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Summary 

The formation of wheat based food foams depends on the non-covalent binding of 

water by the native polymers starch and gluten. Grinding, however, causes a multitude 

of structural alterations of starch polymers on molecular and microscopic scale, which 

affect the hydration properties of wheat flours. Previous research findings could not 

explain mechanistic interrelationships between starch structures and the interaction 

with water, since further wheat polymers are modified during grinding, which 

competitively interact with starch polymers and water. The aim of this thesis was to 

determine mostly isolated the effects of molecular and microscopic alterations of starch 

polymers on the hydration properties of wheat flours. For this purpose, functional 

changes of gluten were investigated and the influence of altered starch gluten 

interactions on the hydration characteristic of wheat flours was analyzed. 

 

A methodology was developed at first, which enables to identify systematically causal 

relations between the polymer structure of starch and the foaming properties of 

physically modified, wheat based systems. Thus, a negative impact of an early 

gelatinization onset and a reduced viscosity during heating on the gas volume fraction 

of solid foams of wheat based dough was proven, which was evoked by an enhanced 

swelling of physically modified flour particles. A subsequent study demonstrated that 

the enhanced swelling and water binding of ground flours is caused by altered surface 

properties of starch-gluten agglomerates. Hence, the further focus of the work rested 

on strategies to determine the impact of different grinding types and the influence of 

gluten polymers on the hydration properties of physically modified wheat flours.  

 

Targeted modifications of wheat flour and a selective modification of wheat starch and 

gluten by means of ultra centrifugal mill and cryogenic mill, thermal processes as well 

as high-pressure treatment revealed an increased water binding of wheat flour 

exclusively by mechanical forces during the grinding processes. Additionally, modified 

gelatinization properties of dry-thermally treated wheat flours were noticed, which were 

not observed on thermally treated wheat starch. The results indicate altered starch 

water interactions, which could be evoked by a physical modification of gluten 

polymers. 



0 Summary 

 - 2 - 

 

The hypothesis was confirmed by a nuclear magnetic resonance (NMR) analysis. 

Investigations on model dough, consisting of reference or ground starch, as well as 

reference or ground gluten demonstrated a reduced gelatinization enthalpy in modified 

starch gluten systems, inter alia, caused by the grinding of gluten. This was traced 

back to a tighter water binding of modified gluten leading to an intensified competition 

for water in starch gluten systems with limited water content. It can be concluded from 

this, that a reduced gelatinization enthalpy of physically modified starch gluten systems 

is caused by a destruction of crystalline parts of modified starch and furthermore by a 

tighter water binding of modified gluten. 

 

The understanding of the impact of different mechanical and thermal modification 

methods allows an improved control of the hydration properties of wheat flours. This 

forms the basis to produce physical modified wheat flours and starches with defined 

hydration properties.   
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Zusammenfassung 

Zur Ausbildung weizenbasierter Lebensmittelschäume ist die nicht-kovalente Bindung 

von Wasser durch die nativen Polymere Stärke und Gluten von entscheidender 

Bedeutung. Durch die Vermahlung von Getreide werden jedoch eine Vielzahl an 

strukturellen Veränderungen der Stärkepolymere auf molekularer und mikroskopischer 

Ebene hervorgerufen, die die Stärke-Wasser-Interaktionen beeinflussen. Bisherige 

Forschungsergebnisse konnten keine mechanistischen Zusammenhänge zwischen 

der Stärkestruktur und der Interaktion mit Wasser aufzeigen, da weitere Polymere des 

Weizens bei der Vermahlung modifiziert werden, die konkurrierend in Wechselwirkung 

mit den Stärkepolymeren und Wasser stehen. Das Ziel dieser Arbeit war es die 

Auswirkungen molekularer und mikroskopischer Veränderungen von Stärkepolymeren 

auf die Hydratationseigenschaften von Weizenmehlen möglichst isoliert aufzuklären. 

Zu diesem Zweck wurden funktionelle Veränderungen von Gluten systematisch 

untersucht, sowie der Einfluss von Stärke-Gluten-Interaktionen auf die Hydratation von 

Weizenmehlen ermittelt. 

 

Zu Beginn der Thesis wurde eine Methodik entwickelt, die systematisch die 

Identifizierung des Wirkungsgeflechts zwischen der Polymerstruktur von Stärke und 

den Schaumeigenschaften in physikalisch modifizierten Weizensystemen ermöglicht. 

Damit konnte ein negativer Einfluss auf den Gasvolumenanteil von festen Schäumen 

durch einen früheren Verkleisterungsbeginn und eine geringere Viskosität bei der 

Erhitzung von weizenbasierten Teigen nachgewiesen werden. Diese konnte auf eine 

erhöhte Quellung von physikalisch modifizierten Mehlpartikeln zurückgeführt werden. 

In einer darauf aufbauenden Untersuchung wurde festgestellt, dass die erhöhte 

Quellung und Wasserbindung von physikalisch modifizierten Weizenmehlen auf die 

veränderten Oberflächeneigenschaften der Stärke-Gluten Agglomerate zurückgeführt 

werden kann. Der weitere Fokus der Arbeit lag daher auf Strategien zur Bestimmung 

der Auswirkungen verschiedener Vermahlungsarten, sowie des Einflusses von Gluten 

auf die Hydratationseigenschaften von physikalisch modifizierten Weizenmehlen. 

 

Durch gezielte physikalische Modifikationen von Weizenmehl und die selektive 

Modifikation von Weizenstärke und Gluten mittels Ultrazentrifugalmühle und kryogener 

Vermahlung, thermischer Verfahren, sowie Hochdruckbehandlung konnte festgestellt 
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werden, dass die erhöhte Wasserbindung von Weizenmehlen ausschließlich auf eine 

mechanische Modifikation des Weizenmehls während des Mahlvorgangs 

zurückgeführt werden kann. Die trockene thermische Behandlung von Weizenmehl 

führte hingegen zu veränderten Verkleisterungseigenschaften, die jedoch nicht an 

modifizierter Weizenstärke festgestellt wurden. Dieses Ergebnis weist auf veränderte 

Stärke-Wasser-Interaktionen hin, welche durch eine physikalische Modifikation des 

Glutens hervorgerufen sein könnte.  

 

Diese Hypothese wurde mittels einer Nuklearmagnetresonanz (NMR) Untersuchung 

bestätigt. Anhand von Modellteigen, bestehend aus Referenz-, sowie vermahlener 

Stärke bzw. vermahlenem Gluten, konnte gezeigt werden, dass durch die Vermahlung 

des Glutens eine reduzierte Verkleisterungsenthalpie von modifizierten Stärke-Gluten 

Systemen erzielt wurde. Dies wurde auf eine stärkere Wasserbindung des 

modifizierten Glutens zurückgeführt, die zu einer erhöhten Konkurrenz um Wasser in 

Stärke-Gluten Systemen mit limitiertem Wassergehalt führte. Daraus kann abgeleitet 

werden, dass eine reduzierte Verkleisterungsenthalpie von physikalisch modifizierten 

Stärke-Gluten Systemen sowohl auf die Zerstörung kristalliner Bereiche der 

modifizierten Stärke als auch auf eine engere Wasserbindung von modifiziertem 

Gluten zurückgeführt werden kann. 

 

Durch das Wissen über die Auswirkungen von unterschiedlichen mechanischen und 

thermischen Modifikationsmethoden kann eine verbesserte Steuerung der 

Hydratationseigenschaften von Weizenmehlen erfolgen. Damit wird die Grundlage zur 

Herstellung physikalisch modifizierter Weizenmehle und -stärken mit definierten 

Hydratationseigenschaften gelegt.  
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1 Introduction 

The texture formation of cereal food requires a complex interplay of biopolymers 

among each other and with water. Already minor raw material fluctuations of wheat 

flour components or the modification of flour components during grinding, however, 

result in an altered hydration of biopolymers, complicating a standardization of the 

texture of cereal products. In this thesis, water polymer interactions of hydrocolloids 

will be discussed and the unique role of wheat starch as a hydrocolloid in cereal/starch 

based food will be considered. In the following, structural and functional alterations of 

the main wheat components starch and gluten during physical modification processes 

will be identified, which contribute to variations of the flour hydration. Finally, the thesis 

outline will be presented. 

 

1.1 Water macromolecule interactions in food systems 

Hydrocolloids are used in a wide range of food products to improve their textural 

properties and the storage stability by the formation of water macromolecule 

interactions. Although, hydrocolloids are especially associated with products like 

sauces, soups, toppings and jams, they contribute to the textural formation of many 

more food products, like baked goods and dairy products (Altemimi, 2018; Phillips & 

Williams, 2009). Starch plays beside gelatin, the most important role as hydrocolloid in 

the food market (Seisun, Phillips, & Seisun, 2002). Specially to prepare baked goods, 

a high water binding ability of hydrocolloids (mainly starch) is a prerequisite for the 

transformation of a liquid foam into a solid sponge and consequently the formation of 

a crumb-like structure (Ferrero, 2017; Kohajdová & Karovičová, 2009; Mills, Wilde, 

Salt, & Skeggs, 2003).  

 

The diversified group of hydrocolloids consists of long chain polymers of 

polysaccharides, as agar, cellulose or starch, as well as proteins, as gelatin. Despite 

structural differences, all hydrocolloids have in common that they can either form 

microscopically dispersed, insoluble particles in water, resulting in a significant rise in 

viscosity of the dispersion and/or they can form a gel (Milani & Maleki, 2012). This 

special function is primary traced back to the large number of hydroxyl groups of the 

hydrocolloids, which strongly interact with water molecules, giving colloids a strong 

hydrophilic character (Saha & Bhattacharya, 2010). Due to the thickening or gelling 



1 Introduction 

 - 6 - 

ability of hydrocolloids, the stability of the mediate or final products can be improved 

and/ or additionally the texture of the product can be set (Laaman, 2011; Saha & 

Bhattacharya, 2010). In case of low-density (highly inflated) baked goods, the rise in 

viscosity during processing facilitates the stabilization of the gas phase during dough 

preparation and baking. Additional, gelling properties of hydrocolloids contribute to an 

appropriate texture impression in the final product (Figure 1.1).  

