 

strain rates occurring during baking, or fast deformation occurring during the coalescence of 

gas cells. 
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2 Methods overview 

For a detailed description of the methods applied, the reader is referred to Chapter 4. A brief 

summary of the applied methods will be summarized in the following chapters. 

2.1 Dough and model system preparation 

Dough and model systems were prepared using a 50 g-scale z blade kneader. When using 

commercial German wheat flour, the wheat dough systems were mixed until optimally 

developed as defined by ICC 115/1. The dough systems were composed of wheat flour, 

distilled water and 1.5 (w/flour weight)% white sugar, where sugar was added to exclude a 

nutrient-related inhibition of yeast fermentation. The kneading process was also adapted for 

the (semi-)inert systems, which were composed of mildly isolated vital gluten (Wehrli et al., 

2023) and commercial wheat starch or glass beads, whose composition has been adapted to 

the particle size distribution of native wheat starch (Alpers et al., 2024). The ratios of vital gluten 

to starch or glass beads were adjusted to represent the composition of the underlying wheat 

flour. The hydration level of the (semi-)inert systems was rheologically adjusted to wheat dough 

to reach comparable |G*| values at a defined deformation. 

Yeast metabolites were either incorporated by yeast fermentation, where different levels of 

compressed yeast were applied, or by spiking yeast metabolites at relevant concentrations as 

previously reported (Jayaram et al., 2013). Alternatively, a gentle yeast inactivation method 

with slight modifications to the method suggested by Newberry et al. was used to incorporate 

yeast metabolites to a defined level during proofing but not during further processing or 

successive measurements (Alpers et al., 2024; Newberry et al., 2002). The wheat dough 

samples rested or proofed for defined fermentation times or 30 min in the case of spiked wheat 

dough samples until further processing or measurement at 30 °C in hermetically sealed 

cylinders or in the rheological equipment under comparable conditions. 

2.2 Rheological characterization 

Shear rheology was applied to the dough and model systems to reveal short-range starch-

starch interactions. Using an AR-G2 rheometer (TA Instruments, New Castle, United States of 

America) equipped with 40 mm cross-hatched parallel plates, frequency sweeps (2 mm 

measurement gap, 20 °C, 10 min equilibration time followed by a 0.1% deformation at 0.1 Hz 

to 10 Hz) of the dough samples were performed. A modular compact rheometer (MRC 502, 

Anton Paar GmbH, Graz, Austria) with cross-hatched parallel plates with a 25 mm diameter 

was used to perform temperature sweeps with combined multiwave frequency sweeps testing. 

To avoid structural damage due to sample transfer after the proofing time, the samples were 

proofed in the rheometer under controlled temperature and humidity using a modular humidity 

generator (30 °C, 80% relative humidity). Uniaxial sample expansion was facilitated by 

applying a normal force-controlled gap adjustment with FN = 0.01 N. After proofing, the baking 

process was imitated when heating the sample to 90 °C at a heating rate of 4.5 °C/min with 
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continued normal force-controlled gap adjustment. Multiwave frequency sweeps were 

conducted every 5 °C at a base frequency of 1 Hz and 0.05% deformation and disabled normal 

force-controlled gap adjustment. Besides the fundamental frequency, the 2nd, 3rd, 5th, 7th, 8th
, 

and 10th multiple were performed simultaneously with a resulting amplitude of 0.082%, which 

was still quantified to be within the LVE range.  

The frequency dependency of |G*| was fitted using the power law equation according to 

(Gabriele et al., 2001). 

Fundamental extensional rheometry was performed using LSF conducted at a texture analyzer 

(TA.XT.Plus, Stable Microsystems, Godalming, United Kingdom) equipped with a 50 kg load 

cell. The samples were placed between two lubricated parallel plates, where the sample and 

plate diameter were equal. Compression of the samples was conducted after sample loading 

or after a defined resting/proofing time or baking time, where the temperature control was 

conducted as described by Alpers et al. (2022, 2023). The compression to 90% of the initial 

sample height was performed with compression speeds of 0.1, 1.0, 2.0, 5.0, and 10.0 mm/s. 

The biaxial strain 𝜀𝑏, biaxial extension rate 𝜀𝑏̇, and apparent biaxial extensional viscosity 𝜂𝑏
∗  

were calculated using Equation 1 - Equation 5. Additionally, the SHI was calculated by plotting 

the readings of the stress values for deformations of 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 for 

each displacement speed against the biaxial strain rate using a double logarithmic scale. The 

stress values for two biaxial strain rates (0.01 s-1 and 1.00 s-1) were calculated by fitting the 

data with a linear model. The slope of a linear model of the stress-strain plot was calculated 

as SHI (Rouillé et al., 2005). 

2.3 Characterization of the wheat dough’s polymers 

2.3.1 Gluten characterization 

On a microscopic length scale, the gluten network was characterized using a Confocal Laser 

Scanning Microscope (CLSM, eclipse Ti-U inverted microscope with an e-C1 plus confocal 

system, Nikon GmbH, Düsseldorf, Germany). Proteins were stained with an aqueous 

Rhodamine B solution or Nile blue solution in ethanol and recorded in fluorescence 

micrographs (λex = 543 nm or λex = 633 nm). The protein network configuration was quantified 

using the protein network analysis (PNA) approach suggested by Bernklau et al. (2016) in 

combination with the AngioTool64 software (Bernklau et al., 2016; Zudaire et al., 2011).  

Gluten polymerization was indirectly assessed using SDS protein extraction, as suggested by 

Wilderjans et al. (2008). The quantification of SDS-soluble proteins can be used to gain 

information about the amount of non-crosslinked and low molecular weight proteins in the 

dough matrix (Redl et al., 2003). Therefore, heat-induced polymerization of gluten decreases 

the SDS-extractability of proteins in wheat-based systems (Wilderjans et al., 2008). The protein 

content of the extracts was determined using the Kjeldahl method (N x 5.7). 
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2.3.2 Starch 

Differential Scanning Calorimetry (DSC, DSC250, TA Instruments, New Castle, United States 

of America) was used to quantify the amount of native starch in dough samples and the effect 

of metabolites on the crystallinity of starch. For this purpose, dough or wheat starch samples 

were homogenized with an excess of distilled water (dough:water ratio - 1:3(w/w)) and 

weighted into pans before hermetically sealing these. The enthalpy needed for starch 

gelatinization was recorded during heating the samples from 20 °C – 90 °C with a heating rate 

of 10 °C/min in an inert nitrogen atmosphere using a heat flux DSC with TzeroTM technology. 

2.3.3 Assessment of polymer hydration 

To determine the effect of yeast metabolites and thermal treatment on the amount of bound 

water, the ratio between total water and the amount of freezable water was determined 

following a published method (Linlaud et al., 2011). Dough samples of known water content 

were weighted into pans and hermetically sealed. Starting from 20 °C, the samples were 

cooled to -30 °C at a cooling rate of 5 °C/min, held isothermally for 1 min, and were then heated 

to 25 °C at a 5°C/min heating rate. After integrating the endothermic peak at 0 °C, this area 

was used to calculate the amount of freezable water using the ice-melting constant of 333.5 J/g 

(Linlaud et al., 2011; Pérez et al., 2019; Yang & Mather, 2014).  

Additionally, 1H-NMR studies were conducted in order to resolve the distribution of water in the 

dough (Bosmans et al., 2012; Rondeau-Mouro et al., 2015). A low field 1H-NMR (mq 20 NMR 

analyzer, Bruker BioSpin GmbH, Rheinstetten, Germany) was used to measure the transverse 

relaxation times (T2) by applying a Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence or a 

combination of free induction decay (FID) and CPMG. An exponential fit was performed in 

order to obtain the intensity and relaxation time of the two FID and three CPMG populations, 

as suggested by Rondeau-Mouro et al. (2015).  

2.4 Baking trials 

Baking trials were conducted with dough samples produced, as reported in Chapter 2.1. 220 g 

of dough was portioned, shaped, and placed into loaf pans. Proofing was conducted for the 

respective fermentation period at 28 °C and 80% relative humidity. Subsequently, baking was 

performed at 230 °C and 0.5 l steam for 18 min in a Matador 12.8 oven (Werner & Pfleiderer 

Lebensmitteltechnik GmbH, Dinkelsbühl, Germany). After allowing the structure to settle, the 

volume of the loaves was determined using a volumeter (Volscan BVM-L 370, TexVol 

Instruments, Viken, Sweden) and crumb hardness was measured using a Texture Analyzer 

(TVT-300 XP, TexVol Instruments, Viken, Sweden) following the AACCi method 74-09 with 

modifications as described by Brandner et al. (2022a).  
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2.5 Assessment of wheat dough acidification 

To resolve the origin of the acidification in yeasted wheat dough, the concentrations of organic 

acids released during proofing were quantified using liquid chromatography tandem mass 

spectrometry (LC-MS/MS) as previously published by Bösl et al. (2023). 5 g fermented wheat 

dough were homogenized after 3 h of fermentation at 30 °C in 10 ml 50 (v/v)% 

acetonitrile/water using an Ultra Turrax (T25, IKA Labortechnik, Staufen, Germany). After 

30 min of extraction under constant shaking, the solids were removed by centrifugation 

(4500xg, 20 °C, Rotina 420 R, Hettich GmbH & Co. KG, Tuttlingen, Germany) and membrane 

filtration (0.45 µm polyethersulfone syringe filter, Machery-Nagel GmbH & Co. KG, Düren, 

Germany). The resulting extract was diluted 1:10 (v/v) with 50 (v/v)% acetonitrile/water. To 

enhance the separation and fragmentation of the analyst (Bösl et al., 2023), derivatization was 

conducted following a published procedure (Amann et al., 2022).  

