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demand the greatest mastery of food science and technology 
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Summary 

People with gluten-related indispositions depend on the availability of alternative food 

products, which in the case of bread still have major quality deficits. In starch-based dough 

systems, the entrapment and stabilization of gas bubbles present central challenges for gaining 

bread with high volume and fine pores. Thus, the goal of this thesis was to identify mechanisms 

of foam stabilization in the gluten-free system and to increase the level of aeration.  

Initially, the suitability of different food aeration techniques was reviewed. In particular, the 

current heterogeneity of mixing parameters for gluten-free dough production seemed 

problematic and advantages of mechanical aeration similar to cake batter whipping became 

apparent. Moreover, centrifugation was identified as a suitable method for determining the gas-

free dough density, which is a prerequisite for assessing the level of gas entrapment. Successful 

biological aeration depends on the ability of yeast strains to survive in specific gluten-free media 

and the availability of substrates for gas production.  

In search of new raw materials for gluten-free bread, a previously developed fractionation 

process was used to obtain a white flour without bran components from the pseudocereal, 

quinoa. An exchange of rice and corn flour by this milling product strongly increased the gas 

input during fermentation. The activity of glucosidase in quinoa white flour significantly 

exceeded the one of rice and corn flour resulting in a higher availability of substrates for yeast 

fermentation. In addition to 33% volume increase, the use of quinoa white flour enhanced the 

gas retention, reduced the crumb hardness and improved the bread colouring, all of which was 

related to the removal of the bran.  

Moreover, quinoa flour without bran almost doubled the gas inclusion during mixing and 

considerably facilitated bubble stabilization. The availability of this recipe with superior gas 

retention also provided the basis for consecutive mixing trials. The latter were performed 

without yeast by varying processing parameters and water content to maximize mechanical 

aeration independently from the yeast metabolism. By exchanging the dough hook by a wire 

whip together with an increase of the mixing speed from 200-420 rpm, 60% (rel.) more gas was 

entrained into the dough. The water content only affected dough viscosity, energy input and 

temperature, but not the level of aeration during mixing. A strong relation between energy input 

and dough temperature was established (R² = 0.98). In the next trials, yeast fermentation and 

baking enabled an evaluation of the effect of mechanical aeration on the final bread porosity. 

However, dough temperature variations superimposed the impact of processing parameters or 

medium properties, by directly influencing yeast activity and, in turn, bread volume (R² = 0.88). 

Thus, it was important to become independent from the substrate availability of ingredients and 

the energy input during mixing. A method for standardizing the biological aeration was 

developed.  
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As a result the specific bread volume was raised by 18% only through the improved mechanical 

aeration, when exchanging the dough hook by a wire whip and increasing the mixing speed.   

Currently, the huge variety of recipes used by industries and researchers makes it difficult to 

compare and generalize obtained results. Therefore, the final research focus was on the 

identification of rheological properties that promote bubble stabilization throughout mixing, 

proofing and baking. A fundamental rheological program was established to simulate the 

prevailing temperature and shear conditions during dough processing and baking in a 

rotational rheometer. Flour type, water and hydrocolloid (HPMC) content were varied to obtain 

a broad range of viscosities (15–750 Pa s). These data were correlated with the gas volume 

fraction of doughs (3-21%) and the bread densities (0.42-0.21 g/ml). The best results for volume 

and pore structure were obtained with quinoa white flour or refined rice flour and 2% HPMC. 

Shear-thinning promoted gas entrapment and was more relevant for the mechanical aeration 

(R² = 0.74) than the absolute viscosity. As hypothesized, a higher viscosity during fermentation 

and the end of baking, the higher the bread volume (R² = 0.72) and smaller the pores (R² = 0.68), 

respectively.  

In summary, successful methods to increase mechanical and biological aeration of gluten-free 

bread were developed and valuable insights into foam stabilization mechanisms were revealed. 

By combining the novel aeration method with the right choice of functional ingredients, the 

level of aeration was elevated to the one of wheat pan bread. For future studies, gas bubbles in 

dough should be monitored via µCT and the headspace atmosphere during mixing should 

modified. Based on promising preliminary data these techniques might further complement the 

valuable findings of the present thesis. 
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Zusammenfassung 

Personen mit einer Sensitivität gegenüber glutenhaltigen Nahrungsmitteln sind von der 

Verfügbarkeit von alternativen Produkten abhängig. Diese weisen besonders im Fall von Brot 

noch immer deutliche Qualitätsdefizite auf. In stärkebasierten Teigsystemen stellen der 

Gaseintrag und die Stabilisierung von Gasblasen zentrale Herausforderungen dar, um Brot mit 

hohem Volumen und feiner Porung zu erhalten. Daher war es Ziel dieser Arbeit Mechanismen 

der Schaumstabilisierung in glutenfreien Teigen aufzuklären und den Gaseintrag zu erhöhen. 

Anfangs wurde die Eignung von verschiedenen Methoden des Gaseintrags in Lebensmittel 

evaluiert. Speziell die aktuelle Heterogenität von Mixparametern schien bei glutenfreien Broten 

problematisch und die Vorteile eines mechanischen Gaseintrags, ähnlich des Aufschlagens von 

Kuchenteig wurden deutlich. Darüber hinaus wurde die Zentrifugation als geeignete Methode 

identifiziert um die gasfreie Teigdichte zu bestimmen, was eine Voraussetzung für die 

Bewertung des Gaseintrags darstellt. Eine erfolgreiche biologische Lockerung hängt zum einen 

von der Fähigkeit von Hefestämmen ab in spezifischen glutenfreien Medien zu überleben und 

zum anderen von der Verfügbarkeit der Substraten für die Gasproduktion. 

Der Austausch von Reis- und Maismehl durch Mahlprodukte mit höherer Verfügbarkeit an 

Hefesubstraten, wie Quinoamehl, führte daher zu deutlich mehr Gaseintrag während der 

Fermentation. Die Aktivität von Glukosidase war in Quinoa signifikant höher als in Reis- und 

Maismehl. Zusätzlich zu 33% Volumensteigerung, förderte der Einsatz dieser fraktionierten 

Pseudocerealie die Gasrückhaltung, verminderte die Krumenhärte und verbesserte die Färbung 

der Brote. Alle Effekte hingen mit dem Entfernen der Kleie zusammen. 

Des Weiteren bewirkte Quinoamehl ohne Kleie einen nahezu verdoppelten Gaseintrag 

während des Mixens und erleichterte die Gasblasenstabilisierung. Dieses Rezept mit hoher 

Gasrückhaltefähigkeit stellte die Basis für nachfolgende Aufschlagversuche dar. Die Versuche 

wurden ohne Hefe mit verschiedenen Prozesseinstellungen und Wassermengen durchgeführt 

um den mechanischen Gaseintrag unabhängig von der Hefeaktivität zu maximieren. Durch den 

Austausch des Knethakens durch einen Schneebesen und eine Erhöhung der 

Mixgeschwindigkeit von 200-420 rpm wurde 60% (rel.) mehr Gas in den Teig eingeschlagen. 

Der Wassergehalt beeinflusste die Viskosität, den Energieeintrag und die Temperatur, aber 

nicht den Gaseintrag beim Mixen. Es zeigte sich eine starke Abhängigkeit zwischen 

Energieeintrag und Teigtemperatur (R² = 0.98). In den folgenden Versuchen wurde im 

Anschluss an die Fermentation mit Hefe und den Backprozess der Einfluss des mechanischen 

Gaseintrags auf die finale Brotporung analysiert. Allerdings überlagerten die Variationen der 

Teigtemperatur die Effekte der Prozessparameter und Medieneigenschaften. Die 

Teigtemperatur hatte einen direkten Einfluss auf die Hefeaktivität und folglich auf das 

Brotvolumen (R² = 0.88).  
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Daher war es wichtig von der Substratverfügbarkeit der Inhaltsstoffe und dem Energieeintrag 

während des Mixens unabhängig zu werden. Es wurde eine Methode entwickelt um den 

biologischen Gaseintrag zu standardisieren. Als Ergebnis wurde alleine durch den verbesserten 

mechanischen Gaseintrag, mittels Austausch von Knethaken gegen Schneebesen und 

schnellerem Mixen, das spezifische Brotvolumen um 18% erhöht. 

Aktuell behindern die weitreichenden Rezeptvariationen, welche von der Industrie und 

Forschern verwendet werden, die Übertragbarkeit und Allgemeingültigkeit von Ergebnissen 

bei glutenfreien Broten. Daher lag der finale Forschungsfokus auf der Identifizierung von 

rheologischen Eigenschaften, welche die Stabilisierung von Gasblasen während Mixen, 

Fermentation und Backen unterstützen. Ein fundamentales rheologisches Programm wurde 

entwickelt um die Temperatur- und Scherbedingungen, welche bei der Teigverarbeitung und 

dem Backen vorherrschen in einem Rotationsrheometer zu simulieren. Die Art des Mehles, 

sowie der Gehalt an Wasser und Hydrokolloid (HPMC) wurden variiert, um eine große 

Bandbreite an Viskositäten zu erhalten (15–750 Pa s). Diese Daten wurden mit dem 

Gasvolumenanteil der Teige (3-21%) und den Brotdichten (0.42-0.21 g/ml) korreliert. Die besten 

Ergebnisse bezüglich Volumen und Porung wurden mit Quinoaweißmehl oder raffiniertem 

Reismehl und 2% HPMC erhalten. Die Scherverdünnung der Teige förderte den Gaseintrag und 

war für den Erfolg beim Aufschlagen von größerer Bedeutung als die absolute Viskosität. Je 

höher die Viskosität während Fermentation und am Ende des Backprozesses war, desto höher 

war das Volumen der Brote (R² = 0.72) und desto kleiner waren die Poren (R² = 0.68).  

Zusammenfassend wurden erfolgreiche Methoden entwickelt um den mechanischen und 

biologischen Gaseintrag in glutenfreie Teigsysteme zu erhöhen und es wurden wertvolle 

Einblicke in die Mechanismen zur Schaumstabilisierung aufgedeckt. Durch die Kombination 

aus einem neuartigen Aufschlagprozess zusammen mit der richtigen Auswahl an funktionellen 

Inhaltsstoffen wurde das Volumen der glutenfreien Brote auf den Level von 

Weizenkastenbroten angehoben. Für zukünftige Untersuchungen, sollten die Gasblasen im Teig 

mittels µCT untersucht werden und die Atmosphäre im Kopfraum des Mixers sollte modifiziert 

werden. Basierend auf vielversprechenden Vorversuchen könnten diese Techniken die 

wertvollen Erkenntnisse dieser Arbeit ergänzen.  
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1 Introduction 

The size of the gluten-free packaged food market is expected to continue growing with a 

compound annual growth rate of 8.9% from 2016 to 2020 (Euromonitor, 2017). This trend reflects 

the steadily rising demand of gluten-free products, of which bread constitutes to over 33% of 

the global sales (Euromonitor, 2017). Thus, the development of innovative strategies for the 

improvement of current product deficits presents an important research topic. Indeed, also the 

number of publications in the area of gluten-free bread making has substantially increased in 

recent years (Figure 1). Gas entrapment and stabilization are among the most critical challenges 

for the production of gluten-free bread. Without a viscoelastic protein network, the retention of 

gas bubbles is strongly impaired. Consequently, the products often suffer from lower volume 

and irregular pores, when compared to wheat pan bread. The present study aimed at improving 

these features by means of ingredient and processing innovations as well as by new insights 

into gas stabilization mechanisms of starch-based cereal foams. 