 

 

Figure 1.1: Functionality of the hydrocolloid starch in the production of baked goods. 

 

Due to the presence of hydroxyl groups, all hydrocolloids are in a defined range soluble 

in water and strongly interact with water molecules. Thus, the addition of hydrocolloids 

to water based solutions results in a rise in viscosity (Marcotte, Taherian Hoshahili, & 

Ramaswamy, 2001). The quantity of restricted water by hydrocolloids depends on the 

composition, concentration, structure and accessibility of macromolecules (Laaman, 

2011; Marcotte et al., 2001): while non-heated wheat starch, for instance, retain 0.6 g 

water compared to its dry mass, heating of starch suspensions leads to a 40 times 

higher water retention ability due to the changes in structural conformation of starch 

(Tegge, 2004). Thus, heat induced transformation of hydrocolloids is often used to 

increase the viscosity and stability of food systems, which contain a high amount of 

water. The type, in which the movement of water is restricted by hydrocolloids, is 

divided into a thickening and a gelling function of the hydrocolloids (Saha & 

Bhattacharya, 2010).  
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1.1.1 Thickening agents 

Thickening agents, as xanthan, starch and cellulose derivates, are food compounds, 

which evoke a high rise in viscosity of a fluid, even when added in a low amount 

(Brunnschweiler et al., 2005; Williams, Phillips, & de Vries, 2004). The rise in viscosity 

in water based fluids, as most food systems are, is traced back to the reduction of non-

bound, freely movable water. This is achieved by the swelling of the hydrocolloid and, 

additionally at higher concentrations, by the formation of loose entanglements in the 

food matrix (compare Figure 1.2).  

 

Figure 1.2: Thickening and gelling functionality of starch in aqueous matrices 

The first mechanism causes only a slight increase in viscosity, whereby latter 

mechanism results in an over proportional increase in viscosity due to molecular 

interactions (hydrogen bonds, hydrophobic or ionic interactions) of hydrocolloids. 

Therefore, a minimum quantity of macromolecules have to be present in the 

dispersion, so that macromolecules could come into contact, restricting the mobility of 

single polymer chains (Milani & Maleki, 2012). 

The extent of thickening depends predominantly on the structure and molecular weight 

of the hydrocolloid (polymer), as shown by the intrinsic viscosity ([η]) of a dispersion 

using Mark-Houwink equation (equation 1). 

 

[η] = K · Mα     equation 1 
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Thereby, K and α are empirically determined parameters of Mark-Houwink equation 

(Kasaai, 2007). M is the molecular weight of the hydrocolloid. Consequently, the 

molecular weight of a hydrocolloid is one of the main key factors, determining the 

intrinsic viscosity of a dispersion. Since the molecular weight of polymers can be 

reduced by physical treatments, for example by grinding procedures (Dhital, Shrestha, 

Flanagan, Hasjim, & Gidley, 2011), effects of grinding on polymer functionality must 

not be neglected, when analyzing processed cereals. 

 

1.1.2 Gelling agents 

All hydrocolloids can be used to thicken suspensions, whereby only few hydrocolloids 

show the ability to form a gel (Saha & Bhattacharya, 2010), as gelatin, pectin or agar 

(Williams et al., 2004). The gelation of water based matrix describes the process of the 

formation of a gel, whereat colloidal macromolecules develop a three-dimensional, 

highly viscous network (gel). In food industry, this transformation of a sol into a gel 

takes place especially after the heat treatment/ boiling of gelling agents in aqueous 

dispersions. During heat treatments, hydrocolloid particles disintegrate, and the 

polymers get distributed within the continuous medium of the food matrix. Thus, a heat 

treatment is a prerequisite for most gelling agents. In the second step, on condition 

that a minimal concentration of the gelling agents is exceeded, a gel can be formed 

during the cooling phase. Thereby, entanglements and/or junction zones are build, 

leading to an intense rise in viscosity (Bao & Bergman, 2004; Mandala, 2012; 

Wüstenberg, 2014), as illustrated in Figure 1.2. 

 

The moment, when the hydrocolloids are connected on macroscopic scale (structural 

description), or, when the matrix is no longer flowable or deformable (functional 

description), is known as the gel point. Due to the immobilization (restriction) of a huge 

amount of water into a three-dimensional network structure through cross-linking (with 

mediate cation or by covalent bonds) or strong non-covalent interaction of the polymers 

(hydrogen bonds, hydrophobic attraction) (Banerjee & Bhattacharya, 2012; Shyichuk, 

1997), gels are often seen as an intermediate form between a solid and liquid. Thereby, 

they do not show changes in their shape over a long period of time (Razavi, 2019). In 

contrast to a thickened dispersion, gels show a pronounced viscoelastic character by 

the formation of an extensive network (Banerjee & Bhattacharya, 2012; Bayarri, 

Izquierdo, Durán, & Costell, 2006; Mandala, 2012). In general, hydrocolloids can easily 
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be assigned to the category of thickening agents or gelling agents analyzing the 

storage modulus, loss modulus or loss tangent. In case of the hydrocolloid starch, 

however, the allocation is more difficult: starch polymers demonstrate characteristics 

of thickening and gelling agents during different processing steps, which can be 

referred to the unique structure of starch on molecular and microscopic scale (BeMiller, 

2011; dos santos & da Silva, 2002; Fiszman, Costell, & Durán, 1986).  

 

1.2 Starch – an important thickening and gelling agent in food 

industry 

Starch constitution 

Starch is a ubiquitously occurring biopolymer, consisting of the two macromolecules 

amylose and amylopectin, which function in plant cells as storage polymers. Although 

amylose and amylopectin are composed by the molecular unit ‘D-glucose’ (Bertoft, 

2017), the arrangement of starch polymer chains to a crystalline and subsequent highly 

organized granular form creates specific functional properties of starch (see Figure 

1.3). 

 

Amylose is a linear polymer containing exclusively α-1,4 glycosidical bonds, resulting 

in a linear constitution. Its molar mass ranges between 105 and 106 g/mol. Which 

corresponds to a quantity of repeated D-glucose monomers of 160 to 1600. 

Amylopectin shows additionally 4% of α-1,6 linked glucose units, resulting in a 

branched structure, shorter polymer chains than amylose, and a molar mass of 107-

108 g/mol (Durrani & Donald, 1995). The ratio of amylose/ amylopectin depends on the 

starch source and varies between 0.25 and 0.28 in general (Van Hung, Maeda, & 

Morita, 2006).  

 

The functional properties of starch mainly depend on the chain length of amylose and 

amylopectin, as well as the ratio of starch polymers amylose and amylopectin. For 

instance, while amylose (AM) revealed a high iodine binding capacity, amylopectin 

(AP) shows a significantly lower ability to embed iodine molecules (only 0.38% w/w of 

iodine is embedded by total AP in potato solution) (Davis, Skrzypek, & Khan, 1994; 

Jackson, 2003). This knowledge is especially for detection methods elementary, as the 

SDmatic, where the extent of starch modification or amylose content is determined by 

the amount of embedded iodine molecules (Zhu, Jackson, Wehling, & Geera, 2008). 
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Thereby, the ratio of amylose and amylopectin and the molecular weight of polymers 

are related to the structure of starch chains, as the chain length distribution. 

Amylopectin molecular weight, for instance, rises with elevated ratio of amylopectin 

short chains in rice starches (Li, Wen, Wang, & Sun, 2018).  

 

Figure 1.3: Schematic illustration of the structural constitution of starch (modified from (S. 

Jakobi, Jekle, & Becker, 2018)) 

 

Furthermore, alterations of the amylose content in grains affect the molecular weight 

of amylopectin and amylose, as shown on different rice starches by Li, Wen, Wang, & 

Sun. The relation was the following: the higher the amylose content found in the study, 

the lower the molecular weight of amylose and amylopectin (Li et al., 2018). To 

describe the structure of amylopectin, a cluster model is often used, which differentiate 

amylopectin branches into A, B and C chain(s), as displayed in Figure 1.4: 

1. A chains are connected by B chains 

2. B chains shows bonds with A chains, other B chains or the C chain 

3. The C chain occurs only once per molecule and has a reducing end (Peat, 

Whelan, & Thomas, 1952). 

 

The special arrangement of starch (predominantly amylopectin) chains leads to a semi-

crystalline order of starch, which is further differentiated into alternating crystalline and 

amorphous lamella with a periodicity of 9-10 nm. Crystalline lamella consists mainly of 

amylopectin, whereby branching points of amylopectin, as well as amylose, are likely 

located in the amorphous lamella. Lamella itself form either ellipsoidal blocklets of 50-

500 nm, which are further arranged to crystalline growth rings, or blocklets of 20-50 nm, 
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which are further arranged to semi-crystalline growth rings. The arrangement leads to 

the formation of A or B-type crystallites or a mixed type of A and B crystallites, which 

depends on the origin of the starch plant, and determines the functional properties of 

starch among other things by the inclusion of water molecules into starch unit cells 

(Donald, Kato, Perry, & Waigh, 2001; Imberty & Perez, 1988; Sanderson, Daniels, 

Donald, Blennow, & Engelsen, 2006).  

 

Figure 1.4: Amylopectin arrangement 

forming crystalline and amorphous 

lamella in starch granules 

 

The combination of alternating 

growth rings results in highly 

organized starch granules. The 

supramolecular structure of starch 

granules can vary between 

spherical, ellipsoid to polyhedral 

and provide guidance with respect 

to the origin of starch. While corn 

starch displayed a predominantly 

homogenous fraction of polyhedral, 

round, sharply edged granules of a 

diameter of 10 – 25 µm, for instance, wheat starches consist a bimodal composition of 

spherical B granules ranging in diameter from 2 – 15 µm and lenticular shaped A 

granules of a diameter of 30 – 40 µm (Gallant, Bouchet, & Baldwin, 1997; Pérez & 

Bertoft, 2010; Tegge, 2004). Finally, starch granules are combined into particles in 

flours and embedded in a protein matrix. Thus, the mean volume particle size of wheat 

flours is about 90 µm (S. Jakobi et al., 2018). 