The samples were injected into an LC-MS/MS system at an injection volume of 10 µl. The 

HPLC system (Agilent, Waldbronn, Germany), consisting of a HiP-ALS SL autosampler, a 

1200 series bin pump module, a 1200 series degasser and a 1100 series column oven, was 

operated with a SecurityGuardTM ULTRA Cartridge Polar C18 (Phenomenex, Aschaffenburg, 

Germany) and a 100 Å Kinetex® C18 column, 150 × 2.1 mm, 2.6 μm particle size column 

(Phenomenex, Aschaffenburg, Germany) at a flow rate of 200 µl/min at 40 °C column 

temperature. The eluents used were 0.1% (v/v) formic acid in water (eluent A) and 0.1% (v/v) 

formic acid in acetonitrile (eluent B). The following gradient was followed: 1 min isocratic 15% 

B before a gradual increase to 35% B within 11 min, followed by an increase to 100% B within 

1 min and 1 min 100% B. Initial conditions were restored by reducing the concentration of B to 

15% within 1 min, followed by 2 min of isocratic elution. Detection was conducted using the 

coupled Triple Quad 4500 MS (AB Sciex Germany GmbH, Darmstadt, Germany) with the 

following settings: ion spray voltage was set to -4.500 V, the curtain gas pressure was set to 

35 psi, the nebulizer gas pressure was 65 psi, the heater gas pressure was 55 psi and the 

turbogas temperature was set to 450 °C. The quantification was conducted using MultiQuant 

(version 3.0.2, AB Sciex Germany GmbH, Darmstadt, Germany). A correction of the quantified 

concentrations was performed based on the recovery of sorbic acid, which was added during 

the homogenization of the dough samples. 

The quantified concentrations of succinic and acetic were spiked to a non-yeasted wheat 

dough during kneading in a UMSK 24 mixer (Stephan Machinery GmbH, Hameln, Germany). 

The combined effect of organic acids and solubilized CO2 was quantified by exchanging the 

headspace atmosphere to CO2 prior to mixing (evacuation to -800 mbar followed by re-

equilibration to 1 bar with CO2. Subsequently, mixing was performed for 3 min at a mixing 

speed of 300 rpm. The pH of the dough samples was assessed directly after mixing by a pH 

meter for solids (Testo-206, Testo SE & Co. KGaA, Lenzkirch, Germany).  
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2.6 Statistical analysis 

If not stated differently, the measurements were performed with technical triplicates, where 

replication started from the dough preparation step in the measurement protocol. All data is 

reported as mean values with standard deviation. Where propagation of uncertainties was 

used to calculate the standard deviation of indirect measures, the standard error is stated along 

with the mean value. Significant differences between groups were tested with the parametric 

ANOVA test, followed by Tukey’s test, and non-parametric Kruskal-Wallis test, followed by 

Dunn’s test, on a significance level of α = 0.05. Mathematical and statistical evaluations were 

performed using Matlab (R2018a, MathWorks Inc., Natick, United States of America) and 

Origin (2018b-2021, OriginLab Corporation, Northhampton, United States of America).   
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3 Results 

3.1 Summary of thesis publications 

The publications created within the scope of this dissertation are included as original copies. 

1. The self-enforcing starch–gluten system — Strain–dependent 

effects of yeast metabolites on the polymeric matrix 

Pages 

42 - 56 

 

Chapter 3.1 focuses on the effect of yeast metabolites on the microstructure and rheological 

behavior of the wheat dough matrix. The material behavior needs to be assessed under 

process-relevant deformation types in relation to time to predict the impact of yeast 

fermentation on the behavior of the polymeric dough system during the decisive processing 

steps. The work was based on the hypothesis that a yeasted wheat dough can be considered 

an accumulation of yeast metabolites. Furthermore, these metabolites were expected to affect 

the protein microstructure and the rheological behavior. Thus, the effect of yeast metabolites 

on the rheological behavior of yeasted and metabolites-spiked wheat dough was assessed. 

The functionality of yeasted wheat dough was strongly related to the protein microstructure. 

Yeast fermentation resulted in shorter protein strands and was shown to impede interactions, 

which was linked to a decreasing consistency and flow index. SAOS measurements were 

performed to track these changes back to the impact of single metabolites. Here, CO2 was 

found to majorly impact the functionality of the dough matrix. In contrast, ethanol and succinic 

acid did not affect the functionality of the network in the same way as observed in case of 

yeasted dough. A minor impact of these chemical stressors was also quantified on SH. On the 

contrary, the strain-rate dependent SH of chemically and biologically leavened dough matrices 

differed drastically from non-yeasted dough. The extent of SH was successfully linked to the 

deformation history of the dough matrix, the condition of the protein microstructure, and the 

spatial distribution of the matrix components. Here, a depletion of the gas cell surrounding 

lamella was suggested, leading to an accumulation of starch granules in the nodes, thereby 

causing increased SH. The fact that the SH behavior of the yeasted dough matrix was 

emphasized even though structural degradation was quantified on various structural levels led 

to the consideration of the yeasted dough matrix as a self-enforcing system. To summarize, a 

major impact on the dough’s functionality was identified for CO2, a mechanical stressor. In 

contrast, chemical stressors only minorly influenced the structure and functionality of wheat 

dough, especially at short fermentation times. 

Contributions: The doctoral candidate created the design of the study, partially carried out analysis, interpreted 

data, performed statistical analysis as well as drafted and revised the article. V. Tauscher supported the optimization 

of the experimental setup and conducted the LSF measurements. Co-authors critically revised the design of the 

article and supported the evaluation and interpretation of the data. All authors critically reviewed and edited the 

manuscript of this article.  
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2. 3.3 Relation between polymer transitions and extensional viscosity 

of dough systems during thermal stabilization assessed by lubricated 

squeezing flow 

Pages 

57 - 68 

 

Besides mechanical processing, bread making involves thermally induced polymer transitions. 

The hydrothermal treatment of the main dough polymers changes the structure and 

functionality due to starch gelatinization, protein denaturation, and protein polymerization. As 

shown in Chapter 3.1, CO2 strongly alters the protein microstructure and matrix functionality in 

the non-heated dough matrix. Subsequently, the work presented in Chapter 3.2 elucidates the 

direct and indirect impact of yeast metabolites on the temperature-dependent polymer 

transitions during the baking process. Additionally, the outstanding question of the contribution 

of hydrothermally induced polymer transitions on the dough matrix components to the overall 

course of extensional viscosity in leavened and non-leavened doughs is addressed throughout 

the baking process. On this functional level, a strong impact of gaseous CO2 in the dough 

matrix was found on the solidification behavior of the dough matrix during the thermal 

treatment. The extensional viscosity of leavened dough matrices gradually rose, whereas the 

non-leavened dough matrix adhered to the renowned, starch-induced sharp rise in viscosity. 

Due to the insufficient explanation for this behavior, the impact of CO2 and chemical stressors 

on polymer transitions of the dough’s polymers was characterized on a molecular and 

microscopic length scale. Explanations for the delayed increase of the extensional viscosity of 

the yeasted wheat dough matrix were found in a degrading impact of CO2 gas cells on the 

gluten network, resulting in a wider meshed and less branched network. Through the 

entrapment of gas cells on a microscopic length scale, limited heat-induced molecular 

polymerization was quantified in the yeasted dough, which was related to the existence of 

gluten fragments and sterically inhibited crosslinking. Contrarily, the slightly premature onset 

of starch gelatinization in the yeasted wheat dough matrix does not appear to majorly impact 

the course of the extensional viscosity of the dough matrix. Higher mobility of weakly bound 

water in the yeasted dough and a starch depletion in the gas cell-surrounding lamella was 

suggested to cause an excess hydration of starch granules in the yeasted dough, which 

resulted in an early onset of starch gelatinization.  