 
Figure 1. Development of annual gluten-free research publications. The graph presents the number of publications 

on gluten-free bread making per year that were found by searching journal articles containing “gluten-free” in title, 

abstract or key words within the scientific platform, sciencedirect.com.  

In the following chapters the reasons for choosing a gluten-free diet are discussed prior to a 

presentation of processing challenges and current deficits of gluten-free bread, in particular 

regarding its porosity. A subsequent evaluation of the functionality of ingredients focuses on 

the recipes used in this study and merges with an outline of medium properties relevant for gas 

stabilization. Finally, the thesis outline is presented. 

1.1 Disorders related to cereal consumption 

Typically, people choose gluten-free to improve their health and well-being. Unfortunately, a 

considerable disconcertion prevails in the population regarding the benefits of gluten-free 

nutrition. In his popular book “Wheat Belly” from 2011, William Davis relates widespread 

diseases, like obesity, to wheat consumption. A gluten-free diet has been connected to weight-

loss, despite the fact that respective products typically contain more lipids and carbohydrates 

(Hager et al. 2011). In some cases wheat has been blamed for illnesses without scientific proof, 

creating a mostly irrational fear of gluten (Jones 2012).  
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In fact, wheat contributes to a healthy diet, since it is rich in B-vitamins, minerals and trace 

elements (Belitz et al. 2001). Thus, for the majority of the population the benefits of a cereal-free 

diet are questionable.  

Nevertheless, there are evidently several diseases with mild to severe manifestations, for which 

a gluten-free diet is the only effective treatment. A distinct diagnosis is often problematic 

because of many overlapping symptoms and gaps in knowledge. However, in recent years, 

research has contributed significant new insights into prevalence, diagnosis and 

pathomechanisms that are summarized in the following section.  

Celiac disease, gluten ataxia and dermatitis herpetiformis 

In patients with celiac disease (CD), the consumption of gluten triggers chronic inflammation 

of the small intestine through an autoimmune reaction (Feighery 1999). The high content in 

proline and glutamine impairs the enzymatic digestibility of gluten. In a healthy individual, this 

merely affects the bioavailability, but in case of a reduced barrier function of the small intestine, 

gluten peptides are able to reach the lamina propria. The initial absorption of gluten peptides is 

not completely understood, yet (Wieser et al. 2014). Figure 2 summarizes the pathomechanism 

of coeliac disease. Ultimately, the gluten uptake may lead to an autoimmune response involving 

epithelial apoptosis and substantial reduction of the mucosal surface (Compilato et al. 2010). In 

turn, an impaired absorption of essential nutrients can lay the foundation for a wide variety of 

symptoms and nearly four-fold higher mortality (Rubio–Tapia et al. 2009, West et al. 2004). In 

addition to gastrointestinal problems, such as diarrhea, vomiting and bloating, the deficient 

uptake of e.g. iron and calcium can cause anemia, osteoporosis and dental defects (Fasano and 

Catassi 2012). 

CD is a multifactorial disease strongly correlating to the expression of genes coding for HLA-

DG (Wieser et al. 2014). This explains the ten-times elevated prevalence of CD in first-degree 

relatives. While 30% of the general population have the necessary genes, which can be identified 

with HLA-DQ markers, this predisposition is not sufficient to cause CD. Several other factors 

contribute to the onset of the disease, such as the age and dose at the initial introduction of 

infants to gluten and the overall health condition (Norris et al. 2005, Stene et al. 2006). 

Historically, CD, which is also known as sprue, was thought to especially occur during 

childhood (Gee et al. 1888). Today, the prevalence in adults has risen, giving an overall 

prevalence of 1:160 for all ages, but with a higher ratio for women (Biagi et al. 2010). According 

to the iceberg model, first drafted by Logan in 1992, only a very small proportion of patients, 

the tip of the iceberg, have been diagnosed with CD, while the majority remain undiagnosed, 

partly, due to absent or uncommon symptoms. Both, glutenin and gliadin molecules were found 

to trigger CD, but several gaps in knowledge exist regarding single peptide sequences and their 

activities (Wieser et al. 2014).  



Aeration of gluten-free dough  Introduction 

 

7 

Rubio-Tapia et al. (2009) analyzed celiac markers in over fifty year old blood samples, revealing 

that the rate of undiagnosed CD has then been only 0.2%, which indicates a four-fold increase 

until today. Consequently, also a future accumulation of cases is likely. 

 

Figure 2. Pathomechanism of coeliac disease. (1) Dietary gluten entering the intestinal lumen is partly digested by 

proteases. Resulting gliadin peptides cannot enter a healthy mucosa. Only when zonulin production is triggered 

through gliadin or an activated immune system, tight junctions are degraded (2) and gliadin peptides reach the 

submucosa (3). Here, tissue transglutaminase 2 (TG2) deamidates the peptide (4), which increases its affinity towards 

human leukocyte antigens (HLA) on top of antigen presenting cells (APC) (5). Specific HLA-DQ requires a genetic 

disposition. APCs activate CD4+ T cells with fitting receptors, which in turn produce cytokines and trigger an innate 

immune response (6) that may lead to cell damage (7). (Fasano 2009, Gujral et al. 2012; Wieser et al. 2014) 

In addition to intestinal disorders, CD can also occur in other forms. Several less prevalent 

neurological manifestation, including gluten ataxia as well as the cutaneous counterpart, called 

dermatitis herpetiformis, have been diagnosed (Hadjivassiliou et al. , Marks et al. 1966). The 

syndromes of dermatitis herpetiformis comprise skin itching and burning, while in gluten 

ataxia antibodies against gluten attack the cerebellum, affecting muscle coordination (Borroni 

et al. 2013, Hadjivassiliou et al. 2003). Currently no alternative treatment other than a gluten-free 

diet (GFD) is available for celiac disease, gluten ataxia and dermatitis herpetiformis.  

Allergic reactions, irritable bowel syndrome and non-celiac gluten sensitivity 

Food allergies are Type I-hypersensitivity reactions caused by IgE-mediated immune reactions 

to dietary proteins. They are diagnosed by patch/prick tests, serum IgE and exclusion challenge 

(Majamaa et al. 1999). Depending on the diagnosis method, conflicting data on the prevalence 

of wheat/cereal allergies exist, ranging from 0.25-3.6% (Gilissen et al. 2014, Zuidmeer et al. 2008).  
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In theory, every protein is a potential allergen but only a small number of them is responsible 

for the majority of food allergies. Cereal allergies are mostly caused by wheat, wherein the 

allergenic protein may or may not belong to the gluten family (Pulido 2010).  

The antigen, ω5-gliadins from gluten, can trigger wheat-dependent exercise induced 

anaphylaxis, while amylase/trypsin inhibitors (ATIs) are the main cause for baker’s asthma 

(Gómez et al. 1990). Unfortunately, modern breeding methods have drastically increased the 

ATI content in cereals, because of their functionalities as pest and parasite repellants (Brouns et 

al. 2013, Ryan 1990). The high resistance to intestinal digestion and the initiation of autoimmune 

reactions via a toll-like receptor pathway makes the accumulation of ATIs problematic (Junker 

et al. 2012, Schuppan and Zevallos 2015). 

In the cases of irritable bowel syndrome (IBS) and non-celiac gluten sensitivity (NCGS) causal 

relationships are more obscure. Both are comparably widespread gastrointestinal disorders, 

connected with many unresolved questions. While some estimations of the prevalence suggest 

that IBS and NCGS are far more common than CD, a realistic number is not available at present, 

since the majority of cases are undiagnosed and specific biomarkers are missing (Hungin et al. 

2003, Volta et al. 2014). The intestinal symptoms resemble those of CD, comprising abdominal 

pain, bloating and constipation, but without positive endoscopic or serologic test results. In 

addition, gluten-sensitivity has been associated with several neurological disorders, which may 

also occur in the case of CD and gluten ataxia (Lundin and Alaedini 2012). Unfortunately, a 

direct diagnosis is impossible so that only the combination of certain symptoms and the absence 

of other diseases qualify for labeling a condition as IBS or NCGS (Catassi et al. 2015). It is 

challenging to identify toxic substances, since a diet lacking common cereals is not only gluten-

free but also free of compounds causing IBS. Sensitivity to fermentable oligosaccharides, 

disaccharides, monosaccharides and polyols (FODMAPs), the above mentioned ATIs, high 

intake of insoluble dietary fiber, caffeine, yeast and have been named as possible causes for IBS 

(Halmos et al. 2014). For a distinct diagnosis, a gluten-free diet would have to be separately 

supplemented by other suspicious substances. Although the majority of patients relate their 

symptoms to food, there is not always an improvement after changing the diet. For both, IBS 

and NCGS, a gluten-free diet is often recommended, however, with variable success (Pietzak 

2012).  

All of the presented indispositions are usually treated by an exclusion diet. Although the 

prevalence of each disease may be low, in combination numerous people depend on a life-long 

GFD with regular follow-up. In comparison to an average daily uptake of 20 g gluten per day, 

a strict GFD limits this value to 20 mg, corresponding to an estimated one-hundredth of a bread 

slice (Wieser et al. 2014).  
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Gluten is not restricted to bakery products, pasta and cereals; it also serves as a sometimes 

hidden functional additive for water binding, thermosetting, thickening, vitamin binding and 

crispiness for textured meats, ice cream, sauces, cornflakes and coffee creamers (Wieser et al. 

2014). Due to contaminations, high costs and social inconvenience this restriction presents a 

great burden, which can be relieved by improving the current portfolio of gluten-free products.  

1.2 Processing challenges and current deficits of gluten-free bread 

The demand of gluten-free bread has been growing noticeably in recent years, but its production 

is still not trivial. Bakeries that decide to expand their portfolio with gluten-free products, have 

to consider several challenges and limitations. Foremost, the Codex Alimentarius published a 

regulation intended for “…foods for special dietary use for persons intolerant to gluten”, in 

2008. In accordance with EU regulations, the sold food must not exceed a maximum limit of 20 

mg/kg (20 ppm) gluten to be termed “gluten-free”.  

Implementing allergen management and avoiding gluten contamination 

For the labeling of gluten-free products, national organizations provide a purchasable annual 

license for the Crossed Grain symbol. The license is associated with several conditions in terms 

of analytical method, monitoring and certificates by accredited laboratories (Deutsch et al. 2008). 

The current method of choice for standardized gluten detection is the enzyme-linked 

immunoassay (ELISA) sorbent R5 Mendez (Wieser et al. 2014). In addition to the analysis 

method, an exhaustive gluten extraction and a representative reference are of essential 

importance for an accurate quantification (García et al. 2005). Despite big research efforts, it is 

not yet applicable to detect both prolamins and glutelins from all cereals with comparable 

sensitivity. 

To guarantee conformation to the gluten limit, a disciplined allergen management has to 

predominate (Pulido 2010). The risk of gluten contamination has to be avoided during all 

production stages, including cultivation, milling, processing, storage and distribution. For a 

higher degree of segregation, the management of allergens benefits from an implementation of 

a separate processing line or a detached raw material storage (Kelly et al. 2008). The construction 

of new or modified production plants constitutes major investments. As an example, the Swiss 

Jowa AG modified an old plant for €4.6 million to enable packaging of their gluten-free products 

in a clean room (brot+backwaren 2013). Among the most important measures are an extensive 

personnel training, accurate labeling and regular sampling, for instance, with rapid gluten test 

sticks (Deutsch et al. 2008).  