 

The complex arrangement and constitution of starch and the presence of further 

components in cereals, which depend on the origin of starch source, are predominant 

factors, influencing the functional properties of starch based matrices: the size and 

constitution of blocklets, amylopectin branch chain-length, presence of pores and 

furthermore the granule size determine the accessibility for water and endogenous 
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enzymes in cereal matrices and, consequently, the enzymatic degradation of starches 

(James & Whistler, 2009; Srichuwong et al., 2017; Tang, Mitsunaga, & Kawamura, 

2006; Zhang, Venkatachalam, & Hamaker, 2008). Besides, enzymatical starch 

degradation is also controlled by enzyme inhibitors, associated protein matrix 

(Srichuwong et al., 2017) and further minor components, as lipophilic components, 

proteins, minerals or phosphor-containing substances. 

 

Determination of starch functionality - challenges 

To analyze the impact of different modification techniques and selected chemicals on 

starch functionality, researchers used extracted starches, which are commonly known 

as ‘native starch’. The term ‘native’, however, is misleading: the so called ‘native’ 

starches are obtained in industrial processes by the extraction of starch-containing 

plants with aqueous /sodium chloride solution, whereby, the starch molecular weight 

distribution is altered by the removal of minor components or dextrin (Pauly, Pareyt, 

De Brier, Fierens, & Delcour, 2012). These alterations affect the thickening/ gelling and 

recrystallization properties of starch pastes, in turn. Thus, starches obtained by 

extraction process are not identically with starches, which are present in starch-

containing materials, as flours and grains. Consequently, a systematic enlightenment 

of mechanism of isolated starch, acting as hydrocolloid, is hampered. 

 

Thus, a lot of investigations of starch functionalities were performed in complex 

materials, as flours, although a systematic and fundamental elucidation of starch 

alterations is complicated due to the presence of further plant components. Proteins, 

as gluten polymers, extensively interact with water at room temperatures, binding a 

multiple amount of their weight of water. On the other hand, starch water interactions 

take place at the surface of starch granules at room temperature, restricting solely a 

low percentage amount of water. Thereby, starch granules are nearly completely 

insoluble in water, which is referred to their semi-crystalline, highly-ordered structure 

(Jane, 2009). Through the specific weight of starch granules of 1.6 g cm-3 (Dengate, 

Baruch, & Meredith, 1978), starch granules tend to sediment in aqueous suspensions 

at rest. To enable a permanent exchange of water on the surface of starch and a 

uniform distribution of starch in wheat flour suspensions a constant mixing must 

additionally be ensured, however, this can result in constitutional changes of gluten by 

the development of a protein network in wheat matrices. Thus, new approaches have 
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to be found to ensure a precise and valid assignment of the constitution and functional 

characteristics of starches in complex materials with interfering substances.  

 

Functional characteristic of starch in complex materials 

The ubiquitous occurrence and the comparatively easy extraction of starch from plant 

cells make starch beneficial for the application in baking products, dairies, sweets and 

frozen products (Altemimi, 2018). Especially, the thickening function during heating of 

starchy suspension and the gelling properties during subsequent cooling, allow the 

application of starch in several food products. When aqueous starch solutions are 

heated, starch granules start to swell, whereby starch granules are penetrated by 

water, leading to a volume expansion and a weight gain of granules. Exceeding a 

specific temperature, granular structure of starch is disrupted, leading to the loss of 

crystalline structure and consequently reduction in crystalline order. Starch granules 

begin to crack and break, so that starch molecules, especially amylose, leach into the 

aqueous phase, which facilitates a further swelling of starch granules. This intensifies 

the disruption of crystalline parts and loss in birefringence (James & Whistler, 2009; 

Muñoz, Pedreschi, Leiva, & Aguilera, 2015). Swelling of starch granules and the 

enhanced water binding result in a rise in viscosity (Cornell, 2004) and the phenomena 

of starch gelatinization/ pasting occurs (compare Figure 1.1). The gelatinization/ 

pasting of wheat starch suspensions typically takes places at temperatures around 60-

90 °C, depending on the analyzed wheat variety, the modification of starch during 

production/ processing and the presence of interfering substances (R. Kumar & 

Khatkar, 2017; Tan, 2014). Already the (physical) modification of starch during grinding 

of grains significantly affects the gelatinization characteristic by altering starch 

structures and thereby, the interaction of starch with water. The possible modification 

of further cereal polymers, as gluten, during processing and associated changes in 

starch polymer interaction and hydration are additional aggravating factors in the 

elucidation of the relation of starch constitution and hydration properties.  

 

The extent of paste formation is determined by the type of used starch. The swelling 

of starch granules is inhibited by higher amylose/ amylopectin ratio resulting in a 

reduced paste viscosity (Schirmer, Höchstötter, Jekle, Arendt, & Becker, 2013). Thus, 

functional properties in dough and bread can be controlled by the appropriate selection 

of starches (Blazek & Copeland, 2008). Amylopectin initially retain the crystalline 
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structure in starch granules. Only, when starch is exposed for a longer period to 

temperature above gelatinization/ pasting in aqueous solutions, granular structure and 

crystallinity is destroyed.  

 

This allows to partially adjust desired temperatures of gelatinization, the extent of 

crystal melting and further functional properties of the resulting starch pastes by a 

specific selection or modification of starch (Ariyantoro, Katsuno, & Nishizu, 2018). 

Wheat starches form pastes above 67 °C, whereby pasting temperature of potato 

starches is above 62°C, for instance. The resulting pastes of potato starch is less rigid 

than pastes of corn starch due to the different polymer composition and polymer 

arrangement. Furthermore, the composition determines the gel development of starch 

suspensions, which takes place, when a starchy suspension is cooled down, so that a 

re-arrangement of starch polymers (recrystallization/ retrogradation) can occur. 

Thereby, typical textures (as crumb structure) are formed, which show a viscoelastic 

behavior (compare Figure 1.1). Hence, mechanical properties of resulting pastes/ gels 

and the sensory of thick or gelled systems are mainly determined by the ratio of 

amylose/ amylopectin, due to difference in polymer functionality (Arvisenet, Bail, 

Voilley, & Cayot, 2002; Gunaratne & Corke, 2016; Kaufman, Wilson, Bean, Herald, & 

Shi, 2015): due to the linear structure, amylose polymers show a high solubility with 

good gelling properties. On the other hand, amylopectin molecules are responsible for 

the firming of baked goods (Aguilera & Stanley, 1999; Kong & Singh, 2011). In the last 

decades, modification techniques were developed, which allow the industry to modify 

the starch functionality during mixing, heating and cooling of starch based materials 

within limits.  

 

1.3 Types of starch modification 

The origin of starch determines the ratio of amylose/ amylopectin, its molecular weight 

(distribution), the morphology of starch granules and consequently the functionality of 

non-modified starches (Abebe, Collar, & Ronda, 2015; Goering, Fritts, & Eslick, 1973; 

Gunaratne & Corke, 2016; Jobling, 2004; Kaptso et al., 2015; Kaufman et al., 2015), 

resulting in different application fields of starches.  

 

Thereby, amylopectin forms stable solutions in cold water, if it is able to immigrate into 

aqueous phase, while the linear polymer amylose is not/ less soluble in water 
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(Mukerjea & Robyt, 2010). Thus, textural properties of starchy systems are tried to be 

controlled by a combination of amylose and amylopectin, as well as the selection of 

appropriate starches. However, there are still limitations in the variations of functional 

properties of native starches (Cornell, 2004).  

 

To overcome these limits and to achieve, for instance, a high paste stability at higher 

temperatures or a high freeze-thaw stability, modification techniques (chemical, 

physical or enzymatic) have to be applied (Jane, 2009; T. Y. Liu, Ma, Yu, Shi, & Xue, 

2011; Singh, A. V. ; Nath, L. K. ; Singh, 2010). Acetylation of starch is used to achieve 

a higher solubility, swelling power and viscosity, and succinylation increases the water 

binding capacity of starches (Ariyantoro et al., 2018). Thus, deficiencies of native 

starches can be solved (Tharanathan, 2005). The swelling behavior, pasting 

properties, as well as digestibility after a chemical modification depend on the structural 

constitution of used starches (as amylose content) (Shen et al., 2019). Consequently, 

even for a chemical modification, the structural constitution of starch must be 

understood and controlled. Although the chemical modification is a widely used method 

for changing functional properties of food starches, it shows great disadvantages, 

concerning the declaration (European Parliament, 2008) and environmental 

compatibility. Additionally, chemical residuals can retain in modified starches and 

transferred into the food product.  

 

Thus, other modification techniques are favored, as an enzymatic hydrolysis or a 

physical modification of starch. Enzymatic modification techniques are used to modify 

starches and flours during the processing and within the food matrix, for instance by 

using a fermentation process of 24 h with Lactobacillus amylovorus (Cho, Lee, & Eun, 

2019). Although enzymes are widely used in the baking industry, fluctuations of starch 

properties make a targeted application of enzymes challenging, since enzymatic 

kinetic depends immensely on the accessibility of starch granules, which is affected by 

physical forces acting upon starch. 

 

Physical modification of starch has several economic and ecological advantageous. 

Beside the fact of being a cheap modification technique, since it gets along without the 

usage of expensive chemical treatments, physically modified starches are considered 

as food ingredients and do not have to be declared as food additives (Zia-ud-Din, 
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Xiong, & Fei, 2017). Since the percentage of consumers, who try to avoid food 

containing additives for nutritional reasons is growing, physical modification offers 

economic benefits compared to chemically modified starches to achieve desired 

functional characteristics of products. Especially in ‘traditional’ food, as baked goods, 

consumers expect and prefer clean label products. Thus, industrial and scientific 

interest is on the physical modification of starch, preferably in the raw material ‘flour’ 

to avoid an expensive modification techniques and prior extraction processes. 