Contributions: The doctoral candidate created the design of the study, partially carried out analysis, interpreted 

data, performed statistical analysis as well as drafted and revised the article. J. Olma conducted the microscopic 

analysis, NMR measurements and extractability trials as well as parts of the calorimetric measurements. Co-authors 

critically revised the design of the work and supported the evaluation and interpretation of the data. All authors 

critically reviewed and edited the manuscript of this article.  
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3. Strain-dependent assessment of dough’s polymer structure and 

functionality during the baking process 

Pages 

69 - 87 

 

The behavior of the polymeric wheat dough matrix during the bread making process is strongly 

dependent on the interactions among the polymers. Based on the applied deformation, 

different structural elements respond strain-dependently. As described in Chapter 3.2, the 

conformation of the dough polymers changes throughout the baking process as the 

hydrothermal treatment and yeast metabolites affect the micro- and macrostructure of the 

polymeric matrix. As the bread making process comprises diverse deformations, the dough 

matrix’s functionality must be examined under different deformations and types of strain. 

Particular attention should be devoted to large amplitude extensional deformation and the 

characterization of the strain-hardening behavior of the matrix, as the oven rise behavior and, 

therefore, the bread quality, is known to be strongly linked to these material characteristics. 

The aim of Chapter 3.3 was to elucidate the link between the rheological behavior upon 

different types and magnitudes of strain exerted and the oven rise behavior. The gained 

information allowed the development of a structural model for the dough polymers during 

baking, which was used to explain the oven rise behavior of yeasted and non-yeasted dough. 

Together with the results of Chapter 3.2, an understanding of polymer functionality on 

dependency of their molecular and microstructure was developed for two structurally different 

dough systems: a highly connected non-yeasted wheat dough and a less branched, 

microstructurally degraded yeasted wheat dough. Yeasted dough systems revealed a higher 

share of gluten functionality as the CO2-induced expansion of the matrix favored the 

occurrence of large amplitude deformation behavior. For the same reason, a higher extent of 

SH was observed for yeasted dough at all temperatures, resulting in a higher consistency of 

the yeasted dough matrix. Although the protein connectivity was reduced on a molecular and 

microscopic length scale, the greater extent of SH further accounted for the higher gas holding 

capacity. Therefore, the self-enforcing nature of the yeasted wheat dough system was once 

more underlined, even though limitations were found to occur with the overall matrix 

solidification. Accordingly, oven rise was limited prematurely around 60 °C, where the 

maximum SH was observed. 

Contributions: The doctoral candidate created the design of the study, carried out analysis, interpreted data, 

performed statistical analysis as well as drafted and revised the article. Co-authors critically revised the design of 

the work and supported the evaluation and interpretation of the data. All authors critically reviewed and edited the 

manuscript of this article. 
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4. New insights into crumb formation in model systems: Effects of 

yeast metabolites and hydration level by means of multiwave rheology 

Pages 

88 - 99 

 

Chapters 3.1 to 3.3 generated considerable knowledge on the structure and functionality of 

dough polymers in the presence of yeast metabolites along the bread making process. Due to 

the complexity of the wheat dough matrix, a final differentiation between the yeast-induced 

modifications in the transition behavior of starch and gluten was still limited and remained 

hypothetical. Therefore, this study addresses the impact of the presence of yeast metabolites 

on the solidification process in wheat dough by differentiating starch- and gluten-based 

impacts. Model systems were reconstituted to elucidate the impact of yeast metabolites on the 

single dough polymers. Wheat starch – native gluten mixtures and semi-inert model systems 

were created to trace the impact of yeast metabolites on the thermally induced transitions of 

dough polymers. Additionally, the availability of water was varied to represent multiple 

restrictive influences.  

In wheat dough systems, a destabilizing effect of the present yeast metabolites was found, 

even though yeast metabolites did not affect the solidification point. Using the wheat starch-

gluten model system, the temperature-dependent solidification behavior of wheat dough was 

successfully imitated. Similar to the wheat dough system, the onset of the solidification process 

was not affected by yeast. Nevertheless, the magnitude of the solidification process increased 

in the presence of yeast metabolites, suggesting the importance of water availability for the 

course of the solidification process. A similar effect was observed in the presence of a higher 

hydration level, which supports the importance of water availability. In the semi-inert gluten-

based model system, a degrading effect of yeast metabolites was observed throughout baking, 

underlining the degrading impact of yeast on the gluten network. It was further revealed that 

the highest gluten polymerization was facilitated in a non-starch-based model system. This 

result supports the hypothesis from Chapter 3.2 on the spatial hindered polymerization in the 

presence of gas cells.  

Contributions: The doctoral candidate created the design of the study, partially carried out analysis, interpreted 

data, performed statistical analysis, and drafted as well as revised the article. D. Panoch contributed to the 

development of the experimental setup, conducted all laboratory experiments except NMR measurements, and 

supported with the evaluation and interpretation of the data. The other co-authors critically revised the design of the 

work, and reviewed as well as edited the manuscript of this article. 



Results 

 - 42 - 

3.2 The self-enforcing starch-gluten system – Strain-dependent 

effects of yeast metabolites on the polymeric matrix 
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3.3 Relation between polymer transitions and extensional viscosity 

of dough systems during thermal stabilization assessed by 

lubricated squeezing flow 
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3.4 Strain-dependent assessment of dough’s polymer structure 

and functionality during the baking process 
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3.5 New insights into crumb formation in model systems: Effects 

of yeast metabolites and hydration level by means of multiwave 

rheology 
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4 Discussion 

Understanding the structure and functionality of foods is vital to adequate processing. Wheat 

dough displays a multiphase system with a non-Newtonian rheological behavior. Accordingly, 

the flow behavior depends on the type, amplitude, and rate of the applied strain. Throughout 

bread making, multiple stressors are well-documented to influence the mechanical properties 

of the dough matrix. One such stressor is baker’s yeast, a primary source for a time-dependent 

transformation of the dough matrix along the bread making process. However, although it is 

used daily, the impact of its respective metabolites on the overall functionality of yeasted wheat 

dough remains unclear. Another major stressor occurs during baking, where thermal stress 

changes the structure and functionality of the wheat dough matrix. This final step of bread 

making exposes the matrix to thermal stress, inducing a cascade of physicochemical changes 

to the wheat dough’s polymers. While the effects of individual yeast metabolites in the dough 

matrix and the occurrence of thermally induced polymer transitions have generated 

considerable research interest, few researchers have addressed the interactions within both 

effects. Therefore, this work investigated the effect of yeast metabolites (mechanical and 

chemical stressors) on the wheat dough’s structure and rheological behavior during the cold 

stage and during baking.  

A common approach in food science is to extract information on the processibility of food 

matrices by applying process-imitating deformations (Berta et al., 2016; Ng et al., 2006). 

During bread making, the dough is subjected to various types of strain and strain rates (see 

Chapter 1.2). With a focus on proofing and baking, biaxial extension represents the dominating 

strain type (Della Valle et al., 2014). However, it is important to note that both the amplitude 

and the rate of strain can vary drastically depending on the specific process (Bloksma, 1990; 

Della Valle et al., 2014; Peter L. Weegels et al., 2003). In the case of wheat dough, another 

consideration must be borne in mind, as the wheat dough’s polymers exhibit a strain-

dependent response (Schiedt et al., 2013). Thus, the strain applied for functional or structural 

characterization of the wheat dough’s matrix must be carefully chosen to match the magnitude 

of interest, meeting two distinct requirements (Hyun et al., 2011).  

No one-suits-it-all-solution exists to characterize the processibility and structure of yeasted 

wheat dough throughout proofing and baking. Thus, several techniques must be combined to 

extract all relevant information on the flow behavior and structure of the dough matrix. As 

mentioned, special consideration must be given to (i) the types of strain and strain rates 

occurring, and thus to be imitated, during proofing and baking and (ii) the strain-dependent 

response of the dough’s polymers. With regard to the former, biaxial deformation should be 

applied at low strain rates and moderate deformation to characterize the rheological behavior 

under conditions relevant for proofing and baking. LSF was applied as one promising 

technique, exerting large amplitude biaxial extension on the dough matrix and, thus, imitating 

the type of deformation occurring during the proofing and baking process. Restrictions in this 

approach occur as the strain rates reached with LSF (𝜀𝑏̇ = 10-3 s-1 to 10-1 s-1 (Launay & Michon, 
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2008)) are in a different order of magnitude compared to the strain rates occurring during 

proofing (𝜀𝑏̇ = 10-4 s-1 to 10-3 s-1 (Babin et al., 2006; Turbin-Orger et al., 2015)). However, the 

application of such slow strain rates poses also other challenges. Given slow deformations, 

the flow behavior and the extent of SH are difficult to access for wheat dough as problems 

occur due to long measurement times, within which the dough’s properties undergo time-

dependent changes due to the ongoing fermentation and, thus, the release of yeast 

metabolites. Therefore, assumptions and approximations must be made to assess the 

rheological behavior of yeasted dough during proofing and baking, leaving LSF as a suitable 

technique to characterize yeasted wheat dough’s processibility.  

When considering the second scope of the rheological characterization, being structural 

elucidation, LSF is limited to the application of relatively large deformations and, thus, the 

characterization of large range interactions. Thus, a second technique must be applied to shed 

light on the interactions of the dough’s polymers only sensitive to small amplitude strain. In this 

regard, SAOS rheometry has received considerable attention, revealing small range 

interactions (e.g., starch-starch and starch-protein interactions (Amemiya & Menjivar, 1992)). 