Processing challenges 

In conventional wheat bread, gluten is involved in several fundamental processes: water 

absorption, formation of a viscoelastic network, gas retention and crumb texture formation 

(Goesaert et al. 2005).  
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Without these properties, several processing challenges emerge and the final bread quality 

might be compromised in various aspects. Settings during proofing and baking of gluten-free 

products can resemble conventional ones, so that only few adaptions are necessary at first. 

However, the handling during mixing, molding and transportation cannot be implemented 

without modifications. As discussed in Section 1.3, gluten-free flours typically require higher 

water addition (He and Hoseney 1991).  

The lacking gluten network, high water content and hydrocolloid addition increase stickiness 

and reduce elasticity of the dough so that molding and sheeting are not feasible (Nishita et al. 

1976). Moore et al. (2004) demonstrated that even with the same water content, gluten-free 

dough is noticeably softer than wheat dough. Although this applies to the vast majority of 

recipes, there are exceptions, like recipes containing zein, which allow for better dough 

handling, but only above the glass transition temperature (Lawton 1992). In general, cleaning of 

equipment and surfaces is more time- and cost intensive for gluten-free processes. Thus, direct 

molding after mixing, as is typical for the similarly sticky cake batter, might be favorable to 

reduce cleaning operations. However, no detailed instructions on how to plan a gluten-free 

production line are available, because of the wide range of dough consistencies, depending on 

the specific recipe composition.  

Higher raw material and production costs obviously translate into more costly products. 

Indeed, two studies from 2007 and 2008 revealed that in the U.S. and Canada prices for gluten-

free products were about 240% higher than for their regular counterparts (Lee et al. 2007, Stevens 

and Rashid 2008). Similarly, in a publication from the UK, gluten-free bread was 360% more 

expensive than conventional bread (Singh and Whelan 2011). The long list of ingredients does 

not only increase the costs, it may also convey an unnatural impression for consumers. For 

specialty products with unique selling propositions, higher prices might be acceptable, if the 

quality is sufficient. Confirmative, about 15% of Europeans would pay more for gluten-free food 

(Nielsen, 2016). However, sensoric and textural aspects do not allow for many cutbacks without 

compromising the quality and the current range of gluten-free bread products still displays a 

large variety of deficits. 

Quality deficits of gluten-free bread 

Considering the malnutrition caused by coeliac disease, it becomes obvious that a treatment diet 

should not only exclude gluten, it should also reintroduce nutrients (Hager et al. 2012b). 

Unfortunately, as other restrictive diets, the gluten-free diet is associated with nutritional 

deficits. Even though gluten has a relatively low biological value, wheat is an important source 

for carbohydrates, B vitamins, minerals and trace elements. Moreover, traditional products are 

often enriched with several nutrients, which are often not incorporated into their gluten-free 

counterparts (Thompson 1999). The replacement of wheat flour by pure starch or refined flours 

notably reduces the amount of micronutrients, proteins and fiber (Hager et al. 2012b).  



Aeration of gluten-free dough  Introduction 

 

11 

In combination with the intestinal malnutrition, this accounts for nutrient deficits, even after 

several years of a GFD (Shepherd and Gibson 2013). While nutrients can be easily fortified, this 

does not solve the problem of a higher glycemic index. Since CD is connected to diabetes, the 

higher bioavailability of glucose from starch breads is counter-productive (Berti et al. 2004). 

The high starch content not only causes biofunctional but also technological deficits (Schober 

2009). For the shelf-life of bread, the staling rate is a limiting factor. The specific mechanism of 

staling is yet unknown, but associations to starch retrogradation and water migration from 

crumb to crust are likely (Gray and Bemiller 2003). Higher proportions of starch with less other 

water-binding components seem to enhance and accelerate the mechanism of staling 

(Demirkesen et al. 2013). Even fresh samples of gluten-free bread often appear dry and crumbly. 

The missing gluten-network makes it especially difficult to retain gas bubbles during 

fermentation. He and Hoseney demonstrated in 1991 considerably higher gas release during 

fermentation, proofing and baking of rice and corn dough than for wheat or rye dough. As a 

result, the bread volume is low and the crumb has an irregular pore structure.  

1.3 Functionality of selected ingredients in gluten-free bread 

For the production of gluten-free bread, wheat flour has to be replaced by one or more 

ingredients with similar properties. Selection criteria for raw materials should focus on 

functionality, costs and availability. Additional considerations may address ethical and 

regulatory requirements. When choosing a new ingredient, it might be necessary to revise the 

overall recipe because of interactions with other components. Each additive might affect 

volume, texture, aroma, mouth-feel, storability and nutritive value of the product. To achieve a 

certain quality, a combination of ingredients with different functionalities is required. The 

cheapest ingredient, gas, is fundamental for the aerated foam-like crumb. Starch and water 

enable stabilization of the gas through rheological aspects, thermal gelation and retrogradation. 

Further components and their effects are summarized in Table 1. The following section provides 

an overview on different flours, starches, proteins and hydrocolloids that can be used for gluten-

free bread. 

Gluten-free flours and starches 

While it is difficult to find a suitable alternative for the functional protein of conventional cereal 

flours, it is easier to find alternatives for cereal starches. Starch is the main component of flours, 

and because of its gelatinization and retrogradation properties it is fundamental for structure 

formation during bread production (Abdel-Aal 2009, Witczak et al. 2015). Different grain sizes 

and amylose-amylopectin ratios are mainly responsible for variations in swelling, 

gelatinization, retrogradation and enzyme susceptibility (Jane et al. 1999, Lindeboom et al. 2004). 

Houben et al. (2012) have provided further information on the role of starch in gluten-free bread. 

A huge variety of gluten-free starches is available from different plant sources.  
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Apart from the members of the Triticae, all cereal and non-cereal flours are gluten-free. Other 

suitable sources for gluten-free flours and starches are listed in Table 2.  

Table 1. The functionality of substances involved in gluten-free bread production. The assignments are based on 

interpretations from experiments performed in the curse of this thesis and further inspired by literature data. + 

positive effect, – negative effect. γ: surface tension, TG: transglutaminase. 

compound volume and porosity sensory aspects shelf-life nutrition 
gas     foam structure      
starch     rheology, gelation        staling  
water rheology, hydration     juicy crumb      staling   
protein rheology, γ     browning    
fiber     volume     juicy crumb   
hydrocolloids     rheology, γ      
lipids     γ       staling  
short saccharides     fermentation      browning     
micronutrients/flavors      taste    
acids       taste      microbiology   

enzymes 
    TG: network 
    lipase: γ 
    amylase: fermentation 

    browning      staling  

The pseudocereals buckwheat, amaranth and quinoa produce seeds with a composition that is 

similar to the one of cereals, although they do not belong to the cereal family of Poaceae and are 

safe for a gluten-free diet (Zevallos et al. 2014). Especially amaranth and quinoa, which are both 

members of the Amaranthaceae, are gaining popularity in North America and Europe, because 

of their special nutrient profiles (Alvarez-Jubete et al. 2010a). While quinoa is considered an 

ancient grain in Peru and Chile, its consumption is relatively new in Europe. The Food and 

Agriculture Organization of the United Nations declared 2013 to be the International Year of 

Quinoa because of its praised nutritious qualities as well as its ability to grow in harsh 

environments. However, controversial political debates have emerged because the recent 

production has not been able to meet the demand, so that the world prices for quinoa have 

increased dramatically (Parker-Gibson 2015, Small 2013). An expansion of the cultivation region 

and sustainable methods might improve the future supply and make quinoa more affordable 

for lower-income communities (Graf et al. 2015). 

In many aspects, the amino acid, lipid and micronutrient profiles of quinoa surpass the ones of 

traditional cereals, including the most popular gluten-free flours from rice or corn (Hager et al. 

2012b, Alvarez-Jubete et al. 2010a, Schoenlechner et al. 2010). In addition, more and more studies 

about the beneficial effect of secondary metabolites in quinoa, such as triterpenoids, phenolics 

and betalains, emerge (De Carvalho et al. 2014, Farinazzi-Machado et al. 2012, Zevallos et al. 

2014).  
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Table 2. Sources for gluten-free flours and starches. Members of the Triticeae tribe can induce gluten related 

indispositions (), while their extracted starches may be gluten-free () - depending on their purity.  

cereals pseudocereals tubers legumes others 
 rye 

Triticae 
 buckwheat  cassava  soy  chestnut 

 barley  amarant  potato  chickpea  tigernut 

 wheat  quinoa  yam  pea  chia 

 oat  sorghum 

  

 carob 

 
 rice  millet  

 corn  teff  

However, bitter saponins in the pericarp, which serve as valuable predator protection, have to 

be removed by abrasion and /or washing before consumption (Prego et al. 1998). In comparison 

to a mechanical removal, washing poses the problem of excessive water usage and pollution 

and requires sufficient drying to provide microbial safety (Small 2013). The concentration of 

saponins can range from 0.03-1.1 g/100 g for sweet varieties and up to 1.4 g/100 g in bitter types 

(Taylor and Parker 2002). Apart from the bitterness, saponins can have positive and negative 

physiological effects. Although featuring antiviral, anticancer and antithrombic activities, they 

also impair the absorption of iron through complex formation and may be responsible for 

hemolytic reactions (Zevallos et al. 2014). As shown in Figure 3, the fruit color of quinoa varies 

broadly. Surrounded by the embryo, the perisperm forms the starchy center. Cereal grains, in 

contrast, store starch in their endosperm. The weight of the embryo is about 35-40% of the seed 

weight and contains nearly all of the proteins, lipids and minerals (Föste et al. 2015, Chauhan. et 

al. 1992) 

             

Figure 3. Quinoa plants and grain structure. (a) Chenopodium quinoa plants with varying fruit colors (Graf et al. 2015). 

(b) Longitudinal section of a Chenopodium quinoa grain. PE: pericarp, H: hypocotyl radicle axis, C: cotyledons, EN: 

endosperm, F: funicle, P: perisperm, PE: pericarp, R: radicle, SA: shoot apex, SC: seed coat. Bar = 500 µm (Prego et al. 

1998). (c) Fractionation of quinoa into white flour and bran by milling fractionation. 

Despite of the high popularity of quinoa, only very few publications have analyzed its baking 

performance. First results were promising, when potato starch was exchanged by quinoa flour, 

since a slight volume increase was observed without compromised acceptability (Alvarez-

Jubete et al. 2010b). Nevertheless, the volume of gluten-free bread with quinoa flour is 

significantly lower than the volume of wheat bread.  

(a) (b) 
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Insufficient aeration and an undesirable pea-like aroma were the main challenges for increasing 

the content of quinoa in gluten-free bread (Burešová et al. 2014, Hager et al. 2012a, Rosell et al. 

2009). While the typically used rice or corn flour may also cause strong deviations from 

traditional bread aroma profiles, they are mostly less intense. Thus, Wolter et al. (2014a,b) 

attempted to create a more pleasant aroma profile by fermenting quinoa dough with lactobacilli, 

however, without success. Subsequently, Axel et al. (2015) revealed that a specific quinoa 

sourdough had antifungal activity and slightly improved the overall gluten-free bread quality, 

but the volume was below the one of wheat bread. The acceptability of the bread was not 

addressed. In comparison to other gluten-free flowers, slower staling was observed and 

attributed to the low amylose content in quinoa flour (Hager et al. 2012a). 