 

Physical treatment of cereals (so called physical modification) can lead to an increase 

in accessibility of starch, alterations of starch crystallinity and pasting properties, as 

well as changes in visco-elastic properties of wheat based systems (Khunae, Tran, & 

Sirivongpaisal, 2007; Knutson, 1990; Krueger, Walker, Knutson, & Inglett, 1987), 

resulting in modified texture and specific volume of baked goods. A targeted physical 

treatment during processing of grains, for instance during grinding, could therefore 

represent a promising approach to alter starch functionality. Therefore, the effects of 

physical forces on starch constitution must be elucidated in order to understand 

structure-function relations.  

 

1.4 Grinding – physical modification of cereal biopolymers  

The physical modification during grinding represents a powerful tool to modify the 

starch (and possibly gluten) functionality and to achieve the required hydration 

characteristic of flours. White flours are produced from cereal grains by separating the 

endosperm (starch-containing part of grain kernels) from the surrounding, high-fiber 

bran and aleurone layers, which is achieved in a multi-step grinding process. Grinding 

is a highly industrialized process, in which grains are broken/ degraded after several 

pre-treatments, as the adaption of moisture content and cleaning, in a roller mill. 

Afterwards bran particles and other, low density particles are separated by sieving from 

the starch-enriched fraction. A further grinding step in a roller mill with reduced grinding 

gap and a separating process of the starch-enriched fraction leads to the production 

of purified flour fraction with desired particle size distribution (Posner & Hibbs, 2005). 

Figure 1.5 displays the effect of ball milling on the morphology of wheat flour particles. 

 

Alterations of the starch constitution and functional properties of starches in flours 

depend notably on the mill type, as shown by ball ground and cryogenically ground 
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starches: while ball grinding partially destroyed the crystalline and double-helical 

structure of starch, resulting in a reduced gelatinization enthalpy (Huang, Xie, Chen, 

Lu, & Tong, 2008; T. Y. Liu et al., 2011; Martínez-Bustos, López-Soto, San Martín-

Martínez, Zazueta-Morales, & Velez-Medina, 2007), reduced starch crystallinity is also 

achieved by cryogenic grinding, without affecting gelatinization enthalpy (Dhital et al., 

2011). Furthermore, ball grinding is known to alter microscopic structures of starch, as 

particle size reduction, which increases the surface of starch and leads to a rise in 

water absorption and water solubility (Martínez-Bustos et al., 2007). Beside alterations 

of hydration properties, differences in an enzymatic starch hydrolysis of rice flours were 

evident after grinding by jet mills or hammer mills (Lee, Shim, Goh, Mok, & Puligundla, 

2019). Furthermore, a strong correlation was found between apparent amylose content 

and cold-water solubility of cassava starch. Since the apparent amylose content, in 

turn, is modified by grinding, this represents an effective possibility to modify cold water 

properties of starch (Huang et al., 2008). Extrusion of banana starches showed a 

fragmentation of amylopectin and formation of slowly digestible starch (Roman, 

Gomez, Hamaker, & Martinez, 2019). The control of starch digestion has a great 

importance for food products, containing a high amount of fast available carbohydrates 

(as baking products), since it significantly affects the nutritive value of food.  

 

Figure 1.5: Wheat flour particle degradation analyzed by scanning electron microscopy (SEM)  

(A) reference wheat flour (B) subsequently modified wheat flour in ball mill at 600 rpm/ 5min 

 

Many relevant changes in starch functionality are traced back to changes in the particle 

size distribution of wheat flours. These alterations of the wheat flour particle size can 

be achieved by an uncontrolled breaking of single starch particles out of starch-protein 

agglomerate (flours particles) or the fragmentation of starch granules itself. Latter is 

especially realized in high-energy mills and ball mills, which can alter the starch 



1 Introduction 

 - 18 - 

granules size and granule surface properties of pure starch (Liu et al., 2011; Martínez-

Bustos et al., 2007).  

 

To determine relevant structural alterations of pure starch or starch in complex flour 

matrices, a broad range of starch and flour modifications were performed in the last 

decades. Jet grinding, for instance, reduced the particle size of wheat flours from 

d50 < 75 μm to d50 < 12 μm and decreased the gelatinization enthalpy, while no changes 

of peak molecular weight occurred (determined by HPSEC–RI). The modification 

provoked the formation of harder and more sticky dough (Lazaridou, Vouris, 

Zoumpoulakis, & Biliaderis, 2018). Transformation of crystalline parts into amorphous 

parts accompanied with a modification of starch granules from a smooth to an abrasive 

surface was also determined, when whole wheat flour or maize starch were modified 

using a superfine or ball mill (He et al., 2014; Niu, Zhang, Jia, & Zhao, 2017). On the 

other hand, flours produced on a Buhler laboratory mill or Brabender senior mill caused 

a rise in starch accessibility and the fragmentation of starch granules, but no changes 

in relative crystallinity, although pasting properties were altered (Yu et al., 2015). The 

differences in starch/ flour modification and resulting functionality after grinding 

processes on different mills hamper a direct correlation of starch constitution and 

functionality. Thus, a targeted modification failed so far. 

 

The reasons for uncertainties and unknowingness regarding the effects of different 

grinding types on constitution and functional characteristics of starches and flours, are 

found in the variation of several influencing factors. The extent and range of introduced 

alterations of starch/ flour particles depend mainly on (1) the constitution of starch and 

the presence of further flour components, as well as on (2) the used mill/ applied forces:  

 

(1) A high ratio of amylose/ amylopectin counteracts the molecular degradation during 

grinding, which is referred to the role of amylose as plasticizer in starch granules (Dhital 

et al., 2011). Amylose shows a more flexible behavior due to its amorphous 

constitution, whereby amylopectin has a rigid characteristic explainable by the greater 

molecular weight, as amylose. Thereby, the crystalline structure of amylopectin is more 

sensitive to a mechanical destruction (Liu et al., 2017). Further detailed 

interrelationships of other starch structures in complex wheat flours matrices, and the 

impact of grinding on wheat flour hydration are still insufficiently understood, which is 
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connected to the fact, that the role of the wheat polymer ‘gluten’ in grinding processes 

has not been sufficiently scientifically researched, yet, although it is the second main 

polymer in quantity in wheat flours.  

 

(2) Studies on different mills determined a significant influence of the type of mill on 

the morphology, crystallinity and molecular constitution of starch and the functionality 

of cereal biopolymers (Lee et al., 2019), which is referred to the presence of different 

physical forces (various mechanical/ thermal forces) during the grinding procedure. 

Besides, the extent of those forces is essential for the degree of polymer modification. 

For jet ground flours, the particle size distribution was mainly influenced by the feed 

rate: the less the feed rate was set, the more pronounced the particle size reduction 

was (Lazaridou et al., 2018). For ball or planetary mills significant correlations were 

found between the reduction of gelatinization temperature or starch crystallinity and 

the increase in grinding time or grinding energy, respectively (González, Loubes, & 

Tolaba, 2018; Huang et al., 2008). Thus, the modifications of starch constitution do 

strongly depend on grinding parameters, however, these parameters vary significantly 

in different studies. As a result, the comparison and transfer of results is hardly 

possible. 

 

Especially industrial grinding processes combine mechanical and thermal forces 

during grinding (Dhital et al., 2011). Temperatures up to 85°C were detected, when a 

planetary mill was used, for instance, in a high energy mode (González et al., 2018). 

A differentiation between mechanical and thermal forces is indispensable. Studies 

applying ‘exclusively’ mechanical forces during the grinding processes, as in cryogenic 

mills, indicate, that starch degradation is a mechanically induced process (Dhital et al., 

2011). Other studies focused on the effects of exclusively thermal forces, as present 

in drying processes of starch based products. Malumba, Massaux, Deroanne, 

Masimango, & Béra demonstrated 2009 an increase in rigidity with high drying-

temperatures of wet ground starch granules, reducing a swelling of dried starch. Latter 

affects the pasting characteristic and mechanical gel properties (Malumba, Massaux, 

Deroanne, Masimango, & Béra, 2009). In conventional grinding processes, a clear 

allocation of the consequences of mechanical and thermal forces on starch constitution 

and the resulting alterations of the hydration properties were not carried out, yet. 

Thereby, the impact of the thermal part as well as synergistic effects are in general 
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ignored in conventional grinding procedures, although thermal forces can affect starch 

functionality, as mentioned before. 

 

To produce wheat based products, a clear analysis of introduced changes of wheat 

flour polymers is necessary to predict and moreover control the properties of dough 

and baked goods. The modifications of flours during grinding are almost completely 

referred to a modification of starch and the analysis of gluten functionality is often 

neglected. Thereby, gluten itself can be affected by an intense heat development or 

the presence of mechanical forces altering the high molecular structure, as tertiary 

structure, of gluten polymers. Additionally, gluten functionality could be affected by 

altered interactions of modified starch and (modified) gluten polymers. Due to the 

simultaneous occurrence of starch and gluten polymers in wheat flours, the distinction 

of modifying forces during grinding (mechanical, thermal or thermo-mechanical) on 

starch or gluten polymers was not possible, so far. 

 

1.5 Thesis Outline  

Raw material fluctuations of wheat flours complicate the production standardized 

baking products. To achieve consistent properties of wheat flours in compliance with 

the consumers requirements of additive free products, the milling industry uses two 

strategies: grains/ flours can be mixed to compensate grain/ flour fluctuations (Miskelly 

& Suter, 2017) or a defined physical modification of grains/ flours can be applied during 

grinding. Both methods provide the opportunity to optimize the hydration and 

gelatinization properties to the desired purpose. The physical modification of starch in 

flours can be a low-cost tool, moreover, which enables a targeted functionalization of 

wheat polymers, especially starch, (Liu, C.; Liu, Lin; Li, Limin; Hao, Chunming; Zheng 

& Bian, Ke; Zhang, Jie; Wang, 2015), on one condition that structure function relations 

of wheat biopolymers are known. Hence, the knowledge of the dependency of 

constitution of flour polymers and their functional properties are essential for a targeted 

functionalization of flours in baking industry.  