As one major aim of this work was to characterize the impact of yeast metabolites or thermal 

stress on the dough structure within short measurement times, multiwave rheology was 

applied. This technique represents a superior approach, allowing the extraction of more 

information during a short measurement time. Applying this technique within the framework of 

this thesis, the impact of yeast metabolites on the solidification kinetics of the wheat dough 

matrix during thermal processing was revealed. Beyond the initial expectations, being the 

characterization of short range interactions between starch polymers and starch as well as 

starch and protein polymers, the application of the multiwave measurement mode was also 

shown to represent a suitable tool for extracting long range gluten-related functionality 

behavior via SAOS rheometry (Alpers et al., 2023). The analysis of the frequency-dependent 

material behavior revealed an increasing amount of interactions of flow units with increasing 

temperature. While the simple stress response of wheat dough and wheat dough-like starch-

gluten-systems was dominated by the effects of the dissociation of the granular structure of 

starch (Alpers et al., 2023, 2024), a structural parameter fitting the frequency-dependent 

deformation behavior of the material suggested an increasing connectivity of the dough matrix 

above 60 °C (Alpers et al., 2023). Thus, this measure of interactions obtained from the 

multiwave measurements unveiled the increasing extent of protein polymerization during 

baking, while the stress response served as a tool to analyze the progression of starch 

gelatinization.  

Aside from SAOS testing’s potential to reveal structural information on both starch-starch- and 

protein-protein-interactions, extensional testing is inevitable to quantify SH. SH, a 

phenomenon commonly depicted by branched polymers, has been intrinsically linked to good 

baking properties (Kokelaar et al., 1996). In this context, LSF was chosen as a suitable tool to 

quantify SH for slow and fast extension processes, as they have been reported to appear 

during the proofing and baking step of the bread making process (Alpers et al., 2021, 2023). 
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Although the use of LSF is controversial due to the requirement for material incompressibility, 

it has been applied elsewhere to yeasted and leavened dough systems (Chin et al., 2005; 

Formato & Pepe, 2005; Jødal & Larsen, 2021; Yue et al., 2020). Thus, the use of LSF for 

yeasted dough can be advocated, especially when applied to systems with limited gas void 

fractions in the form of close-cell foams (Launay & Michon, 2008), assuming the 

incompressibility of the wheat dough itself (Kouassi-Koffi et al., 2010; Vanin et al., 2018). 

Following this assumption, Yue et al. (2020) applied LSF to fermented dough made from flours 

of 16 different Chinese wheat varieties. The authors analyzed the correlations between the 

rheological measures of yeasted dough before or after fermentation and the parameters 

describing the bread quality through a principal component analysis. The authors achieved a 

higher correlation using the data of the fermented dough, indicating the need for the 

rheometrical characterization of fermented wheat dough instead of the respective unleavened 

dough. Furthermore, the loading plot revealed a marked correlation between 𝜂𝑏(𝜀̇) and the 

quality parameters describing the crumb texture indicating the suitability of the use of LSF 

measurements on the fermented dough to predict bread quality parameters (Yue et al., 2020). 

Thus, SAOS and LSF rheometry represent suitable tools for investigating the impact of 

chemical, physical, and thermal stress on the wheat dough matrix under process-relevant 

deformations.  

Based on the definition of suitable rheological techniques, the contribution of single yeast 

metabolites to the overall dough functionality during proofing was assessed. As fermented 

wheat dough represents a multi-component system composed of various polymers and yeast 

metabolites in increasing concentrations, added value was seen in reducing its complexity. In 

this context, achieving defined amounts of yeast metabolites in the dough matrix to determine 

the impact of single yeast metabolites has been the subject of many studies. For instance, 

Razeai et al. (2015) used S. cerevisiae strains with different metabolomes, leading to shifts 

towards higher levels of several metabolites. Significant differences in glycerol, acetic acid, 

and succinic acid levels were observed depending on the employed strain (Rezaei, 

Verstrepen, et al., 2015). Another method relied on harvesting cells at different growth phases, 

which was shown to be a suitable control tool for defining the level at which different 

metabolites are produced during proofing (Rezaei et al., 2014). Using this approach, the 

concentrations of ethanol, glycerol, and organic acid levels differed by a factor of two to four 

after comparable fermentation times. The metabolome differed significantly, especially 

between cells harvested during the (early) exponential growth phase and after the diauxic shift. 

A third method used mutants to overexpress or suppress individual metabolites (Aslankoohi et 

al., 2015). However, although all the abovementioned methods can induce shifts in the 

metabolome, causal relations are challenging to identify due to the induction of manifold 

changes in the metabolome. Hence, several researchers have followed the spiking of single 

yeast metabolites (Jayaram, Cuyvers, et al., 2014; Jayaram, Rezaei, et al., 2014; Meerts, 

Ramirez Cervera, et al., 2018). Although this approach has already provided comprehensive 

insights into the effects of individual yeast metabolites, a comparative assessment of the 
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impact of the individual metabolites with regard to the overall effect of the yeast metabolome 

still needs to be completed. Therefore, the following hypothesis has been followed: 

The non-yeasted dough can behave similarly to its yeasted counterpart by spiking the primary 

(CO2 and ethanol) and secondary (succinic acid) metabolites in their respective 

concentrations. The spiking of yeast metabolites is hypothesized to affect the rheological 

behavior of wheat dough in dependency on the applied type and rate of strain. Thus, the 

individual impact of single yeast metabolites on the functionality during the individual bread 

making sub-processes can be determined. 

As discussed above, spiking single yeast metabolites represents a promising approach for the 

sake of practicality. Despite its advantages, the chemical incorporation of metabolites (e.g., 

spiking) brings the influence of the metabolites on the dough matrix forward in time in 

comparison to the gradual release of metabolites during the biological incorporation of 

metabolites (e.g., yeast fermentation). Thus, spiked metabolites can already impact the 

network formation during kneading. To analyze the impact of ethanol and succinic acid on 

dough development in this work, the course of the torque during kneading was recorded in the 

presence and absence of these metabolites in different concentrations. As shown in Figure 3a, 

increasing ethanol concentrations cause a decrease in the maximum torque and favor the 

development of a second peak during the dough development. Although this effect was majorly 

contributed to an increased amount of plasticizer, a more pronounced softening was observed 

for ethanol rather than for a surplus of water. From these large amplitude deformation 

experiments, it is suggested that the presence of ethanol causes the formation of a less 

developed and less stable network. This effect can be attributed to the presence of a solvent 

for gliadins, as suggested by Jayaram et al. (2014). Nevertheless, significant effects were 

limited to concentrations greater than 30 mmol/100 g flour in this work (H = 20.403, p < 0.005). 

However, it is relevant to remark that such concentrations are only reached after comparable 

long fermentation times or in the presence of high yeast levels. For example, Jayaram et al. 

(2013) quantified such concentrations after 3 h of fermentation with 2%(w/flour weight) 

compressed yeast or after approximately 1.5 h with 5.3%(w/flour weight) compressed yeast. 

In the case of succinic acid, marked effects, such as the stiffening of the dough, were only 

present for concentrations as high as 1.5 mmol/100 g flour, which is three times above the 

maximum concentration later used in this work. A concentration of 1.5 mmol succinic 

acid/100 g flour was only quantified after 3 h of proofing in the presence of 5.3%(w/flour weight) 

compressed yeast (Jayaram et al., 2013). The stiffening effect of succinic acid can be attributed 

to conformational changes of the gluten proteins upon acidification.  

On the margin of this thesis, the contribution of dissolved CO2 to the acidification of yeasted 

wheat dough was elucidated. Until now, researchers have reported that succinic acid and 

acetic acid are responsible for the pH drop during proofing (Jayaram et al., 2013, Rezaei, 

Verstrepen, et al., 2015). However, the effect of CO2 and, thus, carbonic acid might be 

underestimated. To elucidate the contribution of each acidifying compound, both the effect of 

the saturation of the wheat dough matrix with CO2 and the effect of the presence of succinic 
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and acetic acid, as well as the binary effect, were analyzed (see Figure 3b). The concentrations 

of succinic acid and acetic acid were quantified after 3 h of fermentation with 2%(w/flour 

weight) compressed yeast (pH = 5.25 ± 0.01) using a LC-MS/MS-based quantification method 

to ensure comparable concentrations in the re-engineered systems. Following this, the 

resulting concentrations (succinic acid = 0.52 ± 0.01 mmol/100 g flour, acetic 

acid = 0.50 ± 0.04 mmol/100 g flour) were added to a non-yeasted wheat dough (pH of the 

untreated wheat dough = 5.73 ± 0.02). Saturation of the wheat dough matrix with CO2 using 

modified headspace atmosphere mixing resulted in a pH of 5.54 ± 0.01. The combined addition 

of both organic acids resulted in a pH of 5.26 ± 0.02. Interestingly, adding both organic acids 

together with the saturation with CO2 only resulted in a pH of 5.20 ± 0.02, suggesting that the 

dough matrix’s buffer capacity avoids further acidification. Thus, both organic acids and 

carbonic acid cause a marked pH drop. However, as CO2 is formed in much higher quantities 

in the yeasted dough than organic acids, CO2 could be regarded as responsible for an initial 

pH drop. In contrast, organic acids only contributed to additional acidification. 