Apart from lactobacilli fermentation, the only other pretreatment that has been evaluated to 

improve the baking performance of quinoa, is milling fractionation. Föste et al. (2015) 

successfully optimized parameters during conditioning, roller milling and sieving to separate 

the seed tissues. In a consecutive study, the resulting quinoa bran, with high protein, lipid and 

mineral content was added to gluten-free dough, to improve the nutritional value (Föste et al. 

2014). Similar to other fibers, increasing amounts of quinoa bran reduced the bread volume, but 

at 10% addition, all quality attributes were positively influenced. Milling fractionation provides 

several advantages:  

 the functionality of separate seed tissues can be analyzed, 

 saponins can be removed without the requirement of preliminary washing and drying, 

 lipids can be removed, which improves the oxidative stability and  

 the flour composition can be standardized to compensate raw material fluctuations. 

Thus, this study analyzes the baking performance of the promising novel ingredient, quinoa 

white flour, for the first time. Flours and starches provide the basis of the bread recipe, which is 

further complemented by water, yeast and salt. Moreover, additives, such hydrocolloids, are 

essential to achieve an acceptable product.  

Hydrocolloids as functional additives 

Hydrocolloids are hydrophilic polysaccharides or proteins, which increase the viscosity of a 

solution (BeMiller 2009). This definition may overlap with dietary fiber, a group of substances 

resisting human digestion. Dietary fiber comprises soluble plant parts, such as inulin or agar 

and insoluble components like lignin or xanthan. A health promoting effect can derive from 

prebiotic or bulking actions. Fiber is naturally abundant in many plant materials, such as bran 

or pomace. While the latter are typically added to gluten-free bread to improve the nutritional 

value, the addition is often limited by their negative impact on dough structure and bread 

volume (Föste et al. 2014, Ronda et al. 2015).  
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In contrast to the destabilizing effects of some fibers, comparatively small proportions of certain 

hydrocolloids are able to stabilize gas bubbles without considerably affecting other bread 

attributes (Lazaridou et al. 2007). Depending on their branching index, molecular weight and 

ionic charge, hydrocolloids can strongly influence the dough rheology (BeMiller 2009). 

Examples are gelatin, carrageenan, alginate, tragacanth gum, locust bean gum, guar gum, 

xanthan gum and modified celluloses.  

Big price differences with strong fluctuations exist for food hydrocolloids: gellan is the most 

expensive with ~ $40/kg in comparison to native starches that cost ~ $0.40/kg. The price for 

HPMC has been estimated as ~ $10-12/kg (Wüstenberg 2014). Considering the strong effect and 

small dosage, the price becomes less significant. 

The most frequently used hydrocolloid for gluten-free bread production is hydroxypropyl 

methylcellulose (HPMC, E464), also called hypromellose (Masure et al. 2016). As nonionic 

cellulose ether, it is synthesized from wood pulp or cotton linters by reacting with propylene 

oxide and methyl chloride (Wüstenberg 2014). This yields a more reproducible, uniform and 

well-characterized product than natural alternatives (Bauer et al. 2006). The backbone of the 

HPMC molecule consists of 70-1100 β-D-glucose units with (14)-linkage resulting in a 

molecular weight (MW) of 13,000-200,000 g/mol (Wüstenberg 2014). As shown in Figure 4, the 

free hydroxyl groups are partially substituted by hydroxypropyl and methyl groups through 

ether bridges. The degree of substitution (DS) and the ratio of methoxy to hydroxypropoxy 

groups can be varied. Like other hydrocolloids, HPMC retains water and increases the viscosity 

of solutions. A wide range of viscosities from 3-30,000 mPa s can be obtained by solving 2% 

HPMC in water and the solutions are shear-thinning. With a DS of 1.5-2.0 HPMC is soluble in 

cold water and undergoes reversible thermal gelation (BeMiller 2009). Gelation is thought to be 

facilitated by the dehydration of the molecules with rising temperature, because it enables the 

interaction of hydrophobic methoxy-groups.  

A typically used product for gluten-free bread is Methocel K4M. The designation 4M, indicates 

that this HPMC has a viscosity of 4,000 mPa s, an average MW of 86,000 g/mol and a DS of 1.4 

in 2% concentration in water at 20 °C (information provided by manufacturer). The gelation 

temperature of a 2% HPMC solution is 85 °C, but this value can be reduced to below 50 °C in 

the presence of other solutes. Because of its amphiphilic nature, HPMC strongly decreases the 

surface tension of water to 45-55 mN/m (0.05% at 25°C) (Wüstenberg 2014). With its dominant 

hydrophilic nature and HLB value of 10-12, HPMC is an oil-in-water emulsifier, which can 

gelate at interfaces and increase interface stability. Because it is nonionic, HPMC does not form 

complexes and is stable over a pH range of 2.0-13.0. Thus, this hydrocolloid can be used for the 

creation of foams and emulsions (Bauer et al. 2006, BeMiller 2009). Further information about 

interfacial phenomena is given below. 
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Figure 4. Molecular structure of HPMC (Wüstenberg 2014). 

With 2-4% HPMC, the bread volume increased in various recipes, mostly in parallel to an 

elevated water content (Bárcenas and Rosell 2006, Bárcenas and Rosell 2005, Mariotti et al. 2013, 

Nishita et al. 1976, Sabanis and Tzia 2011, Sivaramakrishnan et al. 2004). In some of these cases, 

also improved bread texture and delayed staling were reported. BeMiller (2011) explained that 

hydrocolloids can influence the onset and extent of starch gelatinization in different ways 

depending on the type of raw materials and on the preparation and evaluation methods. Similar 

to the observed gluten layer around starch granules by Jekle et al. (2016), some gums have been 

shown to completely wrap native starch, so that less swelling and gelatinization occurs 

(Chaisawang and Suphantharika 2006). The complex nature of this interaction is visualized in 

Figure 5, where Kobylañski et al. (2004) demonstrated that rising HPMC levels accelerate T0 at 

low water content, while it has the opposite cause when more water is available. Water retained 

by HPMC might delay the onset of starch gelatinization, but there is no obvious explanation for 

the contrary effect with lower water content. Already in 1976, Nishita et al. compared different 

HPMC types in gluten-free bread based on rice flour. As can be seen from Figure 5, they 

revealed considerable differences depending on the type, concentration and water ratio, with 

the best result obtained for 3% K4M or E4M with 75% water. As for other substances, the 

improvement of bread quality by HPMC addition is limited and for each recipe an optimum 

concentration has to be identified to prevent adverse effects (McCarthy et al. 2005). Nevertheless, 

its well-defined physico-chemical characteristics, including water retention capacity, viscosity 

impact and surface activity, make HPMC an ideal functional additive for gluten-free bread. 

Consequently, it will also be used and studied in the present thesis. 

Because of the broad range of raw materials and additives, also the water addition in gluten-

free bread varies extensively from 50-220% (flour base) (Masure et al. 2016). As a rule, gluten-

free recipes contain more water than their conventional counterparts. In wheat dough, water 

addition is adapted until reaching a target dough resistance. This method compensates 

fluctuations regarding the water retention capacity of raw materials. In contrast, it is largely 

unknown which material properties will provide aspired product characteristics in gluten-free 

bread.  
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Figure 5. Influence of HPMC on starch gelatinization and gluten-free bread. (a) Effect of HPMC and water content 

on starch gelatinization onset T0 in gluten-free dough with corn/cassava starch (3/1), 5% egg white, 5% shortening, 

2% salt and 14% sugar (Kobylañski et al. 2004). (b) Gluten-free bread based on rice flour, 3% yeast, 2% salt, 7.5% 

sucrose, 6% oil and 75% water addition (flour base). First line: 3% addition of different types of HPMC Methocel 

Premium. Second line: Different concentrations of K4M. Third line: Different water concentrations with 3% K4M 

(Adapted from Nishita et al. 1976). 

1.4 Material properties relevant for gas stabilization in gluten-free 

dough 

For an aerated product, incorporated gas bubbles have to be stabilized throughout processing. 

Because of differences in density and chemical potential between gas and other dough 

components, bubbles are unstable and phases tend to separate. Moreover, the gas volume 

increase during fermentation and baking creates radial expansion stress on the matrix 

surrounding the gas bubbles (Menjivar 1990). According to the ideal gas law with the gas 

constant R, heating by dT elevates the volume dV of n gas molecules (N2 from mixing and CO2 

from yeast), assuming constant pressure p (Formula 1).  

d𝑉 =
𝑛 R d𝑇

𝑝
 Formula 1 

The viscoelasticity of wheat dough and the viscosity of cake batter are important factors for 

protecting the bubbles’ integrity. Additionally, during baking, starch gelatinization is crucial for 

obtaining an aerated end product. In contrast, foam stabilization in gluten-free dough requires 

either additional functional ingredients or new processing approaches. It is important to note 

that for traditional and gluten-free dough different mechanisms apply for the stabilization and 

destabilization of bubbles. While for wheat dough the prevailing destabilizing mechanisms are 

coalescence and disproportionation, in the case of cake batter and gluten-free dough buoyancy 

is an additional factor. According to Formula 2, which is based on Stokes’ law, the terminal 

velocity v of a sphere depends on its radius r and density ρs as well as on the fluid density ρf 

and viscosity η, with the gravitational constant g. The fact that the radius contributes to the 

formula in a quadratic way, highlights the importance of the bubble size. Thus, bubble breakup 

during mixing and an increase of the viscosity are obvious strategies to counteract 

destabilization. The production of small bubbles during mixing is the basis for a stable foam. 

(b) 
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𝑣 =
2 g 𝑟2(𝜌𝑠−𝜌𝑓)

9 𝜂
 Formula 2 

Another parameter, which directly influences the bubble stability, is the surface tension γ, as 

can be derived from the Young-Laplace Equation (Formula 3). Despite the fact that smaller radii 

are favorable to prevent buoyancy, they cause higher internal capillary pressure and, in turn, 

higher chemical potential.  

As a result, gas can migrate from small to big cells until the smaller cells disappear. Several 

experiments and simulations, confirmed that the mechanism of disproportionation (Ostwald-

Ripening) is responsible for the transfer of gas between neighboring bubbles (Dickinson et al. 

2002, Dutta et al. 2004, Jang et al. 2005, Kloek et al. 2001). The rate of diffusion depends on the 

solubility, the size of the adjacent bubbles as well as on the bulk and interfacial rheology. 

Especially in the case of gluten-free systems, a more intense evaluation of foam stabilization 

mechanisms is required.  

∆𝑝 = 2 𝛾(𝑟)

𝑟
 Formula 3 

Surface-activity 

The addition of surface-active substances can reduce the tension prevails at the bubbles’ 

interface. Various ingredients with more or less foamability are worth considering: proteins, 

peptides, hydrocolloids, secondary plant metabolites and polar lipids. The mechanism of 

surface activity depends on the structure of the molecule; particularly important are its size and 

its hydrophilic-lipophilic balance (HLB value). Substances with low HLB, indicating the 

tendency for water-in-oil (W/O) emulsions, typically have more impact on reducing the surface 

tension, as presented in Figure 6a (Elgeti et al. 2015). While polar lipids rapidly arrange at the 

interface, proteins of high molecular weight are slower but form a stable film by unfolding and 

interacting with each other. Since the presence of lipids can disrupt protein foams, it can 

sometimes be contra-productive to add typical lipid-based emulsifiers. The effect of four 

emulsifiers, typically used for bakery products, on dough rheology, loaf volume and cell 

distribution was evaluate by Nunes et al. (2009). They found a concentration dependent positive 

effect of the emulsifiers on the volume as well as the cell size and distribution. Similarly, Elgeti 

et al. (2015) revealed that especially oil-in-water emulsifiers improve the volume of gluten-free 

bread (Figure 6b). However, the effect is much less pronounced in gluten-free bread than in 

wheat bread. 