 

Although relations of starch constitution and resulting functional changes are well-

known for chemical modifications (for instance esterification) (Hong, Zeng, Brennan, 

Brennan, & Han, 2016; Tian, Chen, Chen, Yang, & Wang, 2018), structure function 

relations of physically modified flours are incompletely analyzed, arising from defective 
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experimental designs and a poor interpretation of data of previous experiments. Most 

studies focused on single structural alterations, correlating determined changes of the 

starch constitution to the hydration properties of obtained flours. In this way, false 

correlations could be drawn, because no distinction between causal correlation and 

side-effects of the grinding process was possible. Furthermore, former research dealt 

primary with the modification of starch during physical modification of wheat flour, 

neglecting a potential modification of gluten polymers (Hackenberg, Jekle, & Becker, 

2018). Many functional properties of dough, as dough strength and elasticity, are 

based on the composition and content of gluten (Dhaka & Khatkar, 2015; Shewry, 

Halford, Belton, & Tatham, 2002; Žilić, 2013). If alterations of dough functionality 

occurred after grinding, changes were explained by the effect of modified starch on 

gluten network development during kneading, for instance by a reduced hydration of 

gluten (Hackenberg, Jekle, et al., 2018). It seems to be an accepted fact, that gluten 

polymers do not change during grinding due its more flexible constitution causing 

changes of dough functionality. Based on this assumption, it was excluded, that 

potentially modified gluten polymers affect the gelatinization/ pasting characteristic of 

dough or flour suspensions, which is in general attributed to the starch behavior. 

Thereby, it is known, that starch pasting is influenced not only by the amount (Jekle, 

Mühlberger, & Becker, 2016), but furthermore by the type of gluten polymers (Chen, 

Deng, Wu, Tian, & Xie, 2010). 

 

The challenges in a systematic analysis of physically modified flours is that grinding of 

flours is a highly variable process including different temperature profiles and the 

application of different mechanical forces. This evokes alterations on different 

structural level of starch (nanoscopic, microscopic and macroscopic), potentially 

modifies gluten functionality and the morphology of flour particles, leading to various 

hydration and gelatinization characteristics of flours (Kijima et al., 2015; C. S. Kumar, 

Malleshi, & Bhattacharya, 2008; Ngamnikom & Songsermpong, 2011; Nishita, K. D.; 

Bean, 1982). Consequently, research results are often poorly comparable, and a 

knowledge-driven grinding process fails, since an in-depth understanding of the impact 

of structural changes of starch polymers (and gluten polymers) during grinding of flours 

on the functional changes is missing. New approaches using model dough, combining 

starch polymers and gluten polymers in varying ratios and functionalities, enable a 

more specific investigation of the interplay and mutual interference of starch and gluten 
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(Jekle et al., 2016). This methodical approach was hitherto rarely introduced for 

physically modified cereal polymers. Thus, the allocation of modified flour and dough 

properties to either modified starch or modified gluten polymers failed, so far. 

 

The physical modification of starch, gluten and wheat flours during grinding can be 

seen as a tool to elucidate the impact of a modification of starch on molecular and 

microscopic scale on the hydration properties of flours. Additionally, this facilitates to 

investigate interaction effects of starch and gluten polymers in more detail and enable 

to clarify if gluten is modified during grinding of wheat flours. In combination with a 

detailed distinction of the impact of thermal and mechanical forces on starch/ flour 

modification, this knowledge would allow a targeted control of the grinding procedure.  

 

Based on these requirements for a targeted physical modification of wheat flours, the 

thesis is structured as follows: 

1. Alterations of starch constitution, affecting the properties of dough and texture 

of baked goods, are critically reviewed including 

a. the determination of required dough properties to produce low-density 

baked goods 

b. the identification of starch structures, which determine the required 

dough properties 

2. A distinction of the effects of different physical forces, occurring during grinding, 

on wheat flour polymers was made containing 

a. the proof of a modification of gluten polymers and its potential influence 

on hydration and gelatinization/ pasting of starch (in model dough) 

b. a precise differentiation into a mechanical and thermal flour modification 

enabling a targeted control of grinding processes and the selection of 

appropriate grindings for a physical flour modification. 
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1.6 Methods 

Modification procedures 

Aim of this work was to investigate changes in hydration properties of wheat starch, 

wheat gluten and wheat flour caused by different physical treatments. The evoked wide 

range of physical changes – mechanical, mechanical-thermal and thermal – were 

achieved by different grinders and the thermal modification (13 min) using a baking 

oven. The ultra-centrifugal grinder (ZM 200, Retsch, Haan, Germany) combined 

mechanical forces (shear and impact forces) and thermal forces (temperature rise 

during grinding up to 70 °C). To exclude heat induced alteration, sample modification 

was additionally performed in a cryogenic ball grinder (Retsch, Haan, Germany). To 

determine precisely the type of mechanical force altering starch-gluten constitution and 

functionality, a self-constructed high-pressure device (at the Chair of Technical 

Microbiology of the Technical University of Munich) was used, where exclusively 

pressure was applied on the samples (up to 600 MPa). A temperature induced 

modification was excluded.  

 

Analytical methods 

Methods used for analytical sample characterization are summarized in Table 1.1. The 

functional characteristic of flour hydration, as well as hydration of flour components, 

prior and after modification procedures was monitored using the water solvent 

retention capacity (SRC, AACC Method 56-11.02) method containing exclusively the 

solvent ‘distilled water’ (hereinafter called WRC). Reasons for choosing solely water 

for the analysis was the better comparison of the solvent retention between polymers 

or polymer mixtures, as present in wheat flours. Variations for single polymers, for 

instance lactic acid SRC, would provide good results for the analysis of exclusively 

gluten (especially glutenin fraction), however, would be less suitable for the starch 

analysis. Especially analysis of polymer mixtures, containing varying starch-gluten 

ratios, would lead to unknown effects in solvent absorption and consequently are not 

interpretable. The precise application and adaption of the AACC Method 56-11.02 

method is described in the papers in chapter 2.3 (S. Jakobi et al., 2018). An adaption 

of the method was necessary since the subsequent high-pressure treatment of wheat 

flours provided only little amount of probe material. The suitability of the adaptation 

was reviewed, using non-modified wheat flours. With the adapted method higher total 

SRC values were gained, however, the slope and linear rise of SRC with increase in 
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starch modification degree (SMD) was constant. Thus, absolute values of the 

publication (chapter 2.3) are not directly comparable to the other publications (Sabina 

Jakobi, Jekle, & Becker, 2018).  

Table 1.1 Applied methods for analytical characterization of wheat flour, wheat starch and gluten  

Analysis Method  Applied in chapters 

Protein content AACC 46-12.01 

(conversion factor 5.7) 

2.3, 2.5 

Ash content AACC 08-12 2.3, 2.5 

Moisture content AACC 44-40 2.3, 2.4, 2.5, 2.6 

Particle size Static light scattering 2.3, 2.4, 2.5 

Total starch Total starch assay kit 

(Megazyme Ltd) 

2.3, 2.5 

Amylose/ Amylopectin 

content 

Amylose/amylopectin 

assay kit (Megazyme Ltd) 

2.3, 2.4, 2.5 

Glucose, maltose and 

maltotriose content 

High-performance anion 

exchange chromatography 

with electron detector  

2.3, 2.5 

Hydrodynamic radius of 

amylose and 

amylopectin 

Size exclusion 

chromatography (SEC) 

2.6 

Starch modification 

degree (starch damage) 

AACC Method 76-31.01 2.3, 2.4, 2.5, 2.6 

Gelatinization behavior Differential-scanning-

calorimeter (DSC)  

2.3, 2.4, 2.5, 2.6 

Water mobility Nuclear magnetic 

resonance (NMR) 

spectroscopy 

2.6 

Water Solvent retention 

capacity (SRC or WRC) 

AACC Method 56-11.02 2.3, 2.4, 2.5, 2.6 

 

The SRC method determines the global water retention and thus global water-polymer 

interaction of the sample, which are suitable results for industrial and technological 

application. The elucidation of local water-polymer shifts (shifts between different 
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polymer structures or water shifts between polymers), however, necessitates the 

usage of Nuclear magnetic resonance (NMR) spectroscopy (topspin 3.2, Bruker 

Corporation, Billerica, USA) to measure the water mobility. Therefore, model dough, 

containing 46.25 % water, consisting of reference/ modified starch and/ or reference/ 

modified gluten were measured, and the water distribution analyzed. This approach 

allowed, the exact determination of the local water binding of polymers prior and after 

modification in an ultra-centrifugal grinding (Paulik, Wen Yu, et al., 2019).  

 

Prior the conduction of the PhD studies, the starch modification degree (SMD), which 

is a quality parameter of flours and does often correlate with the hydration properties 

of flours, determined using an amperometric (AACC Method 76-33.01, Damaged 

Starch) and an enzymatic (AACC Method 76-31.01, Damaged starch) method. The 

results showed that the intense treatment of starch containing materials (wheat flours) 

only provided a limited increase of the amperometrically measured SMD, while the 

enzymatically measured SMD still further increased. This could possibly be referred to 

the severe destruction of the helical structure of amylose, which is responsible for the 

iodine absorption. A poor iodine absorption, as caused by the destruction of amylose, 

resulted in a low SMD value. Although the SDmatic method (amperometric) is fast and 

cheap and thus more often used in milling industry, authors decided to use the 

enzymatic SMD method, since the method is suitable for a wider physical treatment 

range. For the enzymatic analysis of the SMD the starch damage assay kit of 

Megazyme was used (Paulik, Jekle, Becker, et al., 2019). The testing principles is 

based in the hydrolysis of damaged and hydrated starch granules by fungal α-amylase 

to maltosaccharides and dextrins. Thus, damaged starch samples get soluble, while 

undamaged starch stays almost native and insoluble. The further treatment with 

amyloglucosidase leads to a complete degradation of soluble starch breakdown 

products to glucose, which can specifically be measured with a glucose 

oxidase/peroxidase reagent mixture (Megazyme Assay Procedure, 2018).  