a)

 

b) 

 

Figure 3: Effect of yeast metabolites on the dough development and the pH value of wheat dough.  
(a) Development of the torque required during kneading for a non-yeasted wheat dough (—), wheat dough spiked 
with 15 mmol ethanol/100 g flour (—), 30 mmol ethanol/100 g flour (—), 90 mmol ethanol/100 g flour (—), 0.5 mmol 
succinic acid/100 g flour (∙ ∙ ∙) and 1.5 mmol succinic acid/100 g flour (∙ ∙ ∙). Additionally, water was added in 
amounts similar to the respective ethanol additions to differentiate between the impact of additional plasticizer and 
the presence of a new solvent. Results are shown for water representing an addition of 15 mmol ethanol/100 g flour 
(- - -), 30 mmol ethanol/100 g flour (- - -) and 90 mmol ethanol/100 g flour (- - -). (n = 3, X̅ ± standard deviation).  
(b) pH of wheat dough after spiking various acidifying compounds in yeast-equivalent concentrations in comparison 
to (non-)yeasted wheat dough. (n = 3, X̅ ± standard deviation) 

Despite its impact on the network formation, spiking yeast metabolites is considered the most 

reliable approach for incorporating single yeast metabolites. Attempts conducted in the early 

phase of this work to coat the metabolites in particles with waxy shells or ethyl cellulose shells 

were neglected due to the possible impact of the coating material on the dough matrix and the 

risk of an inhomogeneous distribution of yeast metabolites in the dough matrix. To replicate 

the homogeneous distribution of yeast metabolites, such as when released during proofing, 

comparably small amounts of metabolites would need to be coated and spiked, leading to a 

high concentration of coating material in the wheat dough matrix. 
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Given the previously described minor effects on dough development, the direct spiking 

approach was further used to elucidate the contribution of single yeast metabolites to the 

structural and functional changes in proofing wheat dough in this work. Following the 

previously introduced rheological approach, SAOS and LSF testing was applied to the yeasted 

and spiked doughs to understand the impact of single yeast metabolites on the dough’s 

structure and processibility. The impact of metabolites in yeast-like concentrations on the 

structure of the wheat dough matrix was accessed using SAOS rheometry. The data was 

evaluated using a power law model for structural elucidation. Additionally, the functionality of 

the non-yeasted, yeasted, and spiked wheat dough matrix was quantified under process-

relevant biaxial deformation in terms of the SHI. The structure and processibility of wheat 

dough were significantly impacted in the presence of gaseous CO2. The mechanical stress 

exerted by gaseous CO2 was further found to account for the major changes, which reached 

the extent of structural and functional changes observed in the yeasted dough itself. Compared 

to the significant changes occurring in the leavened and yeasted wheat dough, chemical 

stressors (ethanol and succinic acid) were found to cause only minor re-enforcing effects under 

small and large amplitude deformations (Alpers et al., 2021). Results from other researchers 

encourage these findings. Newberry et al. (2002) found no significant impact of chemical 

stressors using SAOS rheometry. Similarly, Meerts et al. (2018) reported that the simultaneous 

addition of ethanol, succinic acid, and glycerol as chemical stressors in yeast-like amounts is 

not solely responsible for the changes observed in the SAOS rheological behavior of degassed 

fermented wheat dough. The authors hypothesized the origin of the discrepancy in the nature 

of the incorporation of the metabolites into the dough matrix, where the instant addition of a 

high concentration of metabolites during the development of the dough matrix differs markedly 

from the successive release of metabolites from yeast cells during the fermentation process 

(Meerts, Ramirez Cervera, et al., 2018).  

However, new insights were generated regarding the impact of the chemical stressors succinic 

acid and ethanol on the processibility of wheat dough. Up to now, chemical stressors have 

been reported to account for major changes in the rheological behavior of yeasted wheat 

dough. Newberry et al. (2002) and Meerts et al. (2018) observed a significant impact of 

chemical stressors on the rheological behavior under large amplitude deformation using 

uniaxial extension and a Sentmanat extensional rheometer-like technique, respectively. The 

authors reported a decrease in the extensional viscosity and the extensibility while being 

subjected to uni- or biaxial extensional deformation. However, the results of this work indicate 

a predominant effect of CO2 compared to ethanol and succinic acid as chemical stressors. 

Claiming a dominating impact of CO2 as a mechanical stressor is possible due to the 

comparative approach taken. With this approach, it became evident that CO2 governs the 

behavior of proofing wheat dough under small and large amplitude deformations (Alpers et al., 

2021). This was concluded because chemically and biologically leavened dough behaved 

similarly at comparable gas void fractions. Independent of the applied leavening method, the 

doughs were characterized by a lower extent of interactions and a lower matrix strength with 
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increasing gas void fraction at a small strain amplitude. Contrarily, upon large range 

deformation, SH was pronounced, indicating a higher resistance to extension. The reasons for 

this discrepancy will be elucidated later in this work (p. 103 ff.). Thus, the mechanical stress 

exerted by gaseous CO2 has a dominating structural and functional impact on the wheat dough 

matrix, while ethanol and succinic acid, as chemical stressors, only minorly affected the 

abovementioned. 

Although the dominating impact of CO2 on the structure and processibility of yeasted wheat 

dough became evident within this work, little is yet known about potential interactions within 

different yeast metabolites. Thus, the impact of binary or more complex mixtures of spiked 

yeast metabolites should be analyzed in future works. Also, results on the attempt to 

completely imitate a yeasted wheat dough matrix still need to be published. Reasons for the 

lack of research might be related to the difficulties arising from the relatively high gas void 

fraction for rheological testing. However, initial attempts have been made within this work to 

combine chemical and mechanical stressors during bread making trials, providing a further 

indication of the validity of the spiking approach. Figure 4 a) and b) shows the specific volume 

and crumb firmness of pan-baked wheat bread with either 2 g/100 g flour compressed yeast 

or yeast metabolites in equivalent concentrations. When comparing the three systems, similar 

bread characteristics can be achieved with the sole presence of gaseous CO2, a combination 

of gaseous CO2 and ethanol in yeast-like amounts, or yeast metabolites themselves. In most 

cases, gaseous CO2 was sufficient to replicate the effect of biological leavening. In cases of 

longer fermentation times, the specific volume of the yeasted formulations was only reached 

in case of simultaneous presence of gaseous CO2 and ethanol in yeast-equivalent amounts. It 

is suggested that ethanol increased protein-protein interactions within the dough matrix and, 

thus, the SHI (Alpers et al., 2021) at higher concentrations. Hence, considerable amounts of 

ethanol might have favored a better gas holding capacity of the dough matrix.  

a)

 

b)

 

Figure 4: Specific volume and crumb firmness of pan baked wheat bread containing compressed yeast or 
yeast metabolites in equivalent concentrations. a) Specific volume. b) crumb firmness. () 2 g compressed 
yeast/ 100 g flour, () CO2 in yeast-equivalent amounts or () CO2 and ethanol in yeast-equivalent amounts. Non-
parametric Kruskal–Wallis test, followed by a Dunn’s Post Hoc test was used for statistical evaluation. (n = 3, 
X̅ ± standard error). 
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Summarizing the effect of the individual yeast metabolites on the rheological behavior of the 

wheat dough matrix, it can be concluded that chemical and mechanical stressors must be 

considered in a differentiated way. As shown in Figure 3 and by other authors, chemical 

stressors predominantly affect the behavior of the dough matrix under large amplitude 

deformation (Jayaram, Cuyvers, et al., 2014; Jayaram, Rezaei, et al., 2014; Newberry et al., 

2002). Under small amplitude strain, the impact only becomes apparent for high concentrations 

present after long fermentation times (Alpers et al., 2021; Meerts, Ramirez Cervera, et al., 

2018; Newberry et al., 2002). Contrarily, the mechanical stressor CO2 revealed its functional 

impact on the rheological behavior under small and large deformations (Alpers et al., 2021, 

2024). Regarding the weighing of different yeast metabolites, CO2 predominates during short 

proofing times, whereas ethanol and succinic acid as chemical stressors increase their 

relevance with increasing concentration during longer proofing times. Thus, the original 

hypothesis can be confirmed, whereby it must be restricted as the functionality of yeasted 

dough was predominated by the primary yeast metabolite CO2 during short proofing times. 

Subsequently, the exertion of mechanical stress on the dough matrix has a major functional 

impact, whereas the effect of chemical stressors became apparent only at higher 

concentrations as present after long proofing times. The latter might originate from higher 

concentrations or longer exposure times, where analyzing the latter remains challenging due 

to simultaneously occurring time-dependent endogenous changes in the dough structure due 

to enzymatic activity or relaxation processes. 