Rheology 

Surface activity is not the only important factor for dough aeration. Dough rheology determines 

the extent of aeration during mixing as well as the ability of the system to retain gas bubbles. 

For most rheological values, broad ranges exist in literature - even for the homogeneous wheat 

dough recipes. It is not surprising that for gluten-free dough, with its infinite number of possible 

ingredient compositions, the range of rheological data is by far wider.  
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Particularly, the missing gluten network is responsible for noticeable deviations in the flow 

behavior. To characterize batters and doughs, various empirical and fundamental methods have 

been established.  

 
Figure 6. Effect of emulsifiers on surface activity and gluten-free bread volume. (a) Surface activity of 3% flours 

and 0.6% lipid emulsifiers on the tension between water and air measured in a tensiometer with the Wilhelmy-plate 

method. (b) Impact of lipids on the specific volume of gluten-free bread relative to a control without lipid addition 

baked on the same day. Lipid concentrations are based on the mixture of rice flour, corn flour and corn starch (2:1:1). 

Means are shown with SD. DATEM: diacetyl tartaric acid ester of mono- and diglycerides. SSL: sodium stearoyl 

lactylate. W/O: tendency for water-in-oil emulsions for low hydrophilic-lipophilic balance. O/W: tendency for oil-in-

water emulsions. Modified from (Elgeti et al. 2015). 

Typically, millers, providers of baking agents and bakers use empirical systems to predict the 

baking performance of flours. For this purpose, the Farinograph, the Doughlab and the Mixolab 

measure the torque of dough over the mixing time to assess the kinetic and stability of the 

viscoelastic structure formation. Several attempts have been made to adapt the rheology of 

gluten-free dough to the one of wheat dough, but Lazaridou et al. (2007) demonstrated that this 

may not always be the best strategy. An addition of xanthan increased a value that the authors 

termed dough elasticity and shifted the Farinograph curve to resemble the one of wheat dough. 

However, the gas volume fraction of the resulting bread was reduced. Significant variations 

were obtained when changing the type of hydrocolloid or its concentration, which stresses the 

sensitivity of the gluten-free dough structure. Carboxymethylcellulose (CMC) and pectin 

significantly improved the gas retention despite of strong divergence from the typical 

farinograph curve. Interestingly, Mariotti et al. 2009 modified the farinograph target consistency 

to 200 BU instead of the typical 500 BU, because it provided an “adequate condition to properly 

form a gluten-free dough able to sustain further transformations”. Considering the fundamental 

structural differences of gluten-free dough and wheat dough, it is not surprising that so far no 

unambiguous insights resulted from these torque-measuring techniques.  

To simulate the radial extension of bubbles during proofing and baking, large uniaxial or biaxial 

deformations can be applied in a Kieffer-Rig, extensograph, alveograph or TPA extrusion cell. 

(b) 
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Figure 7 (a) shows the extensional viscosity ηex resulting from biaxial tension for both, wheat 

dough and several gluten-free doughs with comparatively high viscosity (Demirkesen et al. 

2010a). The authors observed a correlation between ηex and the specific bread volume. The lower 

extensional viscosity of gluten-free dough was confirmed by Moore et al (2004) and might 

account for impaired structure stability during bubble growth. Kieffer-Rig analysis of gluten-

free dough is mostly restricted by the possibility to form a cohesive strand. In Figure 7 (b), 

quinoa produced the strongest gluten-free dough, but wheat dough endured significantly more 

stress and strain. 

  
Figure 7. Comparison of viscoelasticity of gluten-free and wheat dough. (a) Extensional viscosity resulting from 

strain measured in a rheometer when compressing dough between two parallel plates to 80% thickness with different 

compression velocities (100 µm/s – 500 µm/s). Upper curves: wheat dough, lower curves (1-4): gluten-free dough 

with different hydrocolloids (Demirkesen et al. 2010a). (b) Stress-strain curves of wheat (W) and gluten-free flours 

with 2% salt and adapted water content to reach 500 BU. The relative deformation in uniaxial extension is represented 

by the Hencky strain 𝜀𝐻̇ in a Kieffer-Rig (Burešová et al. 2014). A: amaranth, B: buckwheat, C: corn, Ch: chickpea, M: 

millet, R: rice. 

In comparison to the so far mentioned empirical methods, fundamental dough rheology is more 

time consuming and complex, but it can help to understand the structural causes for the 

observed behavior. Only fundamental results can be used to characterize independent physical 

material properties (Menjivar 1990). In addition to the viscosity, which describes the resistance 

to deformation and the “thickness” of a material, also other rheological parameters, such as the 

so called extensional viscosity, the viscoelasticity, the thixotropy and the creep recovery 

contribute to the success of the overall aeration process. For wheat dough most of the 

fundamental rheological measurements are performed in low-shear dynamic tests (Lefebvre 

2006). Small amplitude oscillatory shear enables an assessment of the dough rheology without 

altering the structure. The resulting elastic (storage) modulus G’ and viscous (loss) modulus G’’ 

are frequency dependent. Typically, wheat dough moduli are considerably higher than the ones 

of gluten-free dough, as presented in Figure 8. Since the gluten network is responsible for the 

cohesiveness and viscoelasticity, these results are not surprising. Moreover, gluten-free dough 

appears more frequency dependent and thus less elastic than wheat dough (Demirkesen et al. 

2010a). The ratio of G’ to G’’ yields tanδ, which characterizes the viscoelasticity of a material.  

(a) (b) 
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Figure 8. Comparison of viscoelasticity of gluten-free and wheat dough. Frequency sweep experiments were 

performed in a rheometer with 0.5% strain rate resulting in (a) the G’: storage modulus and (b) the G’’: loss modulus. 

◇: wheat dough, other symbols: gluten-free dough with different hydrocolloids (Demirkesen et al. 2010a).  

For wheat and gluten-free dough, as well as for wheat cake batter, the elastic component 

dominates the behavior, since tanδ was always below 1 in oscillatory rheometry. The range of 

tanδ in different gluten-free formulations is extremely broad: 0.1-0.9 (Peressini et al. 2011, Föste 

et al. 2014, Lazaridou et al. 2007, Mariotti et al. 2009, Ziobro et al. 2013). The complex modulus G* 

comprises information about G’ and G’’ and estimates the stiffness and strength of a dough. 

However, for predicting dough behavior during processing, the significance of oscillatory 

measurements is limited (Dobraszczyk and Cauvin 2000). This derives from the restriction of 

the time scale, the linear domain and the deviation of the tested frequency range from the much 

higher strain rates of 10-100 s-1, which are actually occurring during the production process 

(Bloksma 1990). Because of a typically higher water content and no gluten network, lower G* 

values can be expected for gluten-free dough than for wheat dough. 

Particularly at large deformations, the so-called strain hardening seems to stabilize gas bubbles 

during baking (Kokelaar et al. 1996). In contrast, Berta et al. (2015) reported that in gluten-free 

dough (with zein) strain hardening, as measured in a hyperbolic contraction flow rig, did not 

significantly affect bubble structure formation. In order to assess the ability of dough to recover 

from previously applied stress, creep-recovery tests are performed. However, it is difficult to 

compare results from different publications, because of largely inconsistent shear rates and 

durations. In general, large strains might improve the understanding of the baking 

performance, since they provide deformations or strains that are in a similar order as those 

experienced during baking (Dobraszczyk and Morgenstern 2003, E.L. Sliwinskia 2004).  

In comparison to the above mentioned dynamic properties, rotation measurements reveal the 

flow behavior of dough. High shear or extensional viscosity might prevent cell collapse during 

stretching conditions, such as gas cell expansion in the fermentation and baking stages. In case 

of non-newtonian systems, the apparent viscosity ηs is a function of the shear rate 𝛾̇.  

(a) (a) (b) 
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The former can depend on the molecular weight (MW), the MW distribution and concentration 

as well as on intermolecular interactions (Mezger 2010). For cake batter, many rheological 

studies were performed after mechanical aeration. However, gas bubbles strongly influence the 

results, for example by increasing the apparent viscosity, the elastic modulus and the extent of 

shear-thinning (Chesterton et al. 2013, Chesterton et al. 2011a, Llewellin et al. 2002). This makes 

it difficult to identify the medium properties, which facilitate aeration and gas stabilization. For 

this purpose, measurements are performed with minimum gas content in the present thesis.  

In cake batter, the extent of bubbles rising due to buoyancy is inversely proportional to the 

viscosity (Sumnu and Sahin 2008). Rheological analysis under shear is more difficult for wheat 

dough than for gluten-free dough or cake batter (Lefebvre 2006). Since high shear expels wheat 

dough from the measuring gap, its viscosity has only been measured at small shear rates of up 

to 5 s-1 resulting in 320 Pa s (Bloksma and Nieman 1975, Lindborg et al. 1997, Muller 1962, 

Sivaramakrishnan et al. 2004). The Herschel-Bulkeley, power law or Casson model have been 

used to fit data for dough and batter (Demirkesen et al. 2010a, Demirkesen et al. 2010b, Sahin 

2008, Sivaramakrishnan et al. 2004). In all cases, shear-thinning behavior was observed, with 

flow behavior indices of 0.3-0.9. A yield stress was not always identified for gluten-free dough. 

Shear-thinning occurs, either if structure disintegrates in a reversible or non-reversible way or 

if the apparent viscosity decreases because the structure aligns with the flow direction (Songa 

et al. 2006). Especially gluten-free dough with gel-forming hydrocolloids should be evaluated 

under different shear conditions to elucidate its structure during simulated processing 

conditions.  

Although most rheometers enable accurate temperature control, so far only few studies have 

used this tool to mimic the conditions during processing (e.g. Bloksma and Nieman, 1975). 

Mostly temperature sweeps have only been performed to analyze gelatinization (Peressini et al. 

2011, Nunes et al. 2009). The Mixolab provides the only empirical method to analyze dough 

during heating. It has been used to compare the effect of various gluten-free and gluten-

containing flours. However, often only flour-water mixtures are analyzed without other dough 

components and with the water content differing from the recipe used for baking (Torbica 2010, 

Hadnađev et al. 2011, Kahraman et al. 2008).  

In conclusion, rheological properties play a fundamental role for gas retention in bakery 

products. Up to date, it was not possible to relate specific medium properties to the gas retention 

capacity of gluten-free dough. It seems unsuitable to apply empirical systems, which have been 

specifically adapted to wheat dough properties. Instead, a fundamental measuring program 

should be developed to determine relevant dough characteristics. Since several rheological 

characteristics of gluten-free dough are more similar to cake batter than to wheat dough, it might 

be beneficial to accordingly modify processing procedures. 
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1.5 Thesis outline 

Awareness and diagnosed cases of gluten-related indispositions are steadily increasing. Thus, 

research and industries are currently focusing on improving the deficient quality of gluten-free 

bakery products, but entrainment and stabilization of gas bubbles are still major challenges. 