 

The combination of analysis methods allowed the allocation of structural changes and 

the evoked modifications of polymer hydration and in general functionality.  
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2 Results 

2.1 Results (thesis publications) 

A review: reverse approach to analyze the impact of starch modification on the 

inflation and gas holding properties of wheat-based matrices (page 31-39) 

Differentiating between causal relations and simple correlations is a challenge in 

applied sciences. In case of physically modified wheat starch, a variety of structural 

changes of starch are known to be altered by physical forces, however, structural 

alterations are often of subordinate importance to forecast functionality of starch based 

flours on gas forming kinetics and gas holding capacity of wheat flours. Causal 

relations between physically modified starch structures and matrix functionalities were 

pointed out by using a reverse approach. Thereby, focus was first on relevant dough 

characteristics to receive a satisfactory gas holding capacity. Secondly, responsible 

starch structures were identified, before the impact of physical modification on the 

relevant dough functionalities are considered. Early gelatinization (caused by a 

facilitated hydration) and lowered viscosity in combination with an altered gluten 

network formation cause an impaired formation of an open-cell foam, which is probably 

achieved by the molecular degradation and granular disruption of starch.  

 

Figure 2.1: Former, forward approach and new, reverse approach to elucidate the impact of 

starch modification on flour functionality 
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Contributions 

The doctoral candidate created the structure of the review article and conducted the 

literature research. Structure of the article was critically discussed and improved with 

co-authors. All authors critically reviewed the article and contributed significantly to the 

innovative approach and concept of this article. 

 

Direct link between specific structural levels of starch and hydration properties 

(page 40 – 47) 

Physical treatments of flours, as high-pressure treatments, extrusion or grinding cause 

a modification of starch (formerly known as starch damage), which result in an 

enhanced water retention capacity and facilitated hydration of physically modified 

flours. Although a lot of analysis were performed, structural alterations of starch 

causing rise in hydration properties could not be determined so far. Using two different 

mills and grinding principles (impact mill and cryogenic mill), various structural 

alterations on nanoscopic, molecular and microscopic level of wheat flour could be 

achieved. The water retention capacity of modified flours linearly raised with the 

grinding time in the cryogenic mill or rotation speed in the impact mill, thus with the rise 

in supply of energy. For cryogenically ground flours, a linear correlation of water 

retention and destruction in crystallinity was proven, however, no linear correlation 

between reduction in crystallinity and flour hydration was noticed for the ground flours 

in impact mill. It could therefore be concluded that formation of amorphous starch due 

to the destruction in crystallinity did not favor the enhanced water retention of flours. 

Differences in grinding procedures could be caused by different physical forces. Since 

for both mills a linear correlation of WRC and starch modification degree was found, it 

was evident, that starch accessibility and not flour particle accessibility attributed to 

altered hydration properties.  

 

Contributions 

The doctoral candidate created the design, carried out analysis, checked and 

evaluated data, and drafted and revised the article. Profound discussions with co-

authors improved the conception of the study and interpretation of the data. 
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Mechanically and Thermally Induced Degradation and Modification of Cereal 

Biopolymers during Grinding (page 48 – 60) 

Differences in structural constitution of wheat flours and their functionality can be 

induced by the grinding procedure and are often referred to varying mechanical forces 

during grinding. A thermally induced modification of flour functionality is ignored, since 

temperature rise during grinding is regarded to be poor and due to the low moisture 

content in flours, no alterations of starch or proteins are expected. The comparison of 

a non-cooled impact mill, which results in temperatures during the grinding procedure 

above 60 °C, and a temperature-controlled impact mill (temperatures stayed under 

60 °C) demonstrated no differences between both grinding procedures regarding the 

particle size distribution or hydration properties of flours. Mechanical forces during 

grinding are therefore mainly responsible in controlling the flour functionality, as the 

hydration properties. Exclusively dry, thermal forces up to 110 °C led to a rise in 

gelatinization onset of wheat flour, although gelatinization onset of the gelling agent 

‘pure wheat starch’ kept constant. Further studies should be performed to reveal to 

which extent a gluten modification is responsible for altered hydration properties of 

physically modified wheat flours.  

 

Contributions 

The doctoral candidate created the design of the study, carried out analysis, 

interpreted data, performed statistical analysis, as well as drafted and revised the 

article. Co-authors critically revised the design of the work and supported the 

evaluation and interpretation of the data. 

 

High-pressure treatment of non-hydrated flour affects structural characteristic 

and hydration (page 61 – 70) 

Wheat grains and wheat flours functionality are mainly affected by the mechanical 

forces impact, shear and pressure during the grinding procedure. Specially, high-

pressure forces become beside the grinding process more important in food industry 

due to the preservation effects on food matrices. Former studies often dealt with high-

pressure treatments on systems containing moisture contents above 20%. Effects of 

high-pressure treatments on low moisture matrices, as non-hydrated wheat flours, 

have hardly been studied. High-pressure treated wheat flour for 10 min up to 600 MPa 

or at 150 MPa up to 20 min resulted in structural flour changes on nanoscopic, 
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molecular and microscopic scale. Amount of total starch, as well as relative 

amylopectin content in total starch declined about 11-13% as well as 12% linearly for 

enhanced pressure level or sigmoidal for pressure time, respectively. Furthermore, 

pressure treatment led to a reduction in gelatinization enthalpy and a rise in water 

retention capacity of flours by 11.0 ± 0.6%. Consequently, even low moisture 

conditions as present in wheat flour of 14.64 ± 027% enable a pressure-induced 

modification of wheat flour. Thus, modification of starch structures should be monitored 

during pressure treatments, beside the desired preservation effects.  

 

Contributions 

The doctoral candidate designed the experiments, carried out analysis, checked and 

evaluated data, performed statistical analysis, as well as drafted and revised the 

article. Co-authors substantially contribute to the interpretation of the data and 

approved the article and significant contributions to the article by critically reviewing 

and improving the article draft. 

 

 

Characterizing the impact of starch and gluten-induced alterations on 

gelatinization behavior of physically modified model dough (page 71 – 77) 

Grinding of flours causes a modification of starch, which is known to affect the 

gelatinization and pasting properties of flours and the gluten network formation during 

kneading. However, less is known about the impact of possibly modified gluten on the 

pasting and gelatinization characteristics of flours. Using model dough consisting of 

reference starch/ physically modified starch with reference gluten/ physically modified 

gluten, the influence of modified gluten under limited water conditions (46.25 %) could 

be elucidated. Ground starch showed a reduced gelatinization enthalpy, which is 

known from previous experiments. Modification of gluten did not affect the pasting 

onset (beginning of rise in viscosity, inflection point of tan δ) or gelatinization onset 

(beginning of destruction of crystal parts, intersection of the tangent and base line at 

the left side of the gelatinization peak) of reference or modified starch (starch-gluten = 

50 : 50 (m/m)). However, modified gluten altered gelatinization enthalpies of model 

dough containing reference starch or modified starch. The gelatinization enthalpy of 

dough predominantly depends on the amount of added water, since transformation of 

crystalline to amorphous structures require the presence of water, and furthermore the 
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crystallinity of starch. NMR experiments proved a tighter water binding of modified 

gluten, which can lead to a shift of water from starch polymers to gluten polymers. 

Despite no global changes of the water content in the model dough were present in 

this investigation, the local water shift to gluten polymers can reduce the available 

amount of water for the starch gelatinization and pasting. Consequently, the reduced 

gelatinization enthalpy of physically modified starch – gluten matrices is evoked by the 

destruction of starch crystallinity and additionally by a tighter water binding of modified 

gluten. Thus, functional flour changes are not exclusively based on modified starch but 

can also be caused by modified gluten polymers. 

 

Contributions 

The doctoral candidate created the design of the experiments, evaluated data, 

performed statistical analysis, as well as drafted and revised the article. Co-authors 

supported the acquisition of data and their interpretation and revised the article 

critically and significantly improved the informative value of the article. 
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2.2 A review: reverse approach to analyze the impact of starch 

modification on the inflation and gas holding properties of 

wheat-based matrices 
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2.3 Direct link between specific structural levels of starch and 

hydration properties 
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2.4 Mechanically and Thermally Induced Degradation and 

Modification of Cereal Biopolymers during Grinding  
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2.5 High-pressure treatment of non-hydrated flour affects structural 

characteristic and hydration 
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2.6 Characterizing the impact of starch and gluten-induced 

alterations on gelatinization behavior of physically modified 

model dough 
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3 Discussion, conclusion and outlook 

Thesis outcome 

A rising demand for clean label products offers an opportunity for operators of mills to 

expand their traditional product range of large quantity batches with partially undefined 

flour property towards a production of highly functional and standardized flours. 

Enabled by the knowledge of the impact of different physical forces on the structural 

and functional behavior of flour components, mills can be specifically adjusted to the 

desired matters. The usage of new grinding technologies expands the opportunities 

and sphere of action of small and middle-sized grinding companies in particular by the 

production and offer of individualized flours and starches of small-scale batches.  

 

Based on the initial hypothesis, mechanisms of flour/ starch modification were 

elucidated in this thesis, resulting in the disclosure of the following results: The 

compilation of previous research revealed a dependency of the density of highly 

inflated baked products, especially on the hydration and pasting properties of flours, 

and moreover, the interaction of starch and gluten. Increased starch accessibility under 

room temperature was responsible for a facilitated hydration of modified flours. Rise in 

hydration of flours were evoked by the mechanical forces occurring during grinding, 

excluding the impact of thermally induced flour modification regarding the water 

retention capacity. Thus, the physical modification during grinding can be simplified 

traced back to a mechanically induced modification of wheat flours. A detailed 

investigation of the water distribution, as well as gelatinization and pasting behavior of 

reference/ modified starch combined with reference/ modified gluten polymers 

revealed a water shift from starch to gluten polymers through grinding. Thereby, altered 

gelatinization behavior of wheat flour polymers was not merely due to a modification 

of starch, but also due to a strengthen water binding of gluten polymers. In summary, 

modification of flours during grinding rest on a physical modification of both main wheat 

polymers - starch and gluten.  