Additionally, a dependency of the impact of yeast metabolites on the exerted type and rate of 

strain became evident within this work (Alpers et al., 2021; Yue et al., 2020). Until now, yeasted 

dough was mainly characterized as a destabilized, fragile dough matrix (Casutt et al., 1984; 

Salvador et al., 2006; Verheyen et al., 2014). Comparable observations were made in this work 

under SAOS characterization (Alpers et al., 2021, 2023, 2024). Contrarily, an emphasized SH 

character was observed for systems with a higher gas void fraction. Thus, a yeasted dough 

was interpreted as a self-enforcing system (Alpers et al., 2021). This finding may explain the 

unique stability of yeasted wheat dough systems. The origin of this discrepant behavior will be 

further discussed in the following section, focusing on the causes of the functional differences 

between yeast-leavened and non-yeast-leavened systems. Thereby, the following hypothesis 

was followed:  

The yeast metabolite-induced changes in the rheological behavior of yeasted dough matrix are 

based to the alteration of protein structure on a molecular and microscopic length scale by 

S. cerevisiae metabolites.  

The relation between the protein microstructure of wheat dough and its rheological behavior is 

well known. Correlations have been observed independent of the type and amplitude of strain 

(Alpers et al., 2021; M. Dufour et al., 2024; Lucas et al., 2019). Furthermore, links between the 

molecular structure of gluten or the gluten composition and the wheat (or related species) 

dough’s rheological properties are also widely known and are exploited towards their potential 

to improve bread quality (Bauer et al., 2003; Geisslitz et al., 2018; Scherf & Köhler, 2016; 
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Thanhaeuser et al., 2014; Herbert Wieser et al., 2009). Few researchers could also relate 

gluten composition to wheat dough’s protein microstructure (Vidal et al., 2023). In contrast to 

these endogenous factors, the effect of processing during bread making and yeast 

fermentation on the wheat dough’s different structural length scales has gained little attention.  

Microstructural changes in the proofing wheat dough matrix have been investigated using SEM 

and CLSM. The qualitative observations upon proofing comprise the expansion of gas cells 

and the appearance of discontinuities within the gluten matrix, a thinning of the dough matrix, 

and relocation of dough matrix constituents (Gan et al., 1990; Pomeranz et al., 1984; Rojas et 

al., 2000). Quantitative approaches revealed a decreasing connectivity and increasing 

looseness of the protein network during proofing (Bernklau et al., 2017). Other authors 

described a transformation of the protein network configuration into a coarse and clustered 

structure upon proofing (Alpers et al., 2021). A strong link between yeast-induced structural 

alterations and the wheat dough’s resulting extensional flow behavior should be highlighted 

(Alpers et al., 2021). Apart from the protein structure, Alvarez-Ramirez (2019) describes a re-

localization of wheat dough constituents on a microstructural length scale in the presence of 

yeast as these cells were reported to cluster around starch granules. However, other authors 

highlighted difficulties in differentiating between yeast cells and B granules (Rojas et al., 2000). 

Correspondingly, Wang et al. found the surface of starch granules to be considerably modified 

after 2 h of fermentation. The authors related the appearance of pores and cracks to wheat-

endogenous amylolytic activity and structural degradation induced by yeast metabolites (H. 

Wang et al., 2024).  

Comparatively, little information has been reported on the effect of yeast fermentation on the 

molecular structure of gluten. While Newbery et al. (2002) and Wang et al. (2016) consistently 

reported that the polymerization of proteins directly after kneading is markedly decreased in 

the presence of dry yeast, discrepant observations were made during proofing: Newberry et 

al. (2002) reported an increase in polymerization, whereas Wang et al. found the extractability 

of glutenins to increase during proofing, indicating further depolymerization during this sub-

process (X. Y. Wang et al., 2016). A potential explanation for these contradictory observations 

was given by Borneo and Khan, who found the effect of proofing on the protein extractability 

along the bread making process to depend on the wheat cultivar (Borneo & Khan, 1999). The 

authors suspected the origin of these inconsistent results in the individual wheat cultivar’s 

gluten composition, determining the extent of gluten degradation during proofing. 

Concerning the secondary structure of gluten, slight indicators for yeast-induced changes were 

observed by Wang et al. (2017). The authors used FT-IR to investigate the effects of yeast 

fermentation on the conformation of the glutenin macropolymer (GMP). The percentage of α-

helical structures decreased slightly, whereas the percentage of β-sheet, β-turn, and random 

coil structures did not markedly differ from the control sample. However, these differences in 

the secondary structure of gluten were not significant between a non-yeasted control dough 

and a yeasted dough (1%(w/flour w) compressed yeast) (J. Wang et al., 2017). Using higher 

yeast levels, Alvarez-Ramirez (2019) observed a significant decrease of α-helices upon 
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proofing. The reason for the increase of the percentage of α-helices quantified with increasing 

yeast concentrations remains, however, unexplainable. In general, transitions of α-helical to β-

sheet structures have been widely monitored upon stretching of protein-based materials 

(Church et al., 1998; L. Kreplak et al., 2004; Laurent Kreplak et al., 2008; Litvinov et al., 2012; 

Qin et al., 2009). The uncoiling of α-helices is known to allow the extension of molecules at a 

constant force level (Qin et al., 2009). The occurrence of such mechanisms in gluten-based 

systems was shown by Wellner et al. (2005), who reported a decrease in β-turns and α-helices 

after repetitive extensions. Assuming that this mechanical extension is also the primary 

consequence of the release of CO2 into the wheat dough matrix, this mechanical stressor is 

responsible for the decoiling of α-helices and the associated increasing proportion of β-sheets 

during proofing. The extension of the gluten strands would, thus, reduce the capacity of the 

gluten matrix to respond to additional deformation with low resistance to extension. 

Consequently, a yeast-induced reduction of α-helical structures in the gluten protein 

conformation would result in a higher SHI. This hypothesis was confirmed within this work, as 

the extent of SH was observed to increase with increasing gas void fractions for biologically 

and chemically leavened wheat dough systems (Alpers et al., 2021). Nevertheless, the source 

of this change in functionality was not traced back to its structural origins within this thesis. 

However, it is hypothesized that it can be found in an altered secondary structure of the gluten 

proteins. 

Until now, the question of which S. cerevisiae metabolite causes the described changes in the 

molecular structure and microstructure of proteins remained unanswered. While a stronger 

incorporation of gliadins in the gluten network due to the presence of ethanol was shown by 

Jayaram et al., a weakening effect on interactions between gluten proteins has been reported 

in the presence of succinic acid (Jayaram et al., 2013). Both observations were made on a 

functional level, as the extent of gluten aggregation was accessed in the presence of the 

metabolites in yeast-like amounts. Contrarily, the effect of gaseous CO2 on the protein 

structure was widely unknown on a molecular and microscopic length scale. Using a structural 

rheological model, the effect of gaseous CO2 on the wheat dough matrix was successfully 

described on a microscopic length scale, where CO2 was shown to impede interactions of flow 

units in the wheat dough matrix and to reduce the network strength (Alpers et al., 2021). The 

magnitude of structural changes quantified by this approach prevails over the effects of ethanol 

and succinic acid, especially during short proofing times. Therefore, it could be assumed that 

CO2 is the major metabolite, shaping the molecular structure and microstructure of the wheat 

dough proteins. A final verification is, however, pending. A possible approach would involve 

applying spectroscopic techniques to metabolite-spiked wheat dough matrices. FT-IR could 

reveal a potential effect of these secondary metabolites on the secondary structure. 

Furthermore, the application of Raman spectroscopy could further help to elucidate the 

contribution of disulfide bonds to the polymerization of gluten proteins in situ (Lancelot et al., 

2021). 
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Tracing back the origin of the altered rheological behavior to changes in the microstructure of 

the protein network, further attention was drawn to the impact of a partially degraded gluten 

network on the processibilty during the subsequent bread making process. Besides yeast-

induced mechanical and chemical stresses, thermal stress also occurs during baking. During 

this process, yeasted and non-yeasted dough show a distinct solidification behavior during 

thermal treatment (Alpers et al., 2023). The solidification process is well-known to be induced 

by a cascade of physicochemical changes in wheat dough’s macropolymers, as previously 

reviewed in Chapter 1.4.3. Within the scope of this work, the presence of yeast metabolites on 

the onset and extent of the occurrence of these polymer transitions was meant to be 

differentiated. Based on the insights gained on the effect of yeast metabolites on the structure 

and functionality of the wheat dough matrix, the following hypothesis was formulated regarding 

the impact on the baking process. 

The yeast-induced modification of the polymeric structures in wheat dough are further 

hypothesized to alter the thermally induced polymer transition processes. Consequently, the 

changes on the molecular and microstructural length scale alter the thermal dependency of 

the flow behavior and the solidification behavior of the wheat dough matrix during baking. 