Many new ingredients have been tested, resulting in complex and obscure compositions with 

unpredictable material properties. Particularly, the interplay between dough rheology and 

baking performance is largely unknown. This thesis aims at developing new approaches for the 

aeration of gluten-free dough and at gaining insights into bubble stabilization. Based on the 

current state of knowledge, the following hypotheses form the focus of the studies: 

 A critical review of aeration strategies for food foams should reveal new suitable 

approaches for the aeration of gluten-free dough 

 An optimization of the substrate availability for yeast fermentation should increase the 

biological gas input 

 Because of several rheological similarities of gluten-free dough and cake batter, the 

orientation towards batter processing should improve mechanical aeration and 

processability of gluten-free dough 

 Bread should benefit from less bitterness and structure destabilization, when using 

quinoa white flour without bran components  

 Studying the viscosity of different recipes throughout processing via fundamental 

rheology should reveal which type of flow behavior yields maximum aeration and gas 

retention 

 A combination of optimized aeration strategies should yield a bread density similar to 

one of wheat pan bread 

Figure 7 summarizes the procedures that are performed in order to evaluate these hypotheses.  

Initially, possibilities for the entrainment of gas into dough-like systems are reviewed with the 

goal of identifying new strategies that seem promising for the gluten-free medium. Different 

methodologies for wheat dough and cake batter serve as templates and are compared to the 

ones that are presently used for gluten-free dough. In order to be able to assess the success of 

aeration, also suitable techniques for analyzing the gas volume fraction in dough are reviewed.  

The first experimental study focuses on increasing the biological aeration in gluten-free dough. 

The recipe is based on a mixture of rice flour, corn flour and corn starch, complemented by the 

hydrocolloid HPMC. As a novel ingredient, refined quinoa white flour replaces rice and corn 

flour in rising concentrations. In comparison, whole grain quinoa flour was used to enable an 

evaluation of the functionalities of the grain compartments. In particular, the suitability of 

different raw materials for yeast fermentation is assessed.  
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Since, biological aeration depends on the availability of substrates, special attention is given to 

mono- and disaccharides as well as amylolytic enzymes. As a prerequisite for subsequent 

studies, the dough composition with the highest bubbles retention is identified. 

 
Figure 7. Thesis outline. Four publications were combined to identify gas stabilization mechanisms and to maximize 

the aeration of gluten-free bread.  

Following the characterization and optimization of biological gas entrainment, mechanical 

aeration is addressed. Up to date a considerable divergence exists regarding the processing 

settings that are used for producing gluten-free dough. Thus, mixing time, speed and geometry 

are varied with the goal of maximizing the gas volume fraction in dough without yeast. Separate 

baking trials analyze the effect of mixing variations on biological gas entrainment and finally 

evaluate the interrelation between mechanical and biological aeration. 

To finally close the gap in knowledge between structure and function, a new fundamental 

rheological test program is developed, which covers all processing stages in one measurement. 

The selected range of recipes provides a variety of structure-function relationships. Biological 

aeration is standardized to make sure that the assessment of gas input and stabilization can 

occur without falsification by differences in energy input and substrate availability. In 

summary, this thesis aims at improving gluten-free bread by providing more knowledge about 

key material properties and by compensating the missing protein network through the 

development of innovative raw materials and aeration stages.  
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2 Results (Thesis Publications) 

2.1 Summary of thesis publications 

Strategies for the aeration of gluten-free bread – A review Pages 28-37 

Low volume and irregular pores remain major deficits of gluten-free bread. While previous 

studies have mainly focused on different ingredients or material properties, this review presents 

strategies for maximizing the gas input into dough. Owing to fundamental differences in 

medium properties of gluten-free and wheat dough, a strict adherence to the traditional 

kneading process is counterproductive. Thus, various approaches for the aeration of dough and 

batter are divided into (1) biological, (2) chemical, (3) mechanical and (4) physical methods and 

assessed critically. For biological aeration through microorganisms, the substrate availability of 

gluten-free raw materials plays an important role, since it determines the efficiency of gas 

production. Chemical reagents as an alternative or additive to biological systems might increase 

the gas input, but require extensive ingredient and processing adaptions. Utilization of the 

conventional kneading with a dough hook is only suitable for homogenization or aeration if the 

medium is more cohesive than adhesive, which is rarely the case for sticky and fluid gluten-free 

dough. Mechanical aeration through a high-speed beating process, similar to cake batter mixing, 

is identified as promising strategy to substantially elevate the level of gas in gluten-free bread. 

A successful implementation of this strategy requires knowledge of the influence of single 

processing parameters on the success of aeration and a recipe providing sufficient gas retention. 

Volume and texture improvement of gluten-free bread using quinoa 

white flour 
Pages 38-44 

In order to optimize the aeration of gluten-free bread, a recipe with extensive gas retention 

capacity is a prerequisite. The second study of this thesis shows that the use of quinoa white 

flour as an innovative gluten-free raw material, meets this requirement. The pseudocereal is a 

suitable substrate for dough aeration using yeast, since considerably more glucose and a higher 

activity of α-glucosidase were found in comparison to rice and corn flour. Moreover, the 

biological gas input benefits from an exchange of standard rice and corn flour by quinoa flour, 

since it provides more yeast substrates and amylolytic enzyme activity. A replacement of rice 

and corn flour by quinoa white flour enhanced the specific volume by 33%. Adding sucrose or 

fungal amyloglucosidase to the control recipe elevated the volume in a similar way; however, 

the pore structure became coarse and inhomogeneous. This highlights the superior gas retention 

of quinoa white flour. While several explanations for the gas stabilizing properties of quinoa 

white flour are possible the identification of key properties, which are relevant for bubble 

retention in gluten-free dough remain unknown.  
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Interrelation between mechanical and biological aeration in starch-

based gluten-free dough systems 
Pages 45-51 

For the production of bread without gluten, alternative aeration and gas stabilization strategies 

are required. In the present study, traditional wheat dough kneading was iteratively adapted 

towards high-speed beating, similar to cake batter production. The effect of different parameters 

on the density and temperature development during mixing was analyzed without yeast. With 

a wire whip and a speed of 420 rpm the dough temperature increased from 20 °C to 32 °C and 

the gas volume fraction in dough rose from 6% to 21%. In consequent baking trials with yeast, 

all of the approaches produced acceptable crumb structures, except for the recipe based on 

rice/corn flour. This confirms the revelation of the previous study that dough with quinoa white 

flour stabilizes gas throughout fermentation and baking in a wide range of water addition and 

processing conditions. Water reduction elevated dough viscosity and temperature without 

affecting the level of aeration. Common rheological methods, such as non-destructive oscillation 

trials, were not suitable to predict gluten-free dough behavior during mixing. When varying the 

energy input, carbon dioxide production by yeast is affected, because its metabolism strongly 

reacts to temperature differences. Thus, influences of the mixing settings on the bread volume 

were superimposed by a varying degree of yeast fermentation. In summary, the beating process 

adopted in this study increased dough aeration by 60% (rel.), while the traditional wheat dough 

kneading stage is less suitable for the homogenization of sticky gluten-free dough and does not 

serve to incorporate high gas volumes (see Figure 8). A dependency of the bread volume on the 

level of mechanical aeration independent from the associated dough temperature increase has 

to be validated.  

 

Figure 8. Graphical abstract of the third publication. Vbread: Bread volume, Tdough: Dough temperature after mixing.  
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Foam stabilization during processing of starch-based dough systems Pages 52-59 

Currently, the huge variety of recipes used by industries and researchers makes it difficult to 

compare and generalize glen-free research. Thus, the final study focus was on the identification 

of rheological properties that promote bubble stabilization throughout mixing, proofing and 

baking. In order to allow for correlations between the bread volume and the mixing process or 

the rheological properties, yeast fermentation was standardized. Indeed, high speed beating 

increased the bread volume by 18%, independent from the positive effect of dough heating on 

yeast activity (see Figure 9). Dough viscosity of various recipes was monitored in a novel 

rheometer program, simulating shear stress and temperature from the processing stages. 

During mixing, higher shear-thinning and lower viscosity promoted aeration but bread density 

was not directly related to dough density. High gas retention capacity is fundamental for the 

development of new aeration strategies, since bubble stabilization seems to be of special 

importance for gluten-free dough aeration. The retention of gas was improved if the viscosity 

during fermentation and at the end of baking was higher. Fractionated quinoa and rice flour 

resulted in the lowest dough density as well as the highest bread volume. In conclusion, a new 

method to predict the baking performance of different recipe compositions was developed, 

which led to new insights into the mechanisms for the production of gluten-free bread with high 

volume and fine pores.  

 

Figure 9. Summary of the fourth publication.  
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2.2 Strategies for the aeration of gluten-free bread - A Review 
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2.3 Volume and texture improvement of gluten-free bread using quinoa 

white flour 
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2.4 Interrelation between mechanical and biological aeration in starch-

based gluten-free dough systems 
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2.5 Foam stabilization during processing of starch-based dough systems 
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3 Discussion, conclusions & outlook 

For food manufacturers, the rising demand for gluten-free products offers an opportunity to 

expand the traditional range of ingredients and to develop new technologies. Moreover, 

studying gluten-free bread makes it possible to elucidate interactions of starch with other non-

gluten ingredients in a model-like system. Gas entrapment and bubble stabilization are the 

most challenging factors for the production of gluten-free bread. Thus, this thesis initially 

reviewed different aeration methods. Consequently, the suitability and success of two of the 

identified strategies, namely yeast fermentation and high-speed beating, were tested in mixing 

and baking trials. In both cases, the underlying mechanisms were critically investigated, to 

understand the factors, which determine foam creation and stability in gluten-free systems. 

Based on the introductory hypothesis, the following points summarize the revelations 

obtained in the course of this thesis. 

 Reviewing strategies for gas entrapment into food systems revealed that mechanical 

aeration is particularly promising for gluten-free dough. 

 Quinoa provides high substrate availability for yeast fermentation and consequently 

increases the bread volume through biological aeration. 

 Because of several rheological similarities of gluten-free dough and cake batter, the 

orientation towards batter processing, in contrast to the kneading process of traditional 

bread making, improves processability and gas input into gluten-free dough. 

 Removal of bran from quinoa improves gas retention capacity and sensoric attributes. 

 The development of a fundamental-rheological measurement procedure for gluten-

free dough systems revealed that mechanical aeration benefits from pronounced shear-

thinning, while foam stabilization is promoted by high viscosities during fermentation 

and baking. 

 A combination of optimized aeration strategies yields a bread density similar to the 

one of wheat pan bread. 

The biological gas input during fermentation with yeast depends on the suitability of the 

medium, particularly its substrates and physicochemical properties. The metabolism of S. 

cerevisiae is influenced by temperature, pH-value, osmotic pressure and nutrient 

concentration. In order to maximize the production of carbon dioxide, sucrose or malt are often 

added to bread dough, especially to gluten-free formulations. Unfortunately, the presence of 

sugar in the list of ingredient reduces the nutritional attractiveness of the product. As an 

alternative, amylolytic enzymes or modified starch can indirectly increase the availability of 

yeast substrates. Since these strategies do, however, require additional effort, the revelation of 

a 10-fold increased glucose content in quinoa milling products was of particular interest. It 

was shown that this was related to an exceptional activity of α-glucosidase, which converts 

long chain polysaccharides and maltose into glucose in the presence of water.  
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Thus, quinoa white flour amplified the biological aeration in comparison to rice and corn flour. 