 

Scientific uncertainties of causal structure-function relations 

A poor distinction of causal relations of different parameters is often found in food 

science, resulting in a misleading interpretation of results and incorrect 

recommendations for consumers and food industry. Consequently, scientific studies 

should not only focus on the production of scientific results correlating structural and 
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functional characteristics of polymers, but moreover, on the elucidation of causal, 

structure-function relations of food matrices (Jekle, 2018). Due to varying processing 

conditions and raw material fluctuation, however, it is complicated to determine 

coherent relations between material changes and their impact on the texture of wheat 

based products. The complex arrangement of starch polymers into starch granules and 

their interplay with amylolytic enzymes, proteins, lipids and minor components, which 

are present in wheat flour, complicate additionally the identification of required 

properties of starch to produce low-density (highly inflated) baked goods. 

Consequently, parameters of production processes and alterations of recipe 

components are non-mechanistically related to the product texture.  

 

A study of Srirejeki et al. (2018) describes the impact of water addition during the 

preparation of composite flours dough (made of wheat flour and physically modified 

cassava starch) on the characteristic of dough and bread. A correlation of the water 

addition/ mixing time and the specific loaf volume was found (Srirejeki, Manuhara, 

Amanto, Atmaka, & Laksono, 2018). For different wheat flours, a correlation of the 

specific loaf volume and specific dough properties, determined by Alveograph 

measurements, was also shown (Addo, Coahran, & Pomeranz, 1990). However, the 

cause of these correlations remained unclear. An influence of chemically modified 

cassava starch in composite wheat flour blends on the specific loaf volume was further 

mentioned by Mo, Go, & An (2015). The effects of different chemical modification 

techniques on the specific loaf volume were assumed to be caused by alterations of 

the hydrophilic and hydrophobic character of modified starches (Mo, Go, & An, 2015), 

but a valid proof of evidence was missing. There is scientific uncertainty, if those results 

provide an added value regarding the selection of raw materials and adaption of 

processes, since mechanistic principles were disregarded. Thereby, the knowledge of 

causal relations is a prerequisite to develop new technologies and to control 

conventional manufacturing processes of baked goods, as evidenced by the 

application of physically modified wheat flours in baking industry.  

 

Jet-milled wheat flours display a higher water retention capacity, resulting in a higher 

water absorption of dough during kneading (Lazaridou et al., 2018), which should 

theoretically be advantageous for the stabilization of a higher amount of gas and, 

consequently, the production of baked products with a high specific loaf volume. 



3 Discussion, conclusion and outlook 

 - 80 - 

However, baking trials showed a reduced specific loaf volume and thereof a poor gas 

stabilization throughout the production process (Figure 3.1). To benefit from the 

enhanced water absorption, which partially leads to a higher bread yield, but to 

minimize negative effects on the loaf volume, it is recommended to substitute only 

small amounts of native wheat flours by physically modified flours (Martínez, Oliete, & 

Gómez, 2013; Miller, Maningat, & Hoseney, 2008). To the best of our knowledge, 

however, no study provide an adequate explanation, why a partial substitution of native 

wheat flour provided more promising outcomes, than the usage of fully, but marginal 

modified wheat flour (compare Figure 3.1). As a result, the physical modification of 

wheat flours is often seen to be undesired due to negative effects on the texture and 

specific volume of baking products (Araki et al., 2009). To fill the knowledge gap 

regarding physically modified flours and consequently to control the flour functionality, 

the identification of relevant structural and functional changes of flour polymers, 

especially of starch and gluten, are indispensable.  

 

Since structural alterations of starch, which reduce the specific loaf volume of cereal 

based products were unknown so far, a precise definition and thus modification 

instruction was missing. To overcome this lack of information and to satisfy consumer 

requirements of low-density products, starch structures and dough properties, which 

are responsible to achieve highly inflated products, had to be determined. This enabled 

the reduction of performed, descriptive analysis of wheat flours, since previously 

applied analysis of starch were mainly irrelevant to forecast the effects of physically 

modified wheat flours on gas forming kinetics and gas holding capacity of wheat based 

materials. However, the need to understand the effects of the physical modification is 

not limited to wheat flours. In the production of gluten-free baked goods, the biggest 

challenge faces the manufacturing of products containing a juicy crumb in combination 

with a high specific loaf volume (Horstmann, Lynch, & Arendt, 2017; Krupa, Rosell, 

Sadowska, & Soral-Śmietana, 2010). A high viscosity of dough during mixing and 

baking, reached by the usage of physically modified starches, could help to meet these 

needs. For this purpose, the knowledge of flour characteristic is essential to select and 

purchase target-oriented gluten-free flours (Horstmann, Belz, Heitmann, Zannini, & 

Arendt, 2016). As it remains unclear, which parameters of flour characteristic 

contribute positively to the production of low-density, gluten-free products, the 

development of precise flour specifications failed, so far. A targeted selection of gluten-
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free flours was solely enabled by trial and error small-scale baking trials, which caused 

substantial costs for bakeries, since limitations of analysis methods are rarely possible. 

Consequently, new strategies were required to establish cause-effect links. 

 

Figure 3.1: Bread produced with reference or modified wheat flour. Rotation speed of impact mill 

was increased from 6000 rpm to 18000 rpm to achieve different starch modification degrees. 

Starch modification degree increased from 5.52 g/100 g (reference flour) to 7.01 g/ 100 g (18000 

rpm) using 250 µm mesh sieve (FEI report 2016; project 18679N). 

 

Through the development and usage of a reverse approach, relevant modified starch 

structures and furthermore major dough functionalities for the production of low-density 

wheat breads were determined. This was achieved by identifying the dough 

functionalities at first, which mainly affect the specific loaf volume of baked goods. It 

was shown that the viscosity of dough during processing, as kneading, and during 

baking, as well as the pasting onset are mainly responsible for the gas holding capacity 

of wheat foams, as dough. Those properties depend on the hydration of wheat 

polymers. Hereinafter, starch structures and the role of gluten was considered in their 

influence on those major dough functionalities (viscosity and pasting onset). In this 

case, the amylose content, starch content and disruption of granular starch structures 

were determined as major influencing factors. Subsequently, starch structures, 

modified by physical methods, especially grinding, were reviewed. Finally, the 

comparison of influential starch structures and starch structures modified by grinding 

processes revealed, which structural alterations of starch were relevant to control in 

the baking process (Paulik, Jekle, & Becker, 2019a). This reverse approach (from the 

product characteristic to the starch constitution) enabled to elucidate systematically 

relevant physical modifications in dough characteristics, and constitutes a method to 

determine decisive starch structures and underlying relations (compare Figure 3.2). 
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Figure 3.2: Systematic, reverse approach to determine underlying mechanism of modified starch 

and the resulting impact on the specific loaf volume of baked goods. Product texture/ density 

and required dough properties take center stage (1 and 2) enclosed by starch structures of native 

or physically modified flours (3a and 3b). Thus, reverse approach differs from the traditional 

approach, where modified starch structures take center place and are correlated randomly with 

product texture/ density. 

 

Thereby, non-relevant correlations of starch structures and product texture were 

removed. Focusing on relevant starch structures allows the reduction of analysis 

methods and consequently costs to a minimum, as shown for wheat based baking 

products (compare Figure 3.3).  
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Figure 3.3: Number of performed analysis methods can be reduced by focusing on relevant 

starch structures in the reverse approach. RVA = rapid visco-analyzer; CLSM = confocal laser 

scanning microscopy; TEM = Transmission Electron Microscopy; DSC = differential scanning 

microscopy; TMA = thermomechanical analysis; X-ray = X-radiation; SEM = scanning electron 

microscopy; FFF= field-flow-fractionation; HPLC = high performance liquid chromatography; SEC = size 

exclusion chromatography; NMR = nuclear magnetic resonance 

 

Furthermore, it became obvious through the application of the reverse approach, that 

modified wheat starch (granules) cause a modification of gluten functionality during 

processing. This was referred to the enhanced swelling and hydration of starch 

granules and consequently reduced amount of water for gluten biopolymers. However, 

this approach did not provide information about a possible, structural modification of 

gluten polymers itself. In addition, effects of possibly modified gluten polymers on 

starch functionality, as pasting and gelatinization, were neglected in this approach, 

although former studies already revealed a functional manipulation of starch by gluten 

polymers (used in varying ratios) in model dough during thermal transition of starch 

(Jekle et al., 2016).  

 

To prove systematically a modification of gluten polymers during grinding, Differential 

Scanning Calorimetry (DSC) and Rapid Visco Analyser (RVA) measurements on 

separately modified (by grinding) gluten and/ or starch were performed, revealing a 

reduction of the gelatinization enthalpy of modified starch, when using ground 

(modified) gluten (Paulik, Wen Yu, et al., 2019). NMR trials disclosed a tighter water 

binding of physically modified gluten in comparison to reference gluten, causing a more 

intense competition of starch and gluten among water and consequently a reduced 

amount of freely available water for starch polymers during pasting. Thus, the reduction 

in gelatinization enthalpy of physically modified flours can be induced by a degradation 

of starch crystallinity and, moreover, by a tighter water binding of modified gluten 

(Paulik, Wen Yu, et al., 2019).  

 

Although DSC measurements of the thermal transition of physically modified starch 

are known to capture exclusively alterations in starch constitution after physical 

treatments, this methodology demonstrated that a simultaneously occurring 

modification of wheat proteins and further polymers can affect the results of DSC 

measurements. Thus, the modification of other wheat polymers, as gluten, must not 
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be neglected due to their impact on gelatinization properties of starch. Hence, a proper 

selection of suitable analysis methods is necessary to capture the interplay of starch, 

gluten and water. Conventional strategies should be questioned regarding their 

suitability to mechanistically elucidate polymer alterations in complex cereal matrices, 

as wheat flour. To complete previous investigations, gluten polymers should 

encapsulate starch granules, as present in wheat flours, to achieve a realistic behavior 

of starch and gluten during grinding. This requires, however, the development of a new 

method to create starch-gluten particles, without altering the original structure of 

polymers. 