The mechanical stress exerted by gaseous CO2 was previously identified to significantly alter 

the wheat dough protein microstructure. Gaseous CO2 was thus identified as the most 

influential yeast metabolite within this work compared to the alterations induced by succinic 

acid and ethanol as chemical stressors. Consequently, the influence of mechanical and 

chemical stressors was hereinafter considered separately regarding their effect on the dough-

to-crumb transition. This individual consideration revealed a major impact of gaseous CO2, 

while chemical stressors alone did not affect the course of the solidification process induced 

throughout baking (Alpers et al., 2024). Furthermore, the occurrence of thermally induced 

polymer transitions, such as starch gelatinization, did not depend on the presence of yeast-

like amounts of ethanol or succinic acid in the dough matrix (Alpers et al., 2022). This was 

related to the fact that thermal transitions of wheat polymers are predominantly affected by the 

extent of the hydration of the polymers (Eliasson, 1983; Jekle et al., 2016) and the spatial 

proximity of reaction partners (Verbauwhede et al., 2020). Contrary observations to the ones 

made within this work were reported by Wang et al. (2024). The authors found the hierarchical 

structure of native starch to be increasingly disordered during short fermentation times, 

resulting in an earlier onset of starch gelatinization. However, it must be mentioned that the 

authors did not distinguish between the effects induced by the endogenous amylolytic activity 

and the yeast metabolites. 

Comparing the impact of chemical and mechanical stressors, the role of CO2 on the 

abovementioned pacemakers for solidification was emphasized during the baking process 

(Alpers et al., 2023). This was verified by studying the progress of the thermally induced 

transition process in a non-yeasted, dense, and highly branched dough structure in 

comparison to a yeasted wheat dough with a partially degraded protein network. This approach 

revealed a limited ability for heat-induced polymerization of proteins in yeasted wheat dough 
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(Alpers et al., 2022). This interpretation is based on the quantitative assessment of the change 

in the microstructural protein network and the degree of crosslinking of the proteins at the 

molecular level during the baking process. (Alpers et al., 2021). For the sake of further 

clarification, a re-engineering approach was additionally followed. Within this scope, re-

engineered wheat dough matrices, composed of native vital gluten and wheat starch or wheat 

starch-imitating glass beads, were employed to differentiate between the impact of yeast 

metabolites on the gluten- or starch-induced solidification processes. The before-mentioned 

glass beads are a shape-imitating substitute for wheat starch, which is, other than starch, 

thermally inert during the baking process (Brandner et al., 2018). In this re-engineered system, 

the formation of yeast metabolites was limited to the proofing step using a non-structurally 

invasive, thermal yeast-inactivation method. An additional partial degassing of the samples 

minimized the impact of gaseous CO2 on the measurement. The reduction of the gas void 

fraction of the dough samples allowed to emphasize the potential effect of the remaining 

metabolites, whose concentration was not affected by the degassing procedure. Although a 

weakening effect of the mechanical stress exerted during proofing became evident from the 

reduced initial stiffness of the gluten-glass bead matrix, the further course of the solidification 

process was not affected in the presence of the remaining non-mechanical stressors (Alpers 

et al., 2024). This emphasizes the minor influence of chemical stressors on the polymerization 

of gluten proteins during baking. Contrarily, the whole yeast metabolome’s was shown to be 

impeded gluten polymerization (Alpers et al., 2022). Thus, an obstructive effect of gaseous 

CO2 on this heat-induced process can be concluded. 

In fermented wheat dough, the course of solidification was further affected due to the 

progression of the starch gelatinization. Starch gelatinization was slightly accelerated in 

yeasted wheat dough matrices compared to the progression of starch gelatinization in non-

yeasted wheat dough (Alpers et al., 2022). As the comparable effect became evident for non-

yeasted re-engineered dough systems as well as wheat dough systems containing a higher 

water level, the accessibility and the hydration level of starch are held responsible for this 

effect. Together with the abovementioned observations of a negligible impact of chemical 

stressors on the onset of the starch gelatinization process, the effect of chemical stressors is 

considered as minor compared to the microstructural changes induced by mechanical 

intervention due to the release of CO2 into the dough matrix.  

To summarize, gaseous CO2 is suspected to represent the main factor influencing the course 

of the dough matrix during the baking process, as it affects the accessibility and, consequently, 

the hydration of starch. The improved accessibility of starch is hypothesized to result in an 

earlier onset of starch gelatinization. In contrast, gluten polymerization was shown to be limited 

due to the reduced availability of proximate reaction partners. The origin of these effects is 

assumed to be related to the microstructure of wheat dough after proofing. As the composition 

of the gas cell-surrounding matrix changes during proofing (David Grenier et al., 2021), a 

cascade of different processes is initiated. Initially, the extension of the gas cell-surrounding 

lamella causes starch depletion in the lamella. The resulting clustering of starch in the nodes 
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will likely enable higher accessibility of starch granules for hydration. This higher hydration 

level of the starch granules might explain the earlier solidification of yeasted wheat dough, as 

the hydration level is a decisive factor for the progression of starch gelatinization. A degraded 

protein network could additionally serve as an accelerator for starch gelatinization. 

Comparable effects have been observed for undeveloped dough (Campos et al., 1997) and in 

re-engineered starch–gluten–systems (Alpers et al., 2024; Eliasson, 1983; Jekle et al., 2016). 

Besides its impact on the course of the starch gelatinization process, CO2 interfered with the 

gluten polymerization. This was related to the growth of the gas cells, which causes the 

decrease of the proximity of gluten proteins and, thus, the extent of heat-induced protein 

polymerization to be limited in yeasted wheat doughs. Also other researchers have already 

employed the limited availability of reaction partners to explain limitations in the polymerization 

of gluten proteins (Verbauwhede et al., 2020).  

Consequences of the altered course and extent of starch gelatinization and gluten 

polymerization were shown to alter the extensional flow behavior of wheat dough along the 

baking process. Within this work, a general elucidation of the polymer transition processes 

being relevant for changes in the SH behavior of the wheat dough matrix during baking was 

carried out. The SHI generally increased for temperatures ranging from 30 °C to 50 °C. Due to 

the weakening hydrogen bonds (Verbauwhede et al., 2020), an increase in protein-protein 

interactions is induced, leading to a lower ability for extension. Georget and Belton (2006) 

further observed the irreversible formation of β-sheets for hydrothermal treatment at 35 °C – 

45 °C, suggesting a hardening of the structure and a reduced extensibility. Above 50 °C, a 

decrease in the SHI can then be observed for wheat dough. This can be linked to the 

reinforcing role of starch granules in the polymeric gluten matrix, which diminishes when 

gelatinization sets in and pasting is induced (S. Wang et al., 2016). Additionally, the extent of 

the Payne effect could further contribute to the decreasing SH behavior. In general, smaller 

particles have also a higher reinforcing effect on particle-filled polymeric systems due to their 

higher specific surface area (Warasitthinon et al., 2019). Thus, the reinforcing effect of starch 

on the particle-filled gluten matrix decreases during baking as starch granules swell. 

Furthermore, it was observed that an increasing temperature decreases the extent of the 

Payne effect (Mujtaba et al., 2012). Therefore, the decreasing Payne effect might also 

contribute to the decrease of the SHI above 50 °C. 

The SHI increased during the latter baking phase, when the dough matrix was heated above 

70 °C. A connection with the onset temperature of the gluten protein polymerization (Schofield 

et al., 1983) is suspected. Besides an increased crosslinking of glutenins via disulfide bonds 

(Lagrain et al., 2005; Schofield et al., 1983), an irreversible increase of intermolecular β-sheets 

is known to occur above 75 °C (Georget & Belton, 2006). These conformational changes serve 

as an explanation for an increased SHI above 70 °C (Alpers et al., 2023). Additionally, an 

increasing chain length of the polymers is also known to increase the emergence of the Payne 

effect, as shown by Sarvestani using a numerical approach (Sarvestani, 2016). At the same 

time, branching was reported to resemble an essential prerequisite for enhanced SH (Hepperle 
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& Münstedt, 2006). Thus, the increasing branching of the gluten proteins explains the increase 

of the SHI with increasing protein polymerization in a direct and indirect manner via the 

reinforcement of the Payne effect. Interestingly, the increase of the SHI above 70 °C is more 

abundant in yeasted dough systems, presumably caused by the mechanical stretching of the 

network. Thus, CO2 as a mechanical stressor also majorly shapes the thermal dependency of 

the SH ability of the wheat dough matrix during baking. Remarkably, the extent of SH was not 

affected by the abovementioned reduced protein connectivity observed on a molecular and 

microstructural length scale. Thus, the self-enforcing nature of the yeasted wheat dough matrix 

can compensate for this degradation. In terms of the behavior of the wheat dough matrix during 

processing, the enhanced SH occurring for yeasted dough was shown to terminate oven rise 

prematurely around 60 °C when compared to non-yeasted wheat dough systems. 