Moreover, the removal of the bran fraction, whose negative impact on gluten-free foam 

stability has already been proven by Föste et al. (2014), significantly enhanced the gas retention 

capacity and led to high bread volume and small pores.  

Unfortunately, the removal of bran is a loss for the nutritional value of bread. Quinoa white 

flour mainly consists of starch and its sum of proteins, lipids and fiber make only 15% (wet 

base), while the whole grain contains 32% of these components. Thus, the use of the white 

flour improves volume, texture and sensory attributes but with higher raw material costs and 

at the expense of the nutrient profile of the final product. Milling fractionation might, 

nevertheless, pay off since it makes it possible to omit the initial washing stage, which has the 

purpose of reducing the saponin content of grains. Particularly in warm and moist 

environments, this process presents a microbial and environmental hazard and further 

increases raw material costs. If some part of the bran would be redistributed into the white 

flour, a compromise between nutritional value and baking performance might be reached, 

with the additional advantage of a standardized product. This would satisfy the 

manufacturers’ demand for reproducible and reliable product characteristics. Furthermore, 

Föste et al. (2015) already demonstrated that the remaining milling product, the bran fraction, 

provides a valuable substrate for the extraction of plant proteins with an excellent amino acid 

profile. 

Another factor, which strongly influenced the degree of biological aeration in gluten-free 

dough was the temperature during or immediately after mixing. Different processing 

conditions and water levels directly influenced energy input and dough heating. Despite of a 

subsequent constant fermentation temperature, the final bread volume was directly 

proportional to dough temperature after mixing. The linear correlation had the formula 

ρbread = -0.01546 * T which means that for each additional degree Celsius, 100 g of bread gained 

approximately 15 ml volume. This highlights the sensitivity of the yeast metabolism to external 

parameters. Chemical and enzymatic reactions typically accelerate with increasing 

temperature because the kinetic energy of the reactants rises. Together with specific genetic 

regulation mechanisms, this mainly accounts for an overall higher activity of some organisms 

in warmer conditions. S. cerevisiae is most active at 40-45 °C, which explains the increase in 

carbon dioxide production when raising the temperature.  

Consequently, it was only possible to evaluate the influence of mechanical gas entrapment on 

bread volume and pore structure after standardizing the extent of biological aeration. For this 

purpose, glucose was added to saturate the yeast activity and the duration of fermentation 

was variably stopped after reaching a pre-defined volume increase. This facilitated the 

following evaluation of mechanical aeration and relevant medium properties. 
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Prior to fermentation, the processing step of mixing is crucial for the production of dough and 

bread because it is responsible for homogenization, hydration, structure formation, gas 

incorporation and bubble break-up. A vast variety of parameters has to be considered: 

material properties (η, ρ, γ), mixing speed and shear rate profile (Ω𝑅, Ω𝑟, vD, 𝛾̇𝑤), bowl and 

agitator dimensions (R, r, dW, x, nW, xyz-position), headspace atmosphere (gas, p), temperature 

and scraping action. The planetary mixer used for this study is depicted in Figure 10 with the 

maximum radius of the agitator R = 70 mm, the radius of the agitator arm r = 47 mm and the 

maximum radius of the bowl rv = 130 mm, all made of stainless steel. The single wires (nW = 20) 

with a diameter dW of 2.5 mm are equidistantly positioned in loops around the agitator axis.  

            

Figure 10. Visualization of the mixing motion in a planetary mixer. (a) The wire whip rotates clockwise 

around its axis while the mixing arm turns counter-clockwise in a planetary movement. (b) Plan view 

of the agitator motion. The bowl center is the orbital axis of the agitator arm motion. 𝑅: radius of agitator, 

𝑟: radius of agitator arm, Ω𝑟: speed of agitator arm, Ω𝑅: speed of agitator. P: One point (single wire) of 

the agitator. Modified from (Chesterton et al. 2011b).  

The planetary rotation of the wire whip is contrary to the orbital motion of the mixing arm, 

which creates a complex shear field. Chesterton et al. (2011b) and Auger et al. (2013) used 

Formula 4 to calculate the speed of a single point of the agitator vD as it moves in the bowl 

(Hiseman 1995). Knowing the revolutions of the agitator and its shaft, enables the 

determination of the maximum speed, when the wire is closest to the wall and the minimum 

speed, when the wire is near the center. The mixer used in this study had a gearing ratio of 

2.75, which means that the shaft rotated with Ω𝑟 = 153 rpm in the opposite direction of the 

agitator at its maximum speed vD,max of Ω𝑅 = 420 rpm. Applying Formula 4 for the angle θR of 

0° and of 180°, corresponding speeds of 1.20 m/s and 2.48 m/s were calculated. In comparison, 

Chesterton et al (2011b) obtained a maximum speed of 2.18 m/s in a similar planetary mixer 

(Hobart). 

𝑣𝐷 = 2𝜋 √(Ω𝑅 − Ω𝑟)2 𝑅2 + Ω𝑟
2 𝑟2 − 2Ω𝑟  (Ω𝑅 − Ω𝑟) 𝑟 𝑅 cos(2𝜋 Ω𝑅  𝑡) Formula 4 

Formula 5 enables an estimation of the shear rate 𝛾𝑤̇ occurring in the gap x between the wire 

and the bowl wall (Auger et al. 2013, Chesterton et al. 2011b).  

(a) (b) 
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With x = 2-10 mm, depending on the distance from the bowl bottom, the approximated shear 

rate varied from 250 s-1 to 1250 s-1 (using the calculated speed of 2.5 m/s). However, the 

temporal and special extent of this stress is constricted. For aeration in a Hobart mixer, a 

maximum shear rate of 500 s-1 has been reported (Chesterton et al. 2011b). Because of the 

complexity of the shear field, a realistic simulation of the stresses that the dough experiences 

in the mixer would require extensive computation and a reliable model (Chesterton et al. 2013).  

𝛾𝑤̇ =
𝑣𝐷

𝑥
 Formula 5 

Not only the processing parameters, but also the dough properties affect the success and 

effectiveness of mixing. As visualized in Figure 11, especially the choice of flour and the 

presence of the hydrocolloid HPMC have a very strong impact on the gas entrapment in the 

mixer. Despite of constant mixing conditions, the exchange of the rice/corn flour mixture by 

quinoa white flour increased the gas volume fractions from 7% to 21%. Without HPMC (and 

with less water), the quinoa dough entrapped less than a quarter of the gas volume. 

Interestingly, rice flour was just as effective for gas entrapment as quinoa white flour, but only 

in a refined version. Thus, refined rice flour presents a cheap alternative to quinoa not only 

during mixing but also for high bread volume (see Section 2.5).  

 
Figure 11. Influence of recipe components on the mechanical aeration of gluten-free dough. Dough density was 

directly measured after mixing (8 min, 420 rpm, wire whip). The gas volume fraction (blue cake fractions and 

percentages) were calculated with the gas-free dough density, which was determined via centrifugation. The recipe 

was either based on a mixture of rice and corn flour (2:1), fractionated quinoa white flour, refined rice flour or rice 

whole grain flour. Recipes on the left contain no HPMC and 90% water, while all recipes on the right contain 105% 

water and 2% HPMC (flour weight base).  

The strong relation of the mixing effectiveness towards recipe alterations is connected to 

differences in dough rheology. Dough resistance, structure and flow behavior must be 

considered when choosing procedures for mixing, pumping, dosage, fermentation and 

thermal treatments. For gluten-free dough, no reliable measurements have previously been 

available to predict the performance of specific compositions. In the present thesis, the 

viscosities of various gluten-free dough recipes were analyzed in a novel rheometer protocol. 

Mixing, fermentation and baking were simulated consecutively with respective temperature 

and shear profiles.  
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The flow behavior of dough was monitored throughout the simulated processing stages. 

Different dough formulations were prepared with minimum gas entrapment before analysis.  

In the present study, the power consumed by the mixer was directly related to the viscosity 

measured at high shear rates in the rheometer (R² = 0.81). Other authors have reported a similar 

relation for cake batter as well as for wheat dough in planetary mixers (Auger et al. 2013, 

Chesterton et al. 2013). Figure 12 enables the placement of the resulting viscosity ranges of 

gluten-free dough in relation to other materials. 

 
Figure 12. Viscosity of gluten-free dough during processing in comparison to other media. Display of the 

simplified viscosity ranges of comparative media (blue) at 20 °C and 1 bar on a logarithmic scale taken from (Sigloch 

2014 and Mezger 2010). Undefined shear behavior must be taken into account. The viscosity of different gluten-free 

dough recipes was analyzed in a rheometer without gas, either with (red) or without HPMC (green). 1: reduction 

of the initial viscosity as a result of shearing in a rheometer at 700 s-1 to simulate mixing. The extent of shearing and 

viscosity reduction may be exaggerated. 2: partial regain of the viscosity during fermentation. 3: viscosity at the 

end of a heating stage to mimic baking.  

The recipe variations determine the width of the green points. It becomes obvious that flour 

type and water content cause much less viscosity differences than the hydrocolloid HPMC, 

which is responsible for the deviation between green and red points, despite of its low 

concentration (2%). Although, it has often been stated that gluten-free dough is a shear-

thinning material like cake batter and wheat dough, the displayed extent of this phenomenon 

is considerable and more pronounced with HPMC. Hereby, it has to be kept in mind, that the 

applied shear rate of 700 s-1 in the rheometer probably exceeded the one of the mixer. With the 

settings used in the present work, the dough underwent a transformation from a very thick, 

modeling-clay-like consistency to a thin, oil-like fluid.  

While structure-loss during excessive wheat dough kneading is mostly irreversible, the gluten-

free system regains almost all of its structure during fermentation. In the last stage, the fluid 

dough is transformed into solid bread through evaporation, gelatinization and denaturation.  
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All of these processes can be influenced by hydrocolloids, which would explain why HPMC 

addition reduced the extent of solidification. With the presented rheological program, also the 

gelatinization temperature Tg was detected. This makes it possible to renounce additional 

evaluations via differential scanning calorimetry, Amylograph or Rapid Visco Analyzer. The 

latter mostly require a dilution and, therefore, alienate the dough system. For a more accurate 

determination of Tg, prospectively, the resolution of measuring points should be enhanced 

during heating in the presented rheometer method. Generally, the observation of the gluten-

free dough viscosity during simulated processing was an efficient tool for identifying 

structure-function relationships. Further trials with more recipe variations, comprising for 

example zein or xanthan, would strengthen the statistical independence of the correlations 

from single ingredients.  

The simulation of the mixing process in the rheometer also expands the understanding of the 

complex flow behavior of starch-based dough in a stirred vessel. The Reynolds number Re, 

obtained by Formula 6, reveals the type of flow in the mixer depending on the viscosity η of 

the medium. Higher viscosities decrease Re and increase the tendency for laminar flow 

(Gabelle et al. 2013). Since all gluten-free recipes were strongly shear-thinning, Re was 

calculated twice – for η measured in the rheometer at low (0.05 s-1) and at high shear (700 s-1). 

Initially, the Reynolds number of the different dough compositions analyzed in this thesis 

approximated 50 at low shear (with an average ρgas-free = 1.181 kg/l and η = 3.5 Pa s). This value 

ascended to 70 at the end of mixing (ρbulk = 0.930 kg/l, η = 1.8 Pa s). Rising Re numbers indicate 

decreasing flow consistency but complete turbulence only occurs above 104. Because of the 

great extent of shear-thinning, for gluten-free dough viscosity values below < 10 Pa s are 

possible during mixing. This increases the Reynolds number in gluten-free dough mixing in 

comparison to wheat dough kneading, where viscous forces dominate (Todd 2004).  