 

The shift of water from modified starch polymers to modified gluten polymers (Paulik, 

Wen Yu, et al., 2019) could additionally affect the water distribution and 

recrystallization of starch during storage of baked goods. Thus, a changed firming 

behavior is expected. The effects of modified starch and modified gluten on bread 

firming could furthermore be enhanced by the presence of enzymes or short-chain 

dextrin (see Figure 3.4 (Paulik & Jekle, 2019)), which are known to form complex 

interactions with wheat components and, thus, retard crumb firming (Błaszczak, 

Sadowska, Rosell, & Fornal, 2004; Durán, León, Barber, & Benedito de Barber, 2001; 

Rojas, Rosell, & Benedito de Barber, 2001). Beside an increased crumb void fraction 

caused by an enhanced gas formation rate, amylases and dextrin affect the 

gelatinization process (compare Figure 3.4). Finally, additives function in the crumb 

matrix by showing effects on recrystallization of amylopectin and probably water 

redistribution between cereal polymers (Paulik & Jekle, 2019). 

 

Although detailed studies on the enzymatic hydrolysis of modified wheat flour are still 

missing, different effects of enzymes in physically modified, wheat based matrices can 

be hypothesized: 

1. An enzymatic hydrolyzation of modified starch is hampered. Shift in water 

distribution from modified starch to modified gluten polymers leads to a 

reduction in available water content surrounding starch polymers, weakening 

the enzymatic degradation of starch.  

2. An enzymatic hydrolyzation of modified starch is facilitated. Shift in water 

distribution from modified starch to modified gluten polymers leads to a 

reduction in available water content surrounding starch polymers, in which 
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amylases are concentratedly present. Thus, interactions of starch polymers and 

amylase are increased. This effect could be intensified, since starch surface and 

consequently enzymatic starch accessibility is increased, due to the particle size 

reduction of flours caused by mechanical flour treatments. 

 

These effects highly depend on the water addition/ dough yield during dough 

preparation (Hackenberg, Leitner, Jekle, & Becker, 2018), necessitating detailed 

studies with varying water content in wheat flour dough.  

 

Figure 3.4: Potential mechanisms of (anti-staling) additives as amylases and short-chain dextrin 

during the dough phase (intermediate & transformation phase) and crumb phase (stabilized & 

solidified phase) regarding the anti-staling effects (Paulik & Jekle, 2019). 

Especially when it comes to determine protein functionality and structure after physical 

treatment, non-fundamental, superficial methods are often used in cereal industry and 

research, for instance Z-kneaders, (DoughLab, Farinograph), Alveograph, Glutopeak 

or Extensograph. Those analysis allow to evaluate and adapt baking processes and 

often deliver highly transferable results to baking trials (Bouachra, Begemann, Aarab, 

& Hüsken, 2017; Dang & Bason, 2014; Rakita, Dokić, Dapčević Hadnađev, Hadnađev, 

& Torbica, 2018; Różyło & Laskowski, 2011; Simurina et al., 2016), but provide only 

little insights into the structural alterations of gluten polymers. Thus, fundamental 

methods, as Confocal Laser Scanning Microscopy (CLSM), where selective gluten 

proteins are stained, as shown in Figure 3.5 (S. Jakobi, Vogel, Jekle, Köhler, & Becker, 

2017), are used to analyze and characterize protein network formation (Lucas, 

Stauner, Jekle, & Becker, 2018). Investigations mainly revealed an elevated increase 

in porosity of protein strands (CLSM measurement) with increase in starch modification 
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degree (measured with SDmatic, amperometric method), caused by grinding 

procedures of wheat flours (Hackenberg, Jekle, et al., 2018). However, modified gluten 

formation in wheat flours can either be evoked by a modification of gluten polymers 

themselves or by a modification of starch, which results in a rise in water retention of 

starch polymers and consequently a modified hydration of gluten (S. Jakobi et al., 

2017). Thus, a modified gluten network formation cannot be directly traced back to an 

altered gluten structure.  

 

On the other hand, structural analysis as the Osborne fractionation provide insights 

into the solubility behavior of gluten polymers, but less information about further 

functional properties of gluten. 

 

Figure 3.5: Gluten network formation in dough prepared of native and physically modified wheat 

flours in a impact mill at 6000, 12000, 18000 rpm. Gluten network was visualized using confocal laser 

scanning microscope (CLSM). Gluten polymers were stained using dye rhodamin B, which stains 

selectively proteins. Dye was solved in bulk water. Addition of bulk water was kept constant and was 

prior the experiments adapted to the reference to achieve 500 FU in Farinograph (modified from (S. 

Jakobi et al., 2017)). 

 

In order to differentiate between a gluten or starch functionality and to exclude a 

manipulation of polymers among each other, starch or gluten should be extracted from 

the cereal matrix ‘wheat flour’. Therefore, a procedure has to be developed, which does 

not alter the functionality of starch or gluten during extraction. The mutual influence of 

starch and gluten become visible even in case of model dough, when modified gluten 

interacted, impeding a separate consideration of modifications. Only when both 

polymers were modified, visible alterations occurred. This was further indicated by the 

study of Paulik, Jekle and Becker (2019), which dealt with the influence of different 

physical forces on cereal biopolymers (Paulik, Jekle, & Becker, 2019b):  
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1. Dry mechanical (temperature-controlled impact mill), thermo-mechanical 

(impact mill with temperature development) or thermal treatment (up to 110 °C) 

of wheat flour as well as isolated wheat starch and isolated gluten revealed no 

alterations of gluten regarding the water retention capacity for all three 

treatment. However, changes in gelatinization enthalpy of starch-gluten model 

dough occurred, when modified gluten was used. Thus, WRC method was 

unable to capture modification in hydration properties of gluten polymers.  

2. Mechanical and thermo-mechanical treatment caused a comparable rise in 

WRC of wheat flour and isolated starch, consequently modification of starch 

(isolated or in wheat flour) was evoked by mechanical forces during grinding.  

3. The investigation showed an increase in gelatinization onset, intersection of the 

tangent and base line at the left side of the gelatinization peak, of wheat flours, 

however not for wheat starch, when samples were subjected to dry heat stress. 

 

As shown in Figure 3.6, starch granules are embedded in wheat flour in a matrix 

consisting of proteins and other non-starch components. Consequently, alterations in 

the interplay of starch and gluten or other flour polymers occurred probably by shielding 

starch granules from water, causing a delayed gelatinization of starch in wheat flour. 

Due to matrix changes during grinding of wheat based materials, investigation on 

isolated materials would neglect modified interactions of starch with other cereal 

biopolymers.  

 

 

Figure 3.6: Scanning electron microscope (SEM) images of reference wheat flour ‘Akteur’ (A) and 

physically modified wheat flour ‘Akteur’ (B). Modification was performed at 18000 rpm using 80 µm 

mesh sieve in impact mill. Reference wheat flour A showed starch granules embedded in a rigid protein 

matrix, whereby grinding of wheat flour lead to a formation of a amylose network or gluten network-like 
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structure and the breaking out of starch granules. Images made by Hosokawa Alpine AG (modified from 

(S. Jakobi et al., 2017)).  

 

Furthermore, WRC method of modified samples provides only information about the 

accessibility of wheat flour/ starch particles. When standard wheat flour was modified 

using an impact and a cryogenic mill, a linear dependency of WRC and the 

enzymatically determined starch modification degree was determined for both 

modification methods. Consequently, water retention capacity of wheat flours depends 

on the accessibility of starch particles (S. Jakobi et al., 2018). Alterations of gluten 

polymers regarding water retention capacity of flours, however, were neglected. 

 

Therefore, sensitive methods should preferably be applied to capture alterations in 

water distribution and recrystallization. The suitability of methods recording global 

changes of polymer water interactions, for instance the water retention capacity, water 

binding capacity or water swelling capacity, should be reconsidered in elucidating 

altered polymer functionalities in dough and crumbs of complex cereal based matrices. 

As an alternative, NMR or X-ray methods should standardly be integrated in the 

analysis of food systems, which are already used in polymer science by default (Di 

Tullio, Capitani, & Proietti, 2018; Garcea, Wang, & Withers, 2018; Lv, Tian, Zhang, & 

Xiang, 2018; Roe, 2000; Sapiga & Sergeev, 2019; Tran, Lin, Chaurasia, & Lin, 2019; 

Wu et al., 2019; Zisti et al., 2019), but only sporadically applied in food science 

(Ariyantoro et al., 2018; Nielsen, Canibe, & Larsen, 2018). The sample preparation and 

the interpretation of NMR and X-ray results necessitate a lot of experience in systems 

with partially large raw material fluctuations, why the methods are only sporadically 

used for the study of food materials. Nonetheless, to understand the effects of 

mechanical treatments on water-gluten interactions, gluten polymers should be 

elucidated in detail. 

 

In this thesis, analytical approaches for a systemic investigation of physically modified 

starches in cereal based foams were developed and applied to elucidate the hydration 

properties of physically modified wheat starch. Thus, it was possible to identify the 

mechanism of modified starch affecting the density of wheat based products: effects 

the higher water retention of physically modified starch in wheat flours lead to a rise in 

wheat dough viscosity and an early pasting of wheat dough during heating, increasing 

the density of the product. The increased hydration of physically modified starch was 
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based on the rise in starch accessibility, however, does not correlate to the particle 

size reduction of wheat flour particles. Consequently, the particle size of flours 

produced on different mills is not an appropriate tool to predict the hydration properties 

of wheat flours. The enhanced starch-water interaction at room temperature was 

caused solely by a mechanical modification of the starch. However, grinding in mills, 

where mechanical and thermal forces acting simultaneously on grain (products), 

caused additionally a modification of gluten, which became visible during heating of 

modified wheat flour slurries. A systemic model study revealed a tighter water binding 

of modified gluten, causing a reduced gelatinization enthalpy of physically modified 

starch-gluten matrices. Relations between a physical modification and resulting 

hydration characteristics of cereal biopolymers were revealed forming a solid basis for 

a further mechanistic elucidation of complex interactions in wheat flours and starch 

based matrices.  
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