In conclusion, the above-stated hypothesis can be confirmed by deliberating a yeast-induced 

modification of the polymeric structures in wheat dough to alter the thermally induced polymer 

transition processes. However, chemical stressors were again found to have only a minor 

influence on the course of the solidification process. Instead, indirect steric effects, induced by 

the mechanical expansion of the wheat dough matrix due to the expansion of gas cells, were 

shown to determine the onset and extent of polymer transition processes in the yeasted wheat 

dough. Nevertheless, the extent of SH was mainly driven by the system’s gas void fraction 

rather than yeast-induced differences in the solidification behavior of the wheat dough matrix.  
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5 Outlook 

The initial question of this work was to identify the impact of individual yeast metabolites on 

the structure and functionality of the wheat dough matrix. Within this scope, gaseous CO2 was 

identified as the most relevant metabolite due to its effect on the structure and processibility of 

wheat dough. Despite its disruptive impact on the protein’s structure on a molecular- and 

microscopic length scale, the dough matrix-stabilizing strain hardening behavior increased due 

to the pre-extension of gluten strands around the growing gas cells. As discussed earlier, the 

structural origin of the discrepancy between a less branched protein network and the 

occurrence of SH at an increased degree was not resolved within this thesis. Thus, further 

elucidation should be fostered. This research question could be further accompanied by 

additional investigations of the potential limitations of this “pre-stabilization” by pre-extension 

of the gluten strands. Following this approach, an identification of the ideal extent of structural 

stabilization by extension resulting in strain hardening on the one hand and, on the other hand, 

structural breakdown due to overextension of gluten strands on a molecular length scale could 

be reached.  

New promising insights could also be gained by resolving the spatial distribution of yeast 

metabolites in the dough matrix. Further research could be inspired by Huen at el.’s approach, 

who applied confocal Raman microscopy to frozen wheat dough to study the microstructure of 

frozen bread dough (Huen et al., 2014). Shifting the focus from the author’s objective to 

analyze the spatial distribution of dough components (ice, starch, gluten, and yeast) to the 

localization of individual yeast metabolites could help to identify their impact on wheat dough 

polymers. By resolving the spatial distribution of yeast metabolites in the fermenting wheat 

dough matrix, structural effects on the dough’s polymers could be resolved with spatial 

resolution. Linking this approach, e.g., with the spectroscopic assessment of the gluten 

conformation in dependency of the exposure to yeast metabolites, could pave the way to an 

in-depth understanding of the origin of structural and functional changes in the wheat dough 

matrix. 

Aside from the need to clarify the observed changes on a molecular length scale, a closer look 

should be taken at the kinetics of the yeast metabolite formation. The strain rate dependency 

of SH indicates a need for consecutive research in this direction. Increased matrix stability 

could be expected for higher CO2 production rates as faster gas formation rates result in a 

faster extension of the wheat dough matrix, leading to an enhanced SH (Alpers et al., 2021). 

Promising indications for the existence of a relation between the CO2 formation rate and the 

gas retention capacity can be found in the literature. For example, Verheyen and Verheyen et 

al. reported the total gas volume in the wheat dough matrix to increase linearly with the CO2 

formation rate using an increasing amount of chemical leavening agents and, interestingly, 

increasing amounts of CO2 to be stabilized in the dough matrix (Verheyen, 2016; Verheyen et 

al., 2016). This macroscopic trend was valid regardless of any potential destabilization on a 

molecular length scale. Also, the results of Rezaei et al. (2014) indicate the existence of such 
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a self-enforcing effect of the dough matrix upon high gas formation rates. The authors analyzed 

the effect of the gas formation rate on the gas retention capacity of wheat dough using 

S. cerevisiae harvested at different physiological phases. As expected, a negative linear 

correlation was observed between the maximum gas formation rate and the time of porosity 

(Tx) during proofing. For low and intermediate gas formation rates, a linear relation was also 

observed between the maximum gas formation rate, the lost amount of CO2, and the maximum 

dough height (Rezaei et al., 2014). A detailed analysis revealed that the linear relation was 

interrupted at the highest gas formation rates. However, limited interpretability is given due to 

the origin of the yeast cells employed for fermentation from different physiological growth 

phases, as, due to this circumstance, the CO2 formation rate and the concentration of 

secondary yeast metabolites varies. Thus, a final relation of the CO2 production rate to the gas 

retention capacity cannot be deduced from this dataset. Like Rezaei et al. (2014), Verheyen 

et al. (2015) modulate the gas formation rate in wheat dough by yeast cell count per 100 g 

flour. From this data, an exponential decay can be observed for the dependency of Tx on the 

CO2 production rate, likewise indicating the occurrence of a potential stabilization mechanism 

at high CO2 formation rates. Furthermore, Verheyen et al. (2015) report a favorable effect of 

shorter fermentation periods on the specific bread volume. However, potential relations 

between the protein conformation and, consequently, the extent of strain hardening remain to 

be investigated. Taking all these indicators into account, a detailed study of the effect of the 

extension rate on the strain hardening behavior of wheat dough would be recommended. 

Applications of this study’s outcomes could be given regarding the transition towards lower 

protein contents in German wheat flour, which could induce a development towards wheat 

flour doughs with limited gas retention potential. Enhancing strain hardening to compensate 

for protein networks with reduced connectivity could be a promising approach to enhance the 

processability of weak wheat flours.  

Limitations towards elucidating the relation between the CO2 formation rate and the extent of 

SH are currently given due to the intrinsic link of the CO2 formation rate to the concentration of 

the biological or the chemical leavening agent in the wheat dough matrix. Thus, a model 

system could reduce the complexity. A promising approach is seen when applying Rheo-FT-

IR, as conducted by Wellner et al. (2005), who elucidated the effect of extension on the protein 

conformation. This approach could give insights into the impact of the applied strain rate on 

the changes occurring in the secondary protein structure upon extension. Regarding industrial 

application, the benefits of the potential usage of non-conventional yeast strains could be 

explored. S. cerevisiae strains have already been selected due to their potential to form high 

amounts of CO2 in a short time (Birch et al., 2013). However, research mainly focused on the 

total amount of CO2 produced rather than the kinetics of CO2 formation when screening non-

conventional yeast strains (Bell et al., 2001; Timmermans et al., 2023), despite marked 

differences in the CO2 formation rate are already well documented for non-conventional yeast 

strains (Aslankoohi et al., 2016; Zhou et al., 2017). Hence, great potential resides in studying 

non-conventional yeast strain’s ability to form CO2 at higher kinetics.  
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Looking beyond the relation of gas retention capacity and the structure of the gluten matrix, 

the impact of yeast metabolites on the stabilization of gas cells by liquid thin films should also 

be considered. This way of gas cell stabilization is of particular interest after longer 

fermentation times when defects in the gluten network occur. Under these circumstances, the 

stabilization of the gas cells is not just supported by the existence of the 3D gluten network but 

is increasingly dependent on alternative foam stabilization mechanisms. In this regard, Sroan 

et al. (2009) highlighted the existence of thin liquid films around the gas cells, which are 

stabilized by substances with interfacial activity. Following this line of thinking, another follow-

up research question occurs when considering the impact of yeast fermentation on the 

capacity of the dough matrix to stabilize gas cells with thin liquid films. This capacity could be 

expected to be affected due to (i) the release of surface-active yeast metabolites into the dough 

matrix or (ii) the effect of yeast metabolites on the solubility of conformation of endogenous 

surfactants in the wheat dough. Initial work in this field has been conducted by Song et al. 

(2024). The authors investigated the effect of yeast or sourdough fermentation on the 

interfacial activity of dough liquor. This liquid, extracted by ultracentrifugation of wheat dough, 

is assumed to resemble the liquid of the thin liquid film surrounding lamella. In a mixed wheat-

buckwheat system, yeast fermentation did not affect the properties of the dough liquor, which 

was characterized by surface hydrophobicity, foaming properties, and absorption kinetics at 

the air-water interface (Song et al., 2024). Thus, it can be concluded that no surface active 

substances were released or formed during yeast fermentation using conventional 

S. cerevisiae. Regardless of these findings, a potential effect of single yeast metabolites in 

superior quantities as released by non-conventional processing conditions or yeast strains 

cannot yet be excluded. Further research would be needed to support this hypothesis. In this 

regard, applying spectroscopic methods focusing on the air-water interface, such as Infrared 

Reflection-Absorption Spectroscopy, could be considered beneficial (e.g., as shown earlier for 

the case of antibodies (Koepf et al., 2018)). Consequently, the potential effects of yeast 

metabolites on the secondary structure of soluble wheat proteins at the air-water interface 

could be elucidated and related to a potential effect on foam stability. Given the successful 

identification of either stabilization mechanism, such an alternative foam stabilization 

mechanism could be beneficial to compensate for an increased gluten strand rupturing (e.g., 

due to higher CO2 formation rates or quantities) or adverse wheat qualities (e.g., low protein 

and gluten contents). This could contribute to the potential elucidation of alternative 

fermentation parameters tailored to improve the foam stabilization during the proofing and 

baking step. 
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