The laminar region (Re < 10) would be exceeded if a shear rate of 700 s-1 was applied. However, 

the extent of shearing has probably been exaggerated in the rheometer test, and an actual 

prevalence of laminar flow in the mixer is likely. In order to further assess the influence of the 

flow field on the gluten-free dough behavior, the concentric cylinder was exchanged by a 

propeller geometry (data not shown). This creates a more complex flow field and prohibits a 

fundamental viscosity determination. Since the relative course of the resulting viscosity curve 

closely resembled the one of the same dough recipe measured in the concentric cylinder, it 

seems that the influence of the Reynolds number on the relative viscosity might be minor in 

the present range of intermediate flow behavior (neither laminar, nor turbulent). Thus, the 

concentric cylinder geometry can be maintained for future studies.  

𝑅𝑒 =
(2𝑅)2 𝜌 𝑛

𝜂 
 Formula 6 
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In addition to the calculations, also visual observations were made to further elucidate the 

mechanical aeration with a wire whip. As visible in Figure 13a, the single strands of the 

geometry create elongated cavities as they move through the gluten-free dough. This complies 

with the principle of surface aeration described by Delaplace et al. (2012). They explained that 

the acceleration of the medium over the impeller surface can create a reduced pressure region, 

which encloses air, as outlined in Figure 13b. Thus, this hypothesis of surface aeration might 

also concern gluten-free starch-based dough systems.  

              

Figure 13. Wire whip moving through gluten-free dough. (a) Gluten-free quinoa dough with 105% 

water addition, mixed at 420 rpm. (b) Sketch (top-view) of a single wire moving through the dough and 

creating a reduced pressure region in its wake. 

Mixing parameters also directly influenced the dough temperature and gas input. Figure 14 

illustrates the effect of a step-wise adjustment of selected mixing parameters on the gas volume 

fraction of gluten-free dough. Here, the biggest impact results from elevating the mixing 

speed, which might have enhanced the above mentioned surface aeration. Elevated surface 

aeration through an exchange of the dough hook by the wire whip and mixing with higher 

speed lead to 60% (rel.) higher gas entrapment during mixing. In order to further assess the 

impact of mixing on bread volume it was necessary to become independent from the effect of 

dough heating on yeast activity. After standardizing the biological fermentation in Section 2.5, 

it was shown that beating instead of kneading also elevated the specific bread volume by 18%. 

According to the manufacturer, the design of the wire whip mostly aimed at maximum 

stability and cleanability, to comply with customers’ expectations in bakeries. Thicker and less 

numerous strands are favorable for cleaning and long-lasting usability, but experience teaches 

that a high number of thin wires improves the aeration performance. This makes it likely, that 

the aeration efficiency can be further optimized, especially with regard to gluten-free dough 

systems.  

 

 

(a) (b) 
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Figure 14. Influence of single parameters on the mechanical aeration of gluten-free dough. Four consecutive 

variations were performed during kneading/mixing of gluten-free dough without yeast. Dark blue area: dough gas 

volume fraction calculated with an average gas-free dough density of 1.18 g/ml. Beginning at step 0, for each new 

chart only one parameter was varied. 0: quinoa dough with 80% water addition, kneaded for 4 min at 200 rpm; 1: 

kneading duration elongated to 8 min; 2: water addition elevated to 105%; 3: mixing speed increased to 420 rpm; 4: 

the dough hook was exchanged by a wire whip.  

The presented results (Section 2.5) revealed that the bread pore size decreases with increasing 

viscosity during baking. No other viscosity data obtained from the rheometer procedure 

correlated with the pore sizes. Ideally, it should be possible to adjust the mixing parameters in 

such a way that a specific pore size distribution is created in dough and bread for any given 

recipe. This would imply immediate monitoring of the bubble sizes during mixing. Moreover, 

the shear field and flow behavior would have to be predetermined. The presented thesis 

revealed a high correlation between the viscosity in rheometer measurements and the mixer 

power consumption as a function of viscous dissipation. Despite of notably different flow 

fields in the concentric cylinder rheometer gap and the planetary mixer, the shear-thinning, 

viscosity and temperature development can be directly estimated during mixing. Additional 

online monitoring of the bubble size distribution would complete the knowledge of the most 

important medium properties. A future intelligent mixing system might be able to adjust not 

only mixing speed but also shear gap width and angle to immediately respond to these data. 

This would allow a targeted adaption of shear rate and surface aeration to create the aspired 

bubble size distribution. 

In the initial review of this work, methods to monitor the gas bubbles in dough were evaluated. 

X-ray analysis was identified as a popular non-invasive method that enables targeted imaging. 

With the help of computed tomography, two-dimensional x-ray images of different cross-

sections can be combined into a three-dimensional visualization of the inside of a sample 

(Herman, 2009). This technique has already been used for wheat dough and bread (e.g., Besbes 

et al., 2013; Demirkesen et al., 2014; Van Dyck et al., 2014). X-ray micro-tomography was also 

tested within the scope of this work at the Fraunhofer Development Center X-ray Technology 

in Fürth, Germany.  

It was aspired to observe the bubble size distribution directly after mixing without yeast, in 

order to assess the effect of processing parameters and dough rheology on gas entrainment 

and dis-entrainment. Dough with different water content was analyzed directly after mixing 

with or without yeast.  
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Despite of comparatively short exposure times (34 s) and operating in high-power mode, the 

voxel sampling of 47x47x38 was not sufficient to display the total range of bubbles. As visible 

from Figure 15, the resulting resolution limit of 54 µm for single bubbles trimmed the 

frequency distribution and falsified the results. The number of bubbles per ml rose from 8,000 

to 12,000 in the course of fermentation at 25 °C for 35 min (data not shown). Since it is known, 

that yeast is not able to produce new gas cells, the apparently increasing concentration 

probably results when small gas cells (below 54 µm) grow above the detection limit.  

 
Figure 15. Preliminary x-ray micro-tomography results of gluten-free dough. Gluten-free quinoa dough was 

analyzed directly after mixing with 105% (purple, black) or 120% (red) water addition either with yeast (black) or 

without (purple, red). Measurements and calculations were conducted in duplicates at the Fraunhofer 

Development Center X-ray Technology. (a) Images of approximately 6 ml dough in vessels. (b) Initial frequency 

distribution of bubbles (5 min after mixing). (c) Median volume diameter dV0.5 of bubbles measured repeatedly 

during 35 min of fermentation.  

These preliminary trials did, however, prove that measurements of gluten-free dough can be 

performed without artefacts – even during yeast fermentation. An improvement of the 

resolution to the required range is assumed to be possible by (1) reducing the size of the region 

of interest, instead of measuring the total sample and (2) omission of data compression. 

Moreover, the prolonged size and location monitoring of single bubbles might reveal the 

significance of coalescence and Ostwald-ripening for the overall foam stability. 

As indicated in the initial review of this thesis, another important parameter during mixing is 

the headspace atmosphere, comprising gas composition and pressure. The value of both 

variables has already been demonstrated for wheat bread (Chorleywood process) and cake 

batter (Chin and Campbell 2005, Massey et al. 2001). Higher pressure during mixing produces 

smaller bubbles that expand after mixing, when returning to normal pressure. A modification 

of the headspace atmosphere for gluten-free bread production might provide a more 

controlled aeration process.  

Moreover, the rheology of the gluten-free system is less sensitive to oxidative reactions than 

wheat dough and might, therefore, facilitate the evaluation of underlying mechanisms. 

Preliminary experiments with reduced pressure were promising and revealed the significance 

of this variable (Figure 16). Furthermore, a comparison of the stability of bubbles filled with 

different gases might provide valuable new insights.  
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For example, the use of nitrogen with its low solubility makes it possible to neglect dis-

entrainment of gas through disproportionation and diffusion.  
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Figure 16. Influence of the mixing pressure on dough and bread density. The pressure was reduced to 40 kPa and 

10 kPa bar during mixing at 750 rpm in a Stephan UMC 5 mixer. Gluten-free dough was based on refined rice flour 

with 120% water addition. (a) Dough density ρdough after mixing without yeast depending on the mixing pressure 

(pmix). (b) Bread slices after mixing with yeast at different pressures.  

In order to better evaluate the success of aeration based on the gas volume fraction, the gas-

free density of the medium is required. In this work, the gas-free density of gluten-free dough 

was obtained by removing the gas in a centrifuge. The accuracy of this method can be 

validated, when consulting the results from vacuum mixing. As explained by Campbell et al. 

(1993) and discussed in the review of this thesis, an extrapolation of the measured pressure to 

zero gives the gas-free dough density. Neglecting the low number of data points, the linear 

regression of the density values of Figure 16 (a) intercepts the y-axis at 1.182 ± 0.016 g/ml, 

which is very close to the gas-free dough density obtained via centrifugation (1.181 g/ml). 

However, the stage of aeration in bread after baking is more difficult to assess. While the bread 

or crumb density can be used for an estimation, the actual gas volume fraction can only be 

calculated if the true density of the material is known. To date, methods have led to 

considerable deviations regarding the true density (1.3-15 g/ml) and consequently the gas 

volume fraction (38-97%) of wheat bread (Campbell and Mougeot 1999, Datta et al. 2007). It is 

not surprising that these values are even more confusing for gluten-free bread, where the 

degree of water absorption and composition are within broad ranges that further influence the 

density of the material. Thus, an efficient, accurate and reliable method for analyzing the true 

density of bread should be developed urgently.  

The stability of gas bubbles does not only depend on the size distribution, or the medium 

density and viscosity, but also on the tension at the interface between dough and gas. 

Although it has been shown in this thesis, that the rheology plays a major role for retaining 

bubbles in gluten-free dough, future trials should also address the impact of surface activity.  

 

(b) 

~ 100 kPa 40 kPa 10 kPa 
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It is possible that amphiphilic substances in quinoa white flour facilitate the mechanical 

aeration process and, thus, contribute to the superior gas volume fraction found in quinoa 

dough in comparison to other recipes. Ultra-centrifugation separates insoluble substances 

from the dough liquor (Primo-Martín et al. 2006, Salt et al. 2006). A pendant drop can be formed 

from the latter to enable analysis of the interfacial tension and rheology over time. The 

characterization of the dough liquor composition and selected enrichment of depletion of 

single substances might ultimately allow for a targeted improvement of the bubble stability. 

In this regard, it might be helpful to exchange HPMC by a less reactive and amphiphilic 

hydrocolloid to avoid a simultaneous interference with dough rheology and surface activity. 

Another simplification would derive from the use of chemical leavening agents instead of 

yeast. A stoichiometric reaction makes it easier to predict the bubble growth kinetics and is 

less sensitive to medium variations. Moreover, the production of possibly functional 

secondary metabolites can be avoided with this approach.  

In summary, successful methods to increase mechanical and biological aeration of gluten-free 

bread were developed. Particularly, high-speed beating in combination with a recipe based on 

fractionated quinoa flour significantly increased the bread volume. By applying a new 

rheological procedure, correlations between foam stabilization and dough viscosity during 

fermentation and baking were revealed. 
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5 Appendix 

The numbering of the following non-reviewed publications is continued from the peer-

reviewed publications (page II).   